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ABSTRACT 

The western compartment of the Beja Layered Gabbroic Sequence (LGS) comprises seven Series 

hosting three mineralisation types and four suites of non-gabbroic rocks also included in the Beja Igneous 

Complex (BIC). The primary nature of the prevalent and penetrative fabrics in LGS (layering and compaction-

induced magmatic foliation), indicate that the gabbroic suite emplacement occurred under P-T conditions 

above those of the amphibolite facies regional metamorphic peak. The LGS internal architecture grossly 

mimics the geometry of the Évora-Beja-Aracena Domain, defining a series of nested sigmoid-like shapes. The 

earliest record of ductile tectonic deformation (often with magmatic imprint) took place before the  340 Ma D2a-

D2b regional rising of the ductile-brittle transition. Shearing progressed under gradually brittle conditions 

throughout the early stages of D3 causing E-W rotation of the layering southwards of each Series. 

Propagation/reactivation of late fault zones continued under fully brittle conditions until Late Variscan times.  

LGS rocks show subalkaline character compatible with low-pressure fractionation of tholeiitic suites 

revealing mild LREE+Ba enrichment, strong to moderate depletion in Nb-Ta and Th-Rb and LILE/HFSE 

decoupling. LGS melts derived from a time-integrated, mildly depleted radiogenic source with influence of 

enriched mantelic components. Previous/repeated melt extraction events may account for the increasing of 

the mafic character and bulk lowering of the incompatible element budget towards LGS top. The formation 

of LGS and other regional magmatic events developed from early to late collisional times of the Variscan 

orogeny may be explained by underplating of basaltic juvenile magmas along-strike of the Ossa Morena Zone 

(OMZ) SW border at 350  5 Ma, caused by slab break-off as a consequence of subduction blocking. SB I 

troctolite are primary oxidized magmas, proxy for LGS parental magmas. A first magmatic event of extensive 

differentiation produced SB I-SB II-ODV I Series. Other LGS Series (ODV II, III, BRG I, II) are 

macrorhythmic successions resulting from repeated incoming of magma replenishments with similar initial 

composition that attained limited degree of fractionation. Storage and crystal fractionation within transient 

deep magma chambers explains the more evolved and homogenous composition of LGS Series relatively 

to SB I parental magmas. Low-pressure fractionation and mixing of variable proportions of resident magma 

within the outcropping middle/upper crustal chamber caused further fractionation within each Series. 

BIC mesocratic rocks diorite, ATT /border facies and pegmatoid dykes are genetically related to LGS, 

all deriving from the same mantelic source with different contributions from lower and upper crustal rocks. It is 

proposed that the underplating of basaltic magmas at OMZ lower crust gave rise to a deep hot crustal source 

zone (DCHZ), envisaging the BIC evolution as a single long-lived magmatic event of progressive diversification 

due to the reworking of OMZ crustal rocks trough time. Small volumes of hydrous melts isotopically and 

geochemically similar to LGS magmas produced the early diorite. Mild lower crustal contamination in LGS 

magmas was gradually replaced by a stronger role of upper crustal contamination. Compositionally evolved 

Series reflect the progression of AFC processes favoured by longer upper crustal residence times. Upper 

crustal contamination occurred also by incorporation of crustal-derived fluids enriched in radiogenic Sr, heavy 

18O  CO2, ascribed to progressive devolatilization/dehydration of the OMZ upper country rocks during the 

emplacement of BIC suites. Late emplaced ATT/border facies are hybrid melts with strong contributions from 

lower crustal fertile rocks, LGS basaltic residual melt and cumulate plagioclase, acquired during large 

incubation times at depth. Following the regional crustal uplift at 340  5 Ma, admixing of crustal and magmatic 

fluids (from diorite and/or LGS) generated the pegmatoid dykes and a magmatic-hydrothermal system that 

overlaps ODV I amphibolitic gabbro (reflecting entrainment of melts from the adjoining diorite). 

Odivelas type I mineralization are Fe-Ti-V massive accumulations of oxides enveloped by ODV I 
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oxide-rich rocks. The prevailing oxidising conditions and the recurrent fractionation/replenishment buffered the 

Fe-Ti enrichment within a calcalkaline path for most Series. Oxide-rich rocks fractioned from magmas that 

followed a tholeiitic Fe-Ti enrichment under lower oxidation conditions due to decreasing of recharge and 

crystallization rates; these conditions favoured the V-partitioning into magnetite. Previous segregation of 

sulphide melts and transient opening of the system to oxygen may explain oxygen supersaturation triggering 

oxide fractionation. Increasing trapped melt fraction proportions with high Fe/Mg support that density driven 

processes are most important in geochemically/mineralogically evolved domains, playing a major role in oxide 

accumulation/segregation. ODV I Series reflects a self-sustained process of oxide deposition and lowering of 

O2 with strong density stratification of the magma and ponding of dense cool ferro-basaltic melt followed by 

convective overturning. Gravity-aided physical processes (e.g. filter-pressing), account for ODV I complex 

architecture and the development of type I oxide masses. Late oxidation of the former Ti-magnetite to 

maghemite is tentativally ascribed to high-temperature fluids related to the amphibolitic gabbro meteoric 

hydrothermal system at E.  

Type II mineralization are metal-poor sulphide veins hosted in a metasomatic halo superimposed to 

ODV III Series Upper Group exposed at the Ventoso quarry. The 344 Ma Pb-model ages for the sulphides 

overlap the pegmatoid 342  9 Ma SHRIMP-zircon age and suggest that both are expressions of the same 

hydrothermal event, also recorded in ODV III Upper Group rocks. The sulphides result from mixing of a strongly 

diluted magmatic fluid (higher Ni/Cu) exsolved from LGS cumulates and/or late developed diorite suites and 

exogenous low Ni/Cu, heavy δ34S hydrothermal crustal fluids derived from OMZ country rocks. Both 

components were metal-deficient and the metal upgrading was possibly accomplished through chemical 

scavenging during the alteration of ODV III Upper Group rocks (including disseminated magmatic sulphides).  

Type III mineralization are intercumulus to massive Ni-Cu-Co rich sulphides representing mss + iss 

mixtures with negligible trapped sulphide melt. Important occurrences are hosted in BRG II Lower Group 

clinopyroxenites and BRG I Upper Group olivine norites, located at the Figueirinha and Serrabritas quarries, 

respectively. Sulphide melts segregated from Ni-PGE undepleted magmas and interacted with relatively high 

amounts of silicate magma (R [500-1500)]. Several critical features for Figueirinha suggest ore-zoning in a 

relatively large ore-forming system, with significant higher metal contents than those of minor pyroxenitic-

hosted occurrences at the Nain Labrador. Serrabritas sulphides developed under reduced oxidation conditions, 

supporting a relationship between overlying oxide accumulations. Sulphide segregation may reflect assimilation 

of reduced metasedimentary rocks rich in graphite/organic matter with subsequent isotopic homogenisation in 

magma. Two genetic hypotheses are proposed for Figueirinha. If the sulphides are endogenous and 

genetically related to BRG II Series, a transient contamination event could account for sulphide segregation at 

the Lower/Intermediate Group transition; sulphide accumulation should proceed in a low dynamic environment 

(low R values) by density-driven, ponding with rapid Ni-depletion of silicate magma. If the sulphides are 

exogenous relatively to BRG II Series, their formation could be related to felsification during the lower crustal 

contamination of mafic basaltic magma, further emplaced along with the ATT suite hybrid magmas. The first 

scenario configures a lower economic potential (similar to that of Serrabritas), due to the absence of efficient 

dynamic traps within the intrusion to concentrate sulphide; the second is a more favourable setting akin to 

highly economic sulphide ore-forming systems at magmatic conduits. 

Multifractal modelling of soil Cu-geochemistry in several OMZ southern border geological units 

discriminates among the large diversity of documented Cu-bearing systems. Several conspicuous geochemical 

anomalies not associated with currently acknowledged mineralised occurrences in OMZ may represent 

relevant findings in a near future, particularly concerning skarn-type ore systems. 
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RESUMO 

O compartimento oeste da sequência gabróica bandada de Beja (LGS) compreende sete Séries que hospedam 

três tipos de mineralizações e quatro sequências de rochas não gabróicas também incluídas no Complexo Ígneo de Beja 

(BIC). As fábricas mais penetrativas predominantes no LGS (bandado magmático e foliação induzida por compacção) são 

de natureza primária e indicam que a sequência bandada foi desenvolvida em condições P-T acima do pico metamórfico 

regional em fácies anfibolítica. A arquitectura interna do LGS revela um conjunto de formas sigmóides encastradas que 

mimetizam a geometria envolvente do domínio de Évora-Beja-Aracena. A cedência dúctil precoce (frequentemente com 

sobreposição magmática) precede a transição entre as fases de deformação D2a-D2b, coincidindo com o ressalto litosférico 

que condiciona a ascensão da transição dúctil-frágil, datada de ca. 340 Ma. A acomodação da deformação cisalhante 

perdurou em condições progressivamente mais frágeis desde os estádios precoces de D3, com consequente rotação E-W 

do bandado magmático para Sul de cada Série. A propagação/reactivação de zonas de falha tardias prosseguiu em regime 

frágil durante o periodo Tardi-Varisco.  

As rochas do LGS denotam carácter sub-alcalino compatível com fraccionação a baixa pressão de séries 

toleíticas; revelam enriquecimento incipiente em LREE + Ba, empobrecimento moderado a forte em Th-Rb e Nb-Ta, bem 

como fraccionação diferenciada dos LILE/HFSE. Os magmas que deram origem ao LGS derivaram de uma fonte 

moderamente empobrecida em elementos radiogénicos (integrados no tempo) com alguma influência de componentes 

mantélicos enriquecidos. O incremento do carácter máfico bem como empobrecimento em elementos incompatíveis em 

direcção ao topo da sequência gabróica sugerem eventos de extração de magma prévios e/ou continuados no tempo. A 

formação do LGS e outros eventos magmáticos regionais que ocorrem desde os estádios precoces a tardi colisionais da 

orogenia Varisca, podem ser explicados por underplating de magmas basálticos juvenis ao longo do bordo SW da Zona de 

Ossa Morena (OMZ) aos 350  5 Ma, causado por slab break-off em consequência do bloqueio da subducção. Os 

troctolitos de SB I representam magmas primários, oxidados, indicadores parentais do LGS. Um primeiro evento de extensa 

diferenciação magmática produziu as Séries SB I-SB II-ODV I. As restantes Séries do LGS (ODV II, III, BRG I, II) são 

sucessões macro-rítmicas que resultam de recargas sucessivas da câmara magmática com composição inicial similar, que 

atingiram um grau limitado de diferenciação. A composição sistematicamente mais evoluída e homogénea dos termos 

primitivos das várias Séries relativamente aos magmas parentais de SB I, pode ser explicado por armazenamento e 

cristalização dos magmas em câmaras magmáticas profundas transientes. A diferenciação adicional em cada Série deve-

se a fracionação a baixa pressão e mistura de proporções variáveis de magma evoluído residente na câmara magmática 

(aflorante) da crosta média/superior. 

As rochas mesocráticas do BIC dioritos, ATT / border facies (fácies de bordadura) e diques pegmatóides estão 

geneticamente relacionados com o LGS, derivando da mesma fonte mantélica com contribuições variáveis de rochas 

crustais inferiores e superiores. Propõe-se que o underplating dos magmas basálticos na crosta inferior da OMZ terá dado 

origem a uma fonte crustal profunda de calor (deep hot crustal source zone- DCHZ), permitindo conceber a evolução do 

BIC como um único evento de longa duração sujeito a diversificação magmática progressiva como consequência do 

retrabalhamento das rochas crustais da OMZ ao longo do tempo. Pequenos volumes de magma hidratados com 

composição isotópica e geoquímica semelhante aos envolvidos na formação do LGS terão gerado os dioritos num estádio 

relativamente precoce do processo evolutivo. As Séries composionalmente mais evoluídas reflectem a progressão de 

processos AFC promovidos por tempos de residência crustal mais prolongada. A contaminação crustal inferior foi incipiente 

e gradualmente substituída pela ocorrida em níveis crustais superiores. A contaminação crustal superior envolveu também 

fluidos enriquecidos em Sr radiogénico, 18O pesado  CO2, cuja origem é atribuída à desvolatilização/desidratação 

progressiva das sequências metamórficas da OMZ durante a instalação do BIC. A ATT/border facies representam magmas 

híbridos tardios com forte contribuição de rochas crustais inferiores férteis, incorporando magma residual basálitico e 

plagioclase cumulada do LGS; estes componentes terão sido adquiridos durante um período de incubação prolongado em 

profundidade. Após o levantamento crustal regional (ca. 340 Ma.), misturas de fluidos magmáticos (provenientes dos 

dioritos e/ou LGS) e crustais deram origem aos diques pegmatóides, sustentando também um sistema magmático-

hidrotermal que se sobrepõe aos gabros anfibolíticos de ODV I. 

As mineralizações de Odivelas do tipo I são acumulações maciças de óxidos de Fe-Ti-V hospedadas em rochas 

de ODV I. As condições de oxidação predominantemente elevadas e os eventos recorrentes de fraccionação/recarga 
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magmática condicionaram o enriquecimento em Fe e Ti do magma ao longo de uma evolução de carácter calcoalcalino 

para a maioria das Séries. As rochas ricas em óxidos fraccionaram de magmas que seguiram um percurso de 

enriquecimento em Fe-Ti toleiítico, sob condições de oxidação baixas devido ao decréscimo das taxas de 

cristalização/recarga; estas condições favoreceram ainda a partição do V para a magnetite. O despoletar da fracionação 

dos óxidos pode ser explicado por supersaturação em oxigénio induzida por aberturas transientes do sistema devido, por 

exemplo, à fracionação prévia de líquidos sulfuretados. O incremento da proporção da fracção líquida aprisionada (trapped 

melt fraction- TMF) com a razão Fe/Mg dos magmas, sugere que os processos de diferenciação gravítica desempenharam 

papel importante na acumulação/segregação de óxidos em domínios mineralógica/geoquimicamente mais evoluídos. A 

Série ODV I reflecte um processo auto-sustentado de deposição de óxidos e diminução de O2, com forte estratificação do 

magma (devido aos gradientes de densidade) e consequente afundamento de magma ferro-basáltico (mais frio e denso) 

seguido de transposição convectiva. Os processos gravíticos (e.g. filter-pressing) poderão justificar a arquitectura complexa 

de ODV I, bem como o desenvolvimento das massas de óxidos do tipo I. A oxidação tardia da Ti-magnetite percursora para 

maghemite é tentativamente atribuída a fluidos a elevada temperatura relacionados com o sistema meteórico-hidrotermal 

que afecta os gabros anfibolíticos a E.  

As mineralizações do tipo II correspondem a veios de sulfuretos (deficientes em metais) inclusos num halo 

metassomático que se sobrepõe ao Grupo Superior da Série ODV III, exposta na pedreira do Ventoso. A idade modelo 

Pb/Pb (344 Ma) obtida para os sulfuretos sobrepõe-se à idade SHRIMP em zircão extraído dos pegmatóides, sugerindo 

que ambos os sistemas expressam o mesmo evento hidrotermal, também patente no Grupo Superior de ODV III. Os 

sufuretos resultam da mistura de uma componente magmática fortemente diluída (Ni/Cu mais elevado), exsolvida dos 

cumulados do LGS e/ou dioritos tardios, com uma componente hidrotermal exógena com baixo Ni/Cu e δ34S pesado, 

derivada das rochas crustais da OMZ. Ambos os componentes seriam deficientes em metais pelo que o incremento 

geoquímico requerido para a formação dos sulfuretos terá sido possivelmente adquirido por lixiviação de metais no decurso 

da alteração das rochas e sulfuretos disseminados do Grupo Superior de ODV III. 

As mineralizações do tipo III compreendem sulfuretos intercumulus a maciços de Ni-Cu-Co que representam 

misturas de mss + iss com quantidades negligenciáveis de líquido sulfuretado apriosionado. As ocorrências mais 

importantes são hospedadas em clinopiroxenitos do Grupo Inferior de BRG II e noritos olivínicos do Grupo Superior de BRG 

I, localizados nas pedreiras da Figueirinha e Serrabritas, respectivamente. Os líquidos sulfuretados terão sido segregados 

de magmas silicatados não empobrecidos em Ni-PGE, interagindo com proporções relativamente elevadas de magmas 

silicatados (R [500-1500)]. Vários aspectos críticos da mineralização da Figueirinha sugerem zonamento composicional 

num sistema mineralizado de dimensão apreciável, com conteúdos metalíferos mais significativos do que a maioria das 

cocorrências hospedadas em piroxenitos no Nain Labrador. Os sulfuretos de Serrabritas desenvolveram-se em condições 

de oxidação baixas, que suportam uma relação com as acumulações de óxidos sobrejacentes. A segregação de sulfuretos 

poderá, portanto, reflectir a assimilação de rochas metassedimentares reduzidas ricas em grafite/matéria orgânica com 

subsequente homogenização isotópica. São propostas duas hipóteses genéticas para os sulfuretos da Figueirinha. Se os 

sulfuretos são endógenos e geneticamente relacionados com a Série BRG II, poderão ter sido segregados no decurso de 

um evento efémero de contaminação na transição dos Grupos Inferior/Intermédio; nestas circunstâncias, a acumulação de 

sulfuretos deverá ter procedido num ambiente pouco dinâmico (valores de R mais baixos) através de processos de 

acumulação gravíticos com rápido empobrecimento em Ni do magma silicatado. Caso os sulfuretos sejam exógenos 

relativamente à Série BRG II, a sua origem poderá estar relacionada com “felsificação” no decurso da contaminação crustal 

inferior dos magmas basálticos com instalação tardia em conjunto com os magmas híbridos da sequência ATT. O primeiro 

cenário configura um potencial económico menor (semelhante ao de Serrabritas), devido à ausência de armadilhas 

dinâmicas eficientes no interior da intrusão para concentrar os sulfuretos; o segundo representa um cenário mais favorável 

com semelhanças ao ambiente altamente dinâmico dos sistemas mineralizantes de sulfuretos gerados em condutas 

magmáticas. 

A modelação de dados de geoquímica de solos para Cu em diversas unidades do bordo Sul da OMZ permite 

discriminar entre a diversidade de sistemas mineralizantes portadores de Cu documentados nesta região. Algumas das 

anomalias geoquímicas evidenciadas não se sobrepõem a ocorrências mineiras inventariadas na OMZ, indiciando a 

presença de potenciais alvos ocultos, a confirmar no futuro, particularmente no que respeita a sistemas do tipo skarn.  
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I.1. Preamble 

The Beja Igneous Complex (BIC) extends along the SW border of the Ossa Morena Zone (OMZ) 

in Portugal for ca. 100 km (between Vendas Novas and Serpa), being a major feature of the Upper-

Palaeozoic magmatism related to the Variscan Orogeny. It comprises several suites of rocks that are 

grouped in three main units: (i) the “Beja Gabbro”, hereafter labelled Beja Layered Gabbroic Sequence 

(LGS), (ii) the Cuba-Alvito Complex and; (iii) the Baleizão Porphyry Complex (Andrade, 1976; 1981; 

1983; 1984; Andrade et al., 1976; Santos, 1990; Santos et al., 1990). Even though the most in-depth 

petrological studies carried out in the LGS are owed to Andrade (which also performed a large scale 

mapping of BIC) and Santos, early works reporting petrographic and mineralogical features on scattered 

outcrops soon noticed its resemblance with large layered mafic intrusions (Silva et al., 1970). The LGS 

can be divided in two major compartments separated by the Messejana strike-slip fault zone: the eastern 

compartment, forming a relatively narrow belt from Beringel to Serpa (ca. 185 km2 of outcropping area) 

and the western compartment, from W of Torrão to Beringel (ca. 76 km2 of outcropping area1), much 

thicker and essentially covered by the present work. 

Accumulated evidence justifies a renewed interest on the investigation of mineral resources in 

LGS. Metallogenic indicators outcome from results of investigation developed in the scope of diverse 

subjects (Mateus et al. 1998c, d, Gonçalves et al., 2001) based on surveys performed by the former 

Serviço Fomento Mineiro- SFM/Instituto Geológico e Mineiro- IGM (Fonseca, 1999; Silva, 1945; Silva & 

Carvalho, 1946) or, more recently, new findings in the Spanish counterpart of OMZ (Casquet et al., 2001; 

Tornos et al., 2001, 2006).  

The seeds of this work are planted in an MSc work developed in LGS at the Odivelas region 

(Jesus, 2002), when the need to accomplish the study of Fe-Ti-V oxide ores known to exist since 1945 

(Silva, 1945; Silva & Carvalho, 1946) demanded detailed mapping of the gabbroic facies, as well as 

extensive petrographic and geochemical data acquisition. This work resulted in new insights on the 

internal architecture and petrogenetic evolution of LGS, which ought to be extended beyond the inspected 

area at Odivelas. This doctoral thesis contains original work that results from different lines of research 

carried out in the western compartment of LGS (except where clearly quoted in the text referring to other 

author’s material). The dataset previously acquired during the MSc work (Jesus, 2002) for the Odivelas 

area, (namely that of mapping, mineralogical and geochemical nature) were merged with the remainder 

information subsequently acquired during the PhD project without further notice; thus becoming a 

valuable extension of the database currently available for LGS. Because MSc data are representative of a 

small fraction of the currently surveyed area of LGS, several ideas formerly suggested are now 

necessarily put in perspective. For that reason and for the sake of straightforwardness, hypotheses 

previously presented in Jesus (2002) will be rightfully acknowledged and discussed whenever justified. 

Recently published whole rock and Sr-Nd isotopic data for LGS and diorites (Pin et al., 2008), as well as 

older whole rock data for these rocks and felsic dyke hosted rocks of Odivelas from Santos (1990), were 

also integrated in the data base. These data provide an invaluable extension of the limited number of 

acquired isotopic analysis for both rocks suites, further adding a considerable number of whole rock data 

to the diorite one. 

                                                                 
1 Outcropping areas calculated on the basis of the 1 : 200 000 geologic map, excluding marginal diorites. 
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This introductory chapter intends to outline the motivation that lead to the LGS selection for 

mineral exploration, including a summary of the aforementioned metallogenic indicators and the 

preparatory work developed in the beginning of this project (I.2 Why LGS?) Section I.4 (Objectives) 

presents the main question as well as the core problems that this thesis intends to address. 

I.1.1. Thesis outline 

The dissertation structure that is believed to better serve the proposed objectives is briefly 

described in the following paragraphs. This thesis is organized in two volumes: Volume I (VOL. I), which 

contains the core of this investigation and a second one (VOL. II) where complementary information may 

be consulted. The main volume is divided in a threefold piece which reflects the three main subjects 

covered by this investigation and a fourth part where data are integrated in a geodynamic perspective. 

Although each piece can be read and assessed independently, PART III to V require the reader to be 

familiarized with the sequence of the gabbroic facies; that can be easily grasped by consulting the 

geological map (Figure II.13) and the stratigraphic reconstruction in section II.4.1. 

PART II presents the internal architecture, structural and tectonic evolution of LGS within the SW 

Variscides. The geology section reports the results of geological and structural mapping of LGS which are 

the foundations on which all remainder geochemical and metallogenic work is based. Besides of defining 

the internal facies architecture and relations with other (intrusive) rocks, the main structural features of the 

studied area are reported. The way those structural features evolved since early crystallization to late 

consolidation and how did the successive Variscan tectonic pulses/regional deformation phases are 

imprinted in LGS rocks are outlined.  

PART III focuses on the geochemistry and petrogenesis of LGS. Petrographic descriptions, 

mineral, whole-rock and isotopic geochemistry (Sr-Nd-O) data are reported for LGS but also for 

mesocratic (marginal diorites) and felsic rocks that form a late-emplaced dyke-system; data acquired in 

the scope of this project are complemented with data from the literature, namely those obtained by Pin et 

al. (2008). Thermodynamic modelling of intensive variables (e.g. O2, aSiO2, oxide and silicate 

equilibrium temperatures) in section III.5.1 tentatively brackets the evolution of LGS magmas and related 

rocks during their crystallization and cooling path. These modelling results are presented after mineral 

chemistry (on which they are mostly based) and together form a solid base of information that allow a 

better understanding of the whole rock geochemistry displayed by the cumulates. Additional modelling is 

presented for trace elements and Sr-Nd isotopic data to estimate the composition of melts in equilibrium 

with cumulate rocks and their possible crustal contaminants, making use of regional data available in 

literature (e.g. Schäffer, 1990; Villaseca et al., 1999). Combined use of these results allow enlightening on 

the nature of the source zone for LGS and related magmas, their emplacement and contamination en-

route to surface, ultimately leading to portray a petrogenetic model for LGS.  

PART IV is devoted to the metallogenic evolution and evaluation of the economic potential of the 

LGS western compartment. Section IV.2 introduces the three mineralization types found in the surveyed 

area of LGS and the mapped qualitative distribution of relative enrichment domains in sulphide and oxide 

phases. Detailed characterization of these mineralization types, grouped according to their main 

mineralogical association of oxides (type I; IV.3) and sulphides (types II and III; IV.4) is subsequently 

performed using a diverse data set (petrography, mineral-chemistry, XRD, micro-PIXE and whole rock 
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geochemistry). Stable and radiogenic isotopic data that allow tracing the metal and sulphur sources 

involved in the genesis of the two sulphide mineralization types is also reported. According to the reasons 

stated in section I.2, special emphasis is given to the study and discussion of the economic potential of 

sulphide ore-forming systems; nevertheless, evaluation of results from modelling of intensive variables 

and bulk geochemical features allow outlining domains with highest potential for Fe-Ti-V mineralization 

within LGS. Results from computational modelling (Munhá et al., 2007) on sulphide-silicate melts are 

presented in order to determine potential conditions of sulphur saturation and crystallization/differentiation 

of mono-sulphide melts in the S-Fe-Cu-Ni system for LGS magmas; crossing of these results with the 

petrogenetic framework assembled in PART III allows envisaging a range of metallogenic scenarios and 

thus more accurately determine which LGS domains have higher economic potential for sulphide 

mineralization. The metallogeny section ends with the presentation of results from multifractal modelling 

performed in a large area (ca. 570 km2), in order to separate soil Cu anomalies relative to their regional 

and local backgrounds concentrations. Validation of the method is given by examples for which the signal 

of distinct mineralization types can be inferred on the basis of different features showed by the 

geochemical anomalies. Because the modelled area encompasses LGS and several adjoining geological 

units, the results allow a perspective on the various ore-forming systems in OMZ southern border, putting 

in evidence several anomalies that are currently not accounted by any recognised mineralisation.  

Finally, in PART V, the model envisaged by Jesus et al. (2007c), which specifically accounts for 

the genesis and emplacement of LGS within the framework of the Variscan orogeny (including new 

geochronological data acquired in the course of this work), is presented and discussed at the light of 

some recently proposed alternative models. It is thus straightforward that to accomplish the objectives 

proposed for PART II, a comprehensive geological setting (presented in section II.2) of the Southern 

portion of OMZ but also of adjoining Units is required. This includes regional geochronological constraints 

for the Variscan igneous activity and metamorphism recorded in the OMZ southern border, the adjoining 

Exotic Terranes and the South Portuguese Zone (SPZ) northern border. 

Volume II comprises two main parts, besides of various appendixes. PART I presents some 

concepts and terminology recurrently used in layered intrusions literature and also followed in this work, 

besides of an overview on ore-forming systems hosted in those igneous complexes. The latter overview 

reports the main characteristics and metallogenesis of the four main deposit types classified according to 

the dominant metal association: (i) Ni-Cu  PGE2; (ii) PGE  NiCu; (iii) Cr  PGE and; (iv) Fe-Ti-V 

(usually sub divided in Fe-Ti  P and V-Fe  Ti). PART II also includes the “Methodologies” section where 

common issues concerning (i) laboratorial procedures used to prepare samples for different analytical 

routines and analytical conditions; (ii) criteria used to perform the mapping of the gabbroic facies; (iii) 

distribution of the various types of samples that were collected and; (iv) nomenclature adopted in the 

igneous rocks classification are described in detail.  

I.2. Why LGS? 

I.2.1. Reflexions on learned lessons  

There are very few examples of economic deposits in intrusions emplaced during orogenic 

events, the reported cases being sub-economic or intermittently mined (for details and references see 
                                                                 
2 PGE- Platinum group Elements 
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VOL.II- I.2). Contrastingly, most of the exploited ore deposits of high economic value show a prevailing 

association to distensive orogenic settings. This appreciation of course excludes the remarkable 

spectrum and economic value of ore deposits hosted by “the big three” Archean/Proterozoic large 

intrusions (Bushveld, Stillwater and the Great Dyke) or the sole case of Sudbury.  

As a consequence, much investigation and exploration effort has been concentrated in distensive 

tectonic settings that have established potential to host valuable economic targets, while others such as 

the orogenic setting, often do not warrant serious consideration. This is the major downside of the mutual 

interests in magmatic ore deposits associated to layered intrusions of both the academic 

(petrology/metallogeny) and industry communities. There are however major lessons to be learned from 

the relatively recent discoveries of Voisey’s Bay and Aguablanca (Spain) Ni-Cu  PGE deposits: their 

association to anorthosite-granite-troctolite and orogenic magma series, respectively, would seem 

unlikely settings for the finding of significant economic deposits of this type. (Note: an even more 

implausible scenario would be searching Ni ores within impact meteor craters if it was not for the 

discovery of the extraordinarily valuable Sudbury deposits!)  

The common features of the four main deposit types provide invaluable exploration guidelines 

and means to understand their metallogenesis and the petrogenesis of their host intrusions. In spite these 

common points, each deposit unquestionably has its one unique features. Therefore, it is plain that, even 

within the less promising Terranes, favourable local conditions may result in important economic findings, 

as demonstrated by the Aguablanca and Voisey’s Bay cases. The main conclusion is that limiting 

exploration to the most promising Terranes incurs in the grave danger of missing important deposits in 

habitually less favourable (e.g. orogenic) settings.  

I.2.2. Understanding the petrogenesis and metallogeny of orogenic layered 
intrusions: the contribute of LGS  

Metallogeny 

The most striking common feature of synorogenic intrusions is their overall low Ni grades and 

extremely depleted PGE contents. That is clearly not the case of the Aguablanca deposit in Spain (whose 

major features are summarized in Table I.1). According with Tornos et al. (2006) the deposit formed by 

disruption of a lower crustal, partially crystallized (ultra-)mafic complex at depth (Table I.1 caption) where 

extensive magma contamination through metasedimentary host–rock assimilation took place, allowing 

early segregation of a Ni-Cu  PGE rich sulphide melt. Tapping of the sulphide melt and associated 

heterogeneous fragments (see Table I.1) trough transpressive dilatational structures allowed their 

shallow emplacement (≈2 km) as heterogeneous breccias in pipe-like structures enveloped by a 

disseminated sulphide domain. Despite the interpretation concerning the nature and extent of the inferred 

lower crustal magmatic complex from which Aguablanca magma breccias were extracted (i.e. its relation 

with the IRB; Table I.1 caption), evidence shows that the necessary conditions (see VOL.II- I.2) to 

generate a deposit with reasonably high Ni-Cu grades were largely accomplished within an orogenic 

setting. Most importantly, the PGE undepleted character of Aguablanca distinguishes it from other 

orogenic deposits.  

 

 



 
 
 

I- INTRODUCTION 

5 

Table I.1- Main features of the Aguablanca deposit and related rocks. The deposit is located within the SE domain of 
Spanish OMZ (province of Badajoz) and was discovered in 1993 by regional stream sediment survey that detected a 
major Cu-Au anomaly in a gossan. Lundin Mining Co. (http://www.lundinmining.com/s/AguaBlanca.asp) has recently 
acquired the deposit (July 2007) from Rio Narcea Gold Mines. Commercial production started in 2005 thru open pit 
mining; underground production is currently being evaluated. (*) The Cortegana Mafic Complex is a layered mafic-
ultramafic complex outcropping near Aguablanca and SOP. According with [12], [13] and [8] the Cortegana Complex 
and LGS represent dismembered portions of a huge lower crustal layered mafic/ultramafic complex comprising 
several sills connected by graphite that mimic the IRB (Iberian Reflective Body; [14]): a major high-velocity reflector 
(1 – 5 km thick) observed throughout most of OMZ at 10-15 km depth. In these authors’s view, Aguablanca 
represents a highly contaminated magma pulse tapped/tectonically squeezed along major crustal faults from this 
immense low crustal layered complex. It should be noted however, that significantly distinct interpretations exist for 
the IRB (e.g. [15] [16]) which, therefore, pose some difficulties to the petrogenetic models proposed for Aguablanca 
and Cortegana Complex. 
 

MAIN FEATURES OF THE AGUABLANCA DEPOSIT REFS 

Mineral resources 
16Mt @ 0.6 Ni, 0.5 Cu and 0.47 g/t PGE 
Ni/(Ni + Cu) =[0.3 – 0.5] bulk orebody  0.43  
Open pit/underground Ni cut-offs =0.3/0.5 

[1] 

Related Magmatism 
Variscan metaluminous calc-alkaline magmatic rocks of the Aracena massif that 
intrude the Olivenza-Monesterio antiform 

[2] [3] 

H
o

st
 r

o
ck

s
 Santa Olalla Pluton 

(SOP) 
Large intrusion with reversed zonation: monzogranite + granodiorite core grades into 
tonalite and Qz diorite rim 

[4] 

Aguablanca stock 
(AS) 

Small (10 km2) zoned heterogeneous intrusion that Intrudes the NE extreme of the 
SOP comprising a marginal Diorite Unit that grades into a Gabbro-norite Unit at the 
core, which host the ore body.  

[4] [5] [6] [7] 
[8] 
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Outer envelope Disseminated sulphides  blotches (patchy ore)  scattered massive ore lenses. 
Crosscut by the pipe-like structures within the Gabbro-norite Unit 

B
re

cc
ia

 P
ip

e
s 

 Nature of 
fragments 

 (i) Fine-grained pyroxenite (Opx  Cpx > Phl + Amp  Pl ) 
(ii) Xenoliths of skarnitized country rocks of predominant metasedimentary origin 
(iii) Fine-grained gabbro similar to outer part of Gabbro-Norite Unit 
(iv) Rare peridotite and their serpentinized equivalents 
(v) Pl aggregates (anorthosite or skarn related?)  
(vi) Ol Gabbro and troctolite.  
Breccias composed of  95% of types (i) and (ii) fragments 

[9] 

Barren 
breccia 

External domains of breccia pipes: digested type (ii) fragments predominate, cemented 
by Gabbro-Norite Unit rocks  

[4] [5] [6] [7] 
[8] Ore 

breccia 

Correspond to the internal domains of the breccia pipes where net-textured ore 
cementing mostly type (i) plus other ultramafic fragments (e.g. iv + vi) ± large randomly 
distributed (semi-)massive ore lenses occur 

G
eo

c
h

o
n

o
lo

g
y

 

SOP U-Pb Zrn ages (several methods): 332 ± 3 Ma; 342 ± 3; 347 ± 3 Ma [10] [11] [6] 

A
g

u
a

b
la

n
ca

 S
to

ck
 Diorite 

Unit 
U-Pb Zrn ages (TIMS): 339 ± 1 Ma [11] 

Gabro-
Norite Uni 

U-Pb Zrn ages (SHRIMP): 344 ± 2 Ma 
Ar-Ar ages in Phl concentrates from  breccia pipe rocks [341-332] Ma 

[7] [8] 

Cortegana Igneous 
Complex (*) 

Ar-Ar ages in Phl concentrates [338-334] Ma [8] 

REFS: [1] http://www.lundinmining.com/s/Reserves.asp?ReportID=294271; [2] Tornos et al. (2002); [3] Tornos et al. 
(2004); [4] Casquet et al. (2001); [5] Tornos et al. (2001); [6] Ortega et al. (2004); [7] Spiering et al. (2005); [8] 
Tornos et al. (2006); [9] Piña et al. (2006); [10] Montero et al. (2000; Ref. in [8]); [11] Romeo et al., (2006); [12] 
Tornos & Casquet (2005); [13] Tornos et al. (2005); [14] Simancas et al. (2003; 2004b; 2006); [15] Pous et al. 
(2004); [16] Monteiro Santos et al. (2002). 
 

Two main arguments are commonly presented to account for PGE ( Ni) depletion in orogenic 

melts: (i) they are derived from primarily Ni-Cu-PGE depleted mantle sources; (ii) PGE depletion is chiefly 

justified by contamination at deep crustal levels with consequent loss of the most significant PGE 

enriched sulphide fraction at depth, the derived melts showing poor Ni contents. Unless some highly 

unusual geochemical process is invoked to account for Aguablanca PGE undepleted character, and 
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rather high base metal abundances, it is apparent that both arguments warrant serious revaluation. As 

demonstrated by the Ural-Alaskian type PGE deposits, it seems that (intra-) orogenic magmas do not 

need to be primarily depleted in Ni or PGE (e,g,. Naldrett, 2004; see VOL.II- I.2). Accordingly, it seems 

plain that efficient mechanical processes may be the means to overcome the difficulties posed by the 

usually higher crustal thickness of orogenic tectonic settings and thus form economic Ni-Cu  PGE 

deposits. At Aguablanca, the favourable timing of (early) sulphide melt segregation due to extensive 

contamination at depth, coupled with nearly simultaneous mechanical extraction along dilatational deep 

structures, allowed the sulphide melt to rapidly reach higher (minable) crustal levels leaving no sulphide-

rich PGE fraction behind, bringing enough PGE to generate an economic deposit.  

Although Aguablanca seems a rather unique case which is enough to question some pre-

established ideas about the metallogenesis of orogenic Ni-Cu  PGE deposits, it warrants verification 

from similar findings. The affinities between LGS and Aguablanca are both temporal as well as spatial. 

Firstly, within analytical error, there is strong overlap between the older ca. 350 Ma ages reported for 

SOP and Aguablanca Stock (Table I.1) and LGS (Pin et al. 1999); 340-330 Ma ages are also recorded for 

late hydrothermal activity in both Complexes (Table I.1 and II.4.4.2 for data on LGS pegmatoid rocks). 

Secondly, both intrusions are part of an important regional intra Variscan magmatic alignment of (ultra-

)mafic to mesocratic rocks; detailed geochemical and isotopic similarities will be explored in this study. 

Most importantly, the study and comparison of LGS and Aguablanca petrogenetic and metallogenic 

features may be a unique opportunity to test the validity of arguments which detract the metallogenic 

value of mafic-ultramafic intrusions within orogenic provinces, thus contributing to a better understanding 

of their metallogenesis. 

Concerning other metal associations, the absence of Cr deposits in orogenic layered intrusions is 

expectable given their restricted association with high MgO, high SiO2 large pre-Phanerozoic intrusions; 

few chromite schlieren occur in the Urals Nizhny Tagil deposit types however these are mainly explored 

for their PGE contents (VOL.II- I.2; Table I.2).The most important synorogenic Fe-Ti-V deposits 

associated to layered intrusions are those spatially related with anorthosite massifs. These deposits have 

transitional features between Ti (Fe  P) massif anorthosite associated deposits and typical V ( Ti + Fe; 

VOL.II- I.2; Table I.4). Other than that, there are few reports of V-rich magnetite domains in Ural-type 

(see Appendixes of Cawthorn, et al., 2005) and some (exploited?) occurrences within some layered 

intrusions of transitional tholeiitic/calcalkaline character in orogenic active areas (VOL.II- I.2; Table I.4). 

Petrogenesis  

With some risk of over-simplification, orogenic intrusions typically display “less organized” 

magmatic (e.g. cryptic and modal layering) and structural features (chaotic, imperfect layering) which 

makes establishing their internal architecture considerably more difficult relative to layered intrusions in 

non-orogenic settings. Additional difficulties outcome from deformation and regional metamorphism 

following their emplacement and crystallization, sometimes leading to significant dismembering (S-J 

Barnes, 1989, 1986). These features result in a less complete petrogenetic framework which often difficult 

the determination of their exact tectonic setting. A brief summary of the best studied cases indicate that: 

(i) Paleo-Proterozoic Svecofennian intrusions are derived from hydrous arc-type tholeiitic basalts 

emplaced within transtensional (wrench) shear systems, therefore displaying strong syn-magmatic 
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deformation (differentiated peridotite-gabbro type 1a, Peltonen, 2005, ref. in Weihed et al., 2005) or 

feeder channels of intrusive–volcanic arc systems (type 1b ultramafic cumulates as the Vammala Nickel 

Belt, Peltonen, 2005 ref. in Weihed et al., 2005, Peltonen 1995 a, b); the latter resemble the zoned 

ultramafic Ural/ Alaskian type intrusions of Palaeozoic (Urals Platinum Belt; Naldrett, 2004) or Mesozoic 

age (Californian intrusions of the North American Cordillera e.g. Snoke et al., 1981). 

(ii) Ultramafic ( mafic) Palaeozoic Caledonian intrusions developed in marginal back-arc basin 

settings where formation of true oceanic crust was inhibited by the small duration of the spreading event 

(Tucker et al., 1990).  

(iii) The more or less coeval mafic ( ultramafic) Appalachian intrusions, but relatively larger (up 

80 km long, the Moxie pluton) developed in a localized transtensive regime (triggered by strike-slip 

faulting?) within continental settings (Paktunc, 1989, 1990 Thompson, 1984).  
 

Apart from zoned Ural-Alaskian intrusions or their Svecofennian Paleo-Proterozoic equivalents 

(related with feeders of arc-volcanism) different authors converge to the conclusion that the generation 

and intrusion of large volume orogenic magmas takes place during transient tensional regimes that lasted 

between regional tectono-metamorphic peaks (Boyd et al., 1987 Tucker et al., 1990) or during the 

orogenic waning stages (Paktunc, 1990; Thompson, 1984); these features lead to the designation of 

“intra-orogenic” instead of “syn-orogenic” for this type of layered intrusions.  

Systematic and recent work is lacking on mafic and ultramafic intrusions emplaced on other 

orogenic belts. Such studies are fundamental to unravel many metallogenic and petrogenetic issues. 

Finding suitable case studies are complicated by the lesser degree of preservation of the roots of ancient 

orogens due to subsequent metamorphism and deformation, whereas in most recent ones there is yet 

insufficiently exposure at current levels of erosion. Compared to other examples, LGS is a wide intrusion 

(ca. 265 km2 of outcropping area3) where its primary magmatic features are preserved from post-

crystallization metamorphic and deformational events. LGS is thus as a valuable case study for the 

petrogenesis and metallogenesis of the mafic/ultramafic roots of a relatively ancient orogen.  

I.3. Metallogenic indicators for LGS 

The arguments presented above would suffice to justify the design of mineral exploration surveys 

within LGS for magmatic mineralization types (with exception of Cr). The discovery of the Aguablanca 

deposit (see previous section) represents an indirect, yet very positive, economic indicator which resulted 

in the industry’s renewed interest for Ni exploration in LGS. Consequently, the previous holder of the 

deposit Rio Narcea Gold Mines Ltd. (RNGM), begun a wide survey campaign in the Portuguese territory, 

covering several prospect areas which included the Beja Igneous Complex and the Beja Acebuches 

Ophiolite Complex (BAOC). In 2005, an informal collaboration program with Rio Narcea was 

endeavoured, allowing exchanging information that ultimately resulted in the production of an internal 

report where the analysis of a specific LGS domain of interest of the surveyed area was performed (Jesus 

et al., 2006a). 

Additionally there are several indicators that were analysed and pieced together during the last 

decade with the aim of selecting key-sectors within the vast area of LGS to be further investigated. 

Systematic re-evaluation of results obtained during old geophysical and soil geochemistry regional 

                                                                 
3 Outcropping area calculated on the basis of the 1 : 200 000 geologic map, excluding the marginal diorites. 
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surveys was performed on the basis of criteria established in previously studies at the Ferreira do 

Alentejo-Odivelas area (Mateus et al., 2001b; Jesus, 2002). As reported in detail by Jesus et al. (2003c), 

and briefly summarized below, all these indicators configure an interesting economic potential for LGS:  

(i) There is a very good agreement between the spatial arrangements of vertical field magnetic 

anomalies and the main geological features mapped at Odivelas (Mateus et al., 2001b Jesus, 2002). 

These spatial arrangements discriminate quite well the oxide-rich gabbroic layers and, within them, the 

location of the massive oxide accumulations surveyed in 1944 (Silva, 1945 Silva & Carvalho, 1946). 

Additionally, all along the LGS Eastern compartment, (particularly in the domain immediately E of the 

Messejana fault-zone), a significant number of strong vertical field magnetic anomalies (not investigated 

in this work), await proper evaluation. 

(ii) At Odivelas, seventy-two soil samples were collected along five N-S profiles that went across 

the old exploration prospects. The data obtained, reported and discussed in detail by Gonçalves et al. 

(2001), show that the anomalous Ti and V thresholds are generally above 1.5-2% and 400 ppm, 

respectively.  

(iii) Sediments collected in tributary streams of the Odivelas riverbank and at the Corujeiras area 

(NE of Beja) were examined in detail. The results obtained show that this procedure can be very useful in 

discriminating different types of heavy-mineral assemblages intimately related to specific mineralizations 

(Mateus et al., 2001b Jesus & Mateus, 2002). 

(iv) Soil geochemistry Cu data available for a large portion of LGS and adjoining geological 

formations ( 570 km2) were examined in order to separate the most significant anomalies through 

multifractal modelling (Jesus et al., 2003a). According with the characteristics displayed by the sulphide 

mineralizations recognized in the encompassed area, this method enabled the separation of the most 

significant sulphide-rich halos within gabbroic rocks, regardless of their origin. This issue and the resulting 

conclusions are addressed in detail in section IV.5.  

I.4. Objectives  

Considering all the arguments previously exposed, the central question encompassed by this 

thesis is, what ore-forming processes acted during LGS emplacement, differentiation and crystallization 

that may have lead to the genesis of metal enrichments with economic potential? Aiming to answer this 

central question, the following objectives are intended to be accomplished: 

(i) Identification, evaluation of the cartographic extension and overall (mineralogical, geochemical 

and structural) characterization of the gabbroic facies included in LGS. 

(ii) Assessment (within the limitations imposed by deficient outcropping conditions in some 

sectors) of the limits and nature of the contacts between LGS and the adjoining geological units: BAOC at 

S, marginal diorites mainly at the NW and metavolcanic sequences (some of which of uncertain filiation) 

to the N.  

(iii) Delimitation of mineralized domains, both of Fe-Ti-V oxides and (late-)magmatic sulphides. 

(iv) Characterization of the mineralogical and geochemical features of the identified 

mineralizations. 

(v) Recognition of source features and contamination processes following melt extraction of LGS 

and related magmas  
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(vi) General appraisal of the LGS metallogenic and economic potential and most favourable Ni-

Cu-Co-(PGE?) sulphide and Fe-Ti-V oxides bearing domains. 
 

LGS is part of a much larger magmatic complex (BIC) which dominated by large scale the 

Palaeozoic igneous activity and represents ca. 55 Ma of nearly continuous magmatic activity during the 

OMZ-SPZ oblique collision. It is a major geological feature both at the Portuguese OMZ southern border 

segment, as well at the scale of the SW Iberian Variscides. Thus, results related with objectives (i), (ii) 

plus geochronological data obtained in the scope of this work (see section II.3) were pieced together with 

available regional geological and geophysical data in order to propose a new model for LGS genesis and 

emplacement (Jesus et al., 2007c). This model is reviewed in PART V and compared with other views. 

Thus, from a broader geodynamic, point view, the study of LGS has already contributed for a better 

understanding of the early stages of Variscan orogenic magmatism (Jesus et al., 2007c), aiding the task 

of unravelling the geodynamic evolution of the SW Variscides (Ribeiro et al., 2007; 2010).  

Objectives (iii) to (vi) are mainly rooted on geochemical data and aim to outline a provisional 

petrogenetic and metallogenic model for LGS. Together, geodynamic, petrogenetic and metallogenic 

results from this work seek to contribute for a better understanding of the metallogenesis and 

petrogenesis of layered (ultra-)mafic intrusions generated within orogenic settings, for which a limited 

number of sufficiently well preserved case studies exist. 

I.5. Published work 

During this project, a number of public presentations and written papers have been made, 

documenting the progress of data acquisition/interpretation on which the present dissertation is rooted. 

They are listed here for reference: 

Articles in International Refereed Publications 

Jesus AP, Mateus A, Oliveira V, Munhá J (2003)- Ore forming systems in the Layered Gabbroic Sequence of the 
Beja Igneous Complex (Ossa Morena Zone, Portugal) state of the art and future perspectives. In: Mineral 
Exploration and Sustainable Development. Proceedings Volume 2 of the 7th Biennial SGA Meeting, Athens, 
DG Eliopoulos et al. (Eds.), Milpress, Rotterdam: 591-594.  

Jesus AP, Mateus A, Waerenborgh JC, Figueiras J, Cerqueira L, Oliveira V (2003)- Hypogene titanian, vanadian 
maghemite in reworked oxide cumulates in the Beja Layered gabbro complex, Odivelas, southeastern 
Portugal. Canadian Mineralogist 41 (5): 1105-1124. 

Jesus AP Mateus A Munhá J, Pinto A (2005)- Massive Ni-Cu-Co and PGE-bearing sulphides in pyroxenite: a new 
mineralization type in the layered gabbroic sequence of the Beja Igneous Complex (Portugal). In: Meeting 
the global challenge. Proceedings Volume 1 of the 8th Biennial SGA Meeting, Beijing, J Mao & FP Bierlein 
(Eds.), Willey & Sons: 405-407.  

Jesus AP, Munhá J, Mateus A, Tassinari C, Nutman AP (2007)– The Beja Layered Gabbroic Sequence (Ossa-
Morena Zone, Southern Portugal): geochronology and geodynamic implications. Geodin. Acta 20 (3): 139-
157. 

Ribeiro A, Munhá J, Fonseca PE, Araújo A, Pedro JC, Mateus A, Tassinari C, Machado G, Jesus AP (2010)- 
Variscan Ophiolite Belts in the Ossa-Morena Zone (Southwest Iberia): geological characterization and 
geodynamic significance. Gondwana Research 17, 408-421. 

Articles in National Refereed Publications 

Mateus A, Jesus AP, Oliveira V, Gonçalves MA, Rosa C (2001)- Vanadiferous iron-titanium ores in gabbroic series 
of the Beja Igneous Complex (Odivelas, Portugal) remarks on their possible economic interest. Estudos, 
Notas e Trabalhos, Inst. Geol. e Mineiro 43: 3-16. 

Conference proceedings (extended abstracts) 

Jesus AP, Mateus A, Figueiras J, Oliveira V, Conceição P, Rosa CJ (2001)- Mineralogical and geochemical 
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characteristics of iron-titanium-vanadium mineralizations in the gabbros of the Beja Igneous Complex. VI 
Congresso de Geoquímica dos Países de Língua Oficial Portuguesa- XII Semana da Geoquímica, Faro 
(Portugal): 130-135.  

Mateus A, Jesus AP, Conceição P, Oliveira V, Rosa C (2001)- Natureza mineralógica e geoquímica das 
mineralizações sulfuretadas em gabros do Complexo Ígneo de Beja: algumas questões relativas à sua 
génese. VI Congresso de Geoquímica dos Países de Língua Oficial Portuguesa- XII Semana da 
Geoquímica, Faro (Portugal): 125-129. (extended abstract) 

Jesus AP, Mateus A, Gonçalves MA, Oliveira V (2003)- Cu anomaly separation by multifractal modelling of soil 
geochemistry data from Ferreira do Alentejo to Serpa (Alentejo, Portugal). In: IV Congresso Ibérico de 
Geoquímica, Coimbra (Portugal): 205-207. 

Jesus AP, Mateus A, Oliveira V (2003)- Geological setting and magnetite-ore genesis at the Corujeiras prospect 
(Beja, Portugal). In: VI Congresso Nacional de Geologia, Lisboa (Portugal), Ciências da Terra (UNL), 
Lisboa, nº esp. V, CD-ROM:F45-F48.  

Jesus AP, Munhá J, Mateus A (2005)- Critical features controlling the evolution of the Beja Layered Gabbroic 
Sequence implications to ore-forming processes. XIV Semana de Geoquímica e VII Congresso de 
Geoquímica dos Países de Língua Portuguesa, Aveiro (Portugal): 305-310. 

Jesus AP, Mateus A, Munhá J, Branco JM, Araújo VH (2006)- Magmatic, Ni-Cu sulphide mineralization in the 
western compartment of the Beja Layered Gabbroic Sequence. VII Congresso Nacional de Geologia, 
Estremoz (Portugal): 1019-1022. 

Jesus AP, Munhá J, Mateus A (2006)- The western compartment of the Beja Layered Gabbroic Sequence: internal 
architecture and main petrogenetic features. VII Congresso Nacional de Geologia, Estremoz (Portugal): 
171-174. (extended abstract) 

Jesus AP, Mateus A, Munhá J, Tassinari C, Alves LC, Bobos I (2007)- Sulphide-mineralization types in the Layered 
Gabbroic Sequence of the Beja Igneous Complex (Portugal). VI Cong. Ibérico de Geoquímica– XIV Semana 
de Geoquímica, Vila Real (Portugal): 580-584.  

Unpublished reports and thesis 

Jesus AP (2002)- Mineralizações de Fe-Ti-V e ocorrências sulfuretadas em rochas gabróicas do Complexo ígneo de 
Beja (Odivelas-Ferreira do Alentejo). M.Sc. Thesis, Univ. Lisboa, 197 pp.  

Jesus AP, Mateus A (2002)- Mineralogical and geochemical preliminary data relative to the mineral occurrence of 
Corujeiras (Beja). Unpublished internal report to the IGM, 30pp. 

Jesus AP, Mateus A, Munhá J (2006)- Geological characterization of the Ferreira do Alentejo – Beringel sector 
(Layered Gabbroic Sequence of the Beja Igneous Complex) and some remarks concerning its potential for 
host Ni-Cu sulphide mineralization. Original Report for Rio Narcea Gold Mines SA. 

Munhá J, Mateus A, Jesus AP (2007)- FCSSM vs1.1: Fractional crystallization of silicate and coexisting sulphide 
melts (Computational modelling of: fractional crystallization of sulphide-silicate melts, sulphur saturation, 
sulphide immiscibility, crystallization/differentiation of mono-sulphide melts in the S-Fe-Cu-Ni system). 

Field Guides and Maps 

Jesus AP, Mateus A, Munhá J & Oliveira V (2007- in press) Contribuição para a notícia explicativa da Carta 
Geológica nº42B, Azinheira de Barros (1:50.000). 

Sections in books 

Mateus A, Munhá J, Inverno C, Matos JX, Martins L, Oliveira DPS, Jesus AP, Salgueiro R (in press) - 
Mineralizações no sector português da Zona de Ossa-Morena. “Geologia de Portugal no Contexto da Ibéria, 
2ª edição. 

Mateus A, Munhá J, Jesus AP (2010)- Mineralizações associadas à sequência gabróica do Complexo Ígneo de 
Beja. “Ciências Geológicas– Ensino, Investigação e sua História, Vol. II (Geologia Aplicada, Geologia e 
Recursos Geológicos): 37-46.  
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II.1. Introduction 

The second piece of this work aims to report: (i) the internal architecture of LGS western 

compartment, including the nature of its boundaries and relation with spatially associated mesocratic to 

felsic magmatic rocks, as deduced from field observations; (ii) the most important structural features of 

LGS, which include the magmatic layering and shear zones s.l.; (iii) new geochronological data acquired 

in the course of this work (Jesus et al., 2007c). During discussion of LGS structural features, particular 

consideration is given to the mechanisms involved in the generation of magmatic layering and related 

features. The record of Variscan tectonics in LGS rocks are discussed, from late crystallization until final 

consolidation and partial dismembering. This discussion allows portraying the tectonic evolution of LGS 

within the framework of SW Iberia Variscides.  

In order to perspective the tectonic evolution of LGS within the geodynamic framework of SW 

Variscides it is fundamental to build a broad regional perspective on the subject. Because the evolution of 

LGS within the OMZ southern border cannot be envisaged independently from its neighbouring units, 

before proceeding to the above mentioned main objectives, an extended review of the most prominent 

features of the various intervening geological units is performed. 

II.2. Regional geological framework  

Following the presentation of the geodynamic significance of OMZ, a geological review of the 

most relevant stratigraphic, tectono-metamorphic and magmatic features (including the available 

geochronological data), is presented for the following geological units: 

(i) the northern part of SPZ which chiefly comprises the Iberian Pyrite Belt (IPB)  

(ii) the exotic Terranes placed between OMZ and SPZ, namely the Pulo do Lobo Terrane (PLT) 

and BAOC. 

(ii) the OMZ southern border, which broadly corresponds to the Évora-Beja-Aracena domain 

(EBAD, see below), with special emphasis on: 

 (iia) previous work developed in BIC; 

 (iib) the most relevant characteristics of the polyphasic deformation that affected the OMZ 

southern border during the Variscan cycle so that a proper evaluation and discussion of the structural 

features observed in the mapped area of LGS can be adequately contextualized. 

II.2.1. Introducing OMZ 

The Ossa Morena Zone can be individualized with respect to its neighbouring units on the basis 

of distinct tectonic, stratigraphic and metamorphic features (Lötze, 1945 Julivert et al., 1980). To the N, 

OMZ contacts with the Central-Iberian Zone (CIZ), thru the Tomar-Badajoz-Córdoba shear zone (TBCS), 

a major Cadomian suture reworked in Variscan times (Ribeiro et al., 2007; see below). OMZ and CIZ 

form the internal continental segment of the SW Iberian Variscides that corresponds to the Iberian 

Autochthonous Terrane (IAT) which, to the S, is put in contact with the SPZ through two merged Exotic 

Terranes, the BAOC and PLT, as depicted in Figure II.1 (Quesada, 1991).  

A polycyclic evolution for OMZ 

Following the views of Quesada (1990; 1991), Ribeiro et al. (1990; 2007), the geodynamic 

evolution of OMZ took place throughout two major evolutionary Wilson cycles: 
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Figure II.1- Simplified Terrane Map of the Iberian Massif TBCS- Tomar Badajoz Córdoba shear zone PTS- Porto-
Tomar shear zone, other acronyms as in text (adapted from Quesada, 1991). 

 

(i) A Precambrian cycle that started with a pre-orogenic stage of rifting and passive margin, 

followed by an orogenic stage that corresponds to the Cadomian orogeny of late Proterozoic age (Upper 

Ríphean to Vendian). During the Cadomian orogeny, OMZ (with Gondwana affinities), was accreted to 

the Iberian Autochthonous (sensu strictu) Terrane (IAT) of Armorican affinities, as it is connected to the 

rest of the European Variscides. 

(ii) A Palaeozoic cycle that started with continental rifting of a Midlle Cambrian carbonate 

platform leading to the development of the major intervening ocean during the Ordovician-Cambrian 

boundary (500 470 Ma): the Rheic ocean basin. Bimodal extensional magmatism recorded in the OMZ 

Cadomian basement (e.g. Série Negra) and Cambrian platform (basaltic dike swarms) is 

contemporaneous of a transient inversion/regression which lead to a widespread stratigraphic 

unconformity (Sardic phase). A passive margin stage lasted until Lower Ordovician, whereupon closure of 

the Rheic ocean via oblique subduction underneath the OMZ begun (Silurian-Devonian; 425–410 Ma), 

culminating the Variscan orogeny compressive stages, that lasted from Upper Devonian to Carboniferous 

( 370–300 Ma). During this period, the collision (and partial continental subduction) of the Avalonia plate 

(SPZ) with the OMZ-IAT took place underneath a dominantly dextral transpressive regime which lasted 

until very late orogenic stages. This process ultimately resulted in the collage of the SPZ, along with 

exotic Terranes of oceanic affinity, namely BAOC and PLT to the IAT-OMZ Terrane. 

The domain concept: adopted terminology 

Because OMZ is one of the internal units of the Variscan orogen it exhibits a complex 

architecture controlled by a tight fracture network that results in a NW-SE wedge-shaped 

compartmentation at all scales (Apalategui et al., 1990). Further complexity is added by superimposition 
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of distinct tectono-metamorphic events related with the Upper Proterozoic (Cadomian) and Upper 

Palaeozoic (Variscan) orogenic cycles. Different belts in the OMZ can thus be recognised on the basis of 

palaeo-geographic, magmatic, metamorphic and structural criteria, bounded by major thrust zones, locally 

displaced by late strike-slip fault zones. The outstanding differences among these belts frequently poses 

severe difficulties in their tectono-stratigraphic correlation, leading to the common concept of structural 

domain. Despite of the heterogeneities among the various domains they present relatively homogenous 

internal features along strike (Chácon et al., 1983).  

Several authors have presented distinct nomenclature for the various OMZ domains. The scheme 

presented by Apalategui et al. (1990; following Muñoz et al., 2008), is presented in Figure II.2, whereas a 

simplified geological map of the Portuguese part of the OMZ and adjoining units is depicted in Figure II.3 

In this framework, the OMZ southern border corresponds to a distinct, curved and wedge shaped belt 

known as the Évora-Beja-Aracena Domain- EBAD (Chácon et al., 1983 Quesada, 1991) or as the 

Southern Crystalline Complexes (Apalategui et al., 1990). The EBAD broadly corresponds to the 

assemblage represented by the Montemor-Ficalho plus Beja Massif and Santa-Susana Odivelas/Cabrela 

sub-sectors, as defined by Oliveira et al. (1991) based on stratigraphic criteria. In this work the generic 

definition of Apalategui et al. (1990) of Évora-Beja-Aracena Domain is adopted.  

Although with distinct designations, the boundaries of EBAD reported by different authors 

overlap. The same does not apply to its internal divisions. The lack of uniformization of EBAD internal 

architecture is a consequence of an intricate lithostratigraphic arrangement that reflects the overprinting 

of effects caused by a complex geodynamic evolution, such as: (i) the profusion of diverse Variscan 

igneous intrusions suites (see Figure II.2), particularly well represented in its NW part; (ii) the widespread 

development of Variscan thrust zones, leading to significant tectonic imbrication and strong strain 

partitioning and; (iii) the extensive formation of late, sub-vertical shear zones, which often result in strong 

dismembering of the pre-existent geological framework.  

Because the southern portion of EBAD essentially comprises igneous rocks, poor biostratigraphic 

control exists for this sector; therefore, the lithostratigraphic column of the Montemor-Ficalho sector 

reported by Oliveira et al. (1991) is usually taken as a reference. Araújo (1995) suggests that this 

arrangement reasonably fits the lithostratigraphic features observed in the Moura-Ficalho antiform, but 

argues that its use in other sections of EBAD (namely in Serpa, Portel, Viana-Alvito and Escoural regions) 

poses serious correlation problems. Accordingly, this author suggests another internal EBAD subdivision 

that has been also adopted by Rosas (2003) and Fonseca (1995) on similar tectonic studies in OMZ. 

Considering the arguments present by Araújo (1995), the generic simplification of Oliveira et al. (1991) is 

taken as reference and supplemented with recent data wherever it seems justified for the purposes of this 

work; a depiction of the lithostratigraphic columns of interest is provided in section II.2.3. 

II.2.2. Main features of the OMZ Southern Border adjoining units 

II.2.2.1. Northern part of the South Portuguese Zone (SPZ): Iberian Pyrite Belt (IPB) 

The SPZ northern Border corresponds mostly to the Iberian Pyrite Belt, a 250 km long 60 km 

wide arcuate belt which represents the largest and most important VHMS1 metallogenic province in the 

world (e.g., Barriga, 1990; Carvalho et al., 1999). The IPB is described as a succession of three 
                                                                 
1 VHMS- Volcanogenic hosted massive polymetallic sulphide deposits. 
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stratigraphic Formations dated from Upper Devonian to Lower Carboniferous ages (e.g., Oliveira, 1983; 

1990). The Phylite-Quartzite Formation (Fm; PQ) is the older meta-sedimentary sequence (Fammenian) 

that crops out S of the PLT. The PQ represents the detrital relative basement of IPB (and of the SW 

Portugal Domain to the south) developed in a passive margin environment that prevailed during Upper 

Devonian. Although the base of PQ remains cryptic, accumulated geophysical evidence (Prodehl et al., 

1975; Monteiro Santos et al., 2002; Pous et al. 2004; Vieira da Silva et al., 2007) corroborate the 

previously inferred existence (Ribeiro & Silva, 1983; Silva et al., 1990) of a major décollement at the base 

of the SPZ Upper Palaeozoic thin-skinned complex at ca. 8-9 km. The Volcano-sedimentary Complex 

(VS) overlies PQ and is composed of a bimodal volcanic suite (Munhá, 1983a) inter-fingered with diverse 

meta-sedimentary rocks generated during an extensional event that affected the detrital platform 

represented by the PQ sequence (Oliveira, 1983; 1990). 

Geochronological constrains for SPZ-IPB presented in Table II.2 can be located in Figure II.4, 

where all referred geochronological data in forthcoming sections are also shown. Bio-stratigraphic data 

for the VS metasedimentary sequences provided early Fammenian to Late Visean ages, indicating a very 

narrow period (Strunian) for the development of the ores (Oliveira, 1983; Oliveira 2004 and references 

therein). Geochronological data obtained in the last decade for different igneous rocks belonging to VS 

and VHMS ores prove to be internally consistent with the available litho- and bio-stratigraphic information, 

bracketing the most significant magmatic/hydrothermal activity between ca. 355 Ma and ca. 345 Ma 

(Mathur et al., 1999; Nesbitt et al., 1999; Barrie et al., 2002; Dunning et al., 2002; Relvas et al., 2001; 

Table II.2). The IPB is intruded at NE by the Sierra Norte Batholith of gabbroic to granitic composition. 

Dating of zircons extracted from IPB rhyolite lavas from Zufre (348  2 Ma.) and Nerva (353  2 Ma) and 

granitoid rocks belonging to Sierra Norte Batholith (354 +5/-4 Ma at Campofrio) yielded a Tournaisian age 

interval (Dunning et al., 2002). This indicates that the intrusive igneous activity is coeval with the IPB 

volcanism; however, according with Onézime et al. (2003) a genetic relationship suggested by other 

authors is yet to be proved.  

The tectono-metamorphic evolution of IPB (as well as SPZ, as a whole) is characterized by a 

general decrease of both deformation and metamorphic grade towards SW. Following early syn-

sedimentary deformation (gravity flow induced slumping and faulting within sedimentary basins), 

deformation evolved to a thin-skinned tectonic regime characterized by SW verging folding and thrusting, 

leading to significant crustal thickening and stacking. These early features were later overprinted by 

strike-slip tectonics developed after the OMZ-SPZ collision (Ribeiro & Silva, 1983; Silva, 1989; Silva et 

al., 1990; Quesada, 1998; Onézime et al., 2002; 2003). Widespread prehnite-pumpellyite facies to (local) 

greenschist conditions characterizes the regional metamorphism in IPB, postdating the early 

hydrothermal alteration stage contemporaneous of massive sulphide ore formation (see below). Besides 

localized zeolite facies in the Baixo Alentejo Flysch Group, the remaining sectors (including SW Portugal 

Domain) are characterized by very low metamorphic regime (Munhá, 1981; 1983b; 1990).  

 
 

Figure II.2 (right page)- Domain (belts) subdivision for OMZ adapted from Muñoz et al.(2008). Main shear and fault 
zones: 1- Messejana fault; 2- Portalegre-Alegrete Thrust; 3- Hornachos-Villaharta Thrust; 4- Alter do Chão- Campo 
Maior Fault; 5- Azuaga Fault; 6- Malcocinado Thrust; 7- Monasterio Thrust; 8- Juromenha Thrust; 9- Beja-Valedarco 
Fault; 10- Ferreira Ficalho-Almonaster Thrust; 11- Ficalho – Aroche Thrust.  
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Figure II.3- (A- right page)- Simplified geological map of OMZ, SPZ and Exotic Terranes. Adapted from Portuguese Geological Map 1 : 500 000 (sheet 2) and 200: 000 (sheets 7 and 8; Oliveira, 1984;1992) 
and IGME2 1 : 1 000 000 Iberian map available at http://www.igme.es/internet/default.asp. (B- next page)- Caption for the generic lithological features of the various (meta)sedimentary and (meta) volcanic 
rocks along OMZ belts and other Terranes shown in the map and chronostratigraphic chart displaying their space-temporal distribution where the designation of the Units occurring in Portuguese territory are 
also referred (those in italic indicate Formation names). As can be seen in the chronostratigraphic chart, the stratigraphic reference absolute ages from IGME slightly differ (most critically in the Proterozoic-
Cambrian transition) from those of IUGS- ICS3 international stratigraphic international chart (http://www.stratigraphy.org/) which are thus presented for comparison. Other acronyms not yet introduced in the 
main text: V(S)C- Volcanic-(Sedimentary) Complex; PQ- Phyllite-Quartzite Fm (SPZ); TM- Toca da Moura; NCB- North-Central Belt; SCB- South-Central Belt; PBCB- Portalegre-Badajóz- Córdoba Belt. In 
the map, besides of standard toponymy, the name of Variscan intrusive plutons/Complexes is also provided, a stippled line enclosing their isolated outcropping portions. The acronyms for intrusive rocks, 
organized according with their (interpreted) emplacement timing relative to the Variscan orogeny are provided below in Table II.1.  

 

Table II.1- Acronyms (ACR) for intrusive rocks organized according with their (interpreted) emplacement timing relative to the Variscan orogeny; PT/SP- Portugal/Spain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                 
2 IGME- Instituto Geológico y Minero de España 
3 IUGS- ICS- International Union of Geological Sciences- International Commission on Stratigraphy 

OMZ ACR PT/SP

Early (subduction related) Mafic/ultramafic massifs 

Veiros-Vale maceira VVM PT 

Alter do Chão AC PT 

Campo Maior CM PT 

Los Molares LM SP 

Early to late collisional Complexes 

Beja Igneous Complex- BIC   

     Layered Gabbroic Sequence LGS PT 

     Cuba Alvito Complex CAC PT 

     Baleizão Porphyry Complex BPC PT 

Évora Massif- EM   

      Hospitais Massif HM PT 

Sta Olalla Complex-SOP  SP 

      Santa Olalla main intrusion SOP SP 

      Aguablanca Stock (Spain) AS SP 

Other Complexes/intrusions CIC SP 

     Cortegana Igneous Complex (Spain) CIC SP 

     Burguillos de Cerro BC SP 

     Valuengo Vl SP 

     Valencia del Ventoso VV SP 

     Bazana Bz SP 

     Brovales Br SP 

 

OMZ (cont)  ACR PT/SP

Late to Post Orogenic granitoids 

Reguengo Monsaraz RM PT 

Pias Pedrogão PPM PT 

Redondo R PT 

Vidigueira V PT 

Santa Eulália SE PT 

Portalegre Granite PG PT 

Niza Granite NG PT 

SPZ  ACR PT/SP

Sierra Norte Batholith SNB SP 

EXOTIC TERRANES ACR PT/SP

Aroche Ar SP 

Gíl Marquéz GM SP 
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Table II.2- Summary of the most relevant geochronologic data for igneous and mineralized rocks belonging to the 
SPZ northern border. Main acronyms used (minerals according with Kretz (1983): WR/MIN- Whole-Rock/Mineral; 
Zrn- Zircon; Sulph- Sulphide; Xl'n- Crystallization. 

SOUTH PORTUGUESE (Northern Border  IPB) 

Study area  Rock Type #map Age (Ma) System Material Age Interpretation REF 
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) Neves Corvo  
Sulph/casseteritic ore + felsic 

volcanic 
#1 347  25 Rb-Sr WR 

Mineralization & 
volcanism 

[1] 

Riotinto  
Chloritized Qz porphyritic 

dacite/rhyolite 
(S. Dionísio MS footwall)  

#2 349.8  0.9

U-Pb 
(TIMS) 

 

Zrn 
 [2] 

Las Cruces  
Sericitized dacite tuff 

(hangingwall) 
#3 353.9  0.7

Aljustrel  
Altered Green Tuff 
(Algares deposit) 

#4 352.9  1.9

Lagoa Salgada  

Sericitized porphyritic dacitic tuff 
(hanging wall) 

#5 
356  1 

Sericitized porphyritic dacitic tuff 
(footwall) 356.2  0.7

Los Frailles  
Chloritized dacitic tuff 

(stockwork) 
#6 345.7  4.6

U-Pb 
(SHRIMP) 

Zrn [3] 

Tharsis  Massive ore #7 353  44 Re-Os Sulph 

Mineralization  
[4] 

Riotinto  Stockwork & massive ore #2 346  26 Re-Os Sulph 

Aznalcóllar Stockwork ore #8 351  8 Re-Os Sulph [5] 

Average 16 
sulphide ore 

bodies (Huelva) 
Massive ore - 368 26 206Pb/204Pb Sulph 

Model age for 
mineralizing fluids 

indicative of shallow 
intracontinental 

magmatism 

[6] 
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Zufre Rhyolite near SRB #9 347.5  1.5
U-Pb Zrn 

Coeval Xl'n of IPB 
acidic volcanics and 

intrusives 
[7] 

Nerva Massive rhyolite  #10 353  2 

El Almendro Ignimbrites #11 
347  1.5 

U-Pb Zrn Xl'n [8] 
355  5 

VARISCAN INTRUSIVE ROCKS 
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S
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Campo Frio 
Bt granitoid #12 

354 
(+5/-4) 

U-Pb Zrn 
Coeval Xl'n of IPB 

acidic volcanics and 
intrusives 

[7] 

Bt Tonalite #13 346 
U-Pb 

(TIMS) 
Zrn Xl'n [2] 

- Gabbros  #14 336  98 Rb-Sr WR? Xl'n? [9] 

- El Berrocal Granite  #15 300  6 Rb-Sr WR Xl'n? [10] 

REFS: [1] Relvas et al., 2001; [2] Barrie et al., 2002; [3] Nesbitt et al., 1999; [4] Mathur et al., 1999; [5] Nieto et al., 2000; [6] 
Marcoux et al., 1992, Ref in [A]; [7] Dunning et al., 2002; [8] Quesada et al., 1989, Ref in [B]; [9] De la Rosa et al., 1993, Ref in [B]; 
[10] Quesada et al., 1989, Ref in [B]. Additional source references: [A] Oliveira et al., 2004; [B] Simancas et al., 2004a.  

 

The upper stratigraphic succession in IPB consists of a relatively monotonous flysch sequence 

(“Culm”, starting with the Mértola Formation) dated of Visean age (Oliveira 1983; 1990). Deposition of the 

flysch sequence is contemporaneous with tectonic inversion that followed the extensional period 

experienced by IPB and is responsible by the south-directed vergence recorded by most of the IPB (and 

SPZ in general) structures. Data gathered so far support that the structural evolution experienced by IPB 

is controlled by the OMZ-SPZ oblique collision (Ribeiro et al., 1990; Silva et al., 1990; Quesada et al., 

1994; Quesada 1998). 

II.2.2.2. Exotic Terranes 

Geochronological constrains for exotic Terranes placed between OMZ and SPZ and related 

intrusive rocks are presented in Table II.3. 
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Table II.3- Summary of the most relevant geochronologic data for igneous and metamorphic rocks belonging to  
Exotic Terranes placed between OMZ and SPZ and related intrusives. Main acronyms used: WR/MIN- Whole-
Rock/Mineral; Zrn- Zircon; Amp- Amphibole s.l.; Bt- Biotite; Pl- Plagioclase; Xl'n- Crystallization; Cl'ng- Cooling; HT-
LP- High Temperature – Low Pressure (PT metamorphic regime). 

EXOTIC TERRANES 

Study area  Rock Type #map Age (Ma) System Material Age Interpretaton REF
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337  5 
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flaser gabbro 
Unit (Serpa) 

 

Banded metagabbro 
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foliation 
#17 342.6  1.4 40Ar/39Ar Amp 

Cl'ng  500ºC 
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(cumulate) metagb in 
granulite facies  

basal contact)  

#18 342  0.8 40Ar/39Ar Amp 

Beja(?)  Amphibolite #19 342.6  0.6 40Ar/39Ar Amp [3] 
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Amphibolite Unit 

Strongly foliated 
medium-grained 

amphibolite  
#20 332  3 

U-Pb 
(SHRIMP) 

Zrn Xl'n? [1] 
Strongly foliated fine-
grained amphibolite  

#21 334  2 

Amphibolite  
(Cortegana) 

#22 337.5  2.7 40Ar/39Ar Amp 

Cl'ng  500ºC [3] 

Amphibolite 
(Almonaster) 

#23 334.4  1.4 40Ar/39Ar Amp 

Amphibolite 
(La Corte) 

#24 328.8  2.2 40Ar/39Ar Amp 

Amphibolite 
(Alájar) 

#25 328.2  2.7 40Ar/39Ar Amp 

Amphibolite 
(Aracena) 

#26 328  1.2 40Ar/39Ar Amp 

VARISCAN INTRUSIVE ROCKS ASSOCIATED WITH EXOTIC TERRANES 

BAOC 
Felsic 

dikes/pods 
Felsic dyke (Vau de 

Cima) 
#27 345  2.1 U-Pb Zrn 

Xl'n (late fluid-rich melts) » 
Regional Cooling  500ºC 
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(early emplaced 
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SNB) 

Granodiorite  
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(LAM-ICP-
MS) 

Zrn Xl'n 
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[700-800] 

U-Pb 
(LAM-ICP-

MS) 
Zrn Inherited cores cluster ages 

328  2 U-Pb Zrn 
Xl'n 

[6] 

 330 Rb-Sr WR [7] 

330  3 40Ar/39Ar Bt Rapid Cl'ng  300ºC [8] 
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 Aroche Pluton Hbl tonalite  #29 
347 

(+51/-12) 
U-Pb Zrn Xl'n [9] 

 

REFS: [1] Azor et al., 2008; [2] Dallmeyer et al., 1993; [3] Castro et al., 1999; [4] Pin et al., 2008; [5] De la Rosa et al., 2002; [6] 
Kramm et al., 1991, Ref in [A]; [7] Giese et al., 1993, Ref in [B, C]; [8] Onézime, 2001, Ref in [A]; [9] Hoymann & Kramm, 1999. 
Additional source references: [A] Onézime et al., 2002; [B] Simancas et al., 2004a; [C] Castro et al., 1995. #numbering: 
approximate location of dated rocks in regional map 
 

Beja-Acebuches Ophiolite Complex (BAOC) 

BAOC is a tectonically dismembered ophiolitic sequence that outlines the south Iberia Variscan 

Suture and shows geochemical characteristics that are compatible with a (transient) back arc basin 

tectonic setting (Munhá et al., 1986; Ribeiro et al., 1990; Fonseca & Ribeiro, 1993; Quesada et al., 1994; 

Fonseca, 1995).  
 

Figure II.4. (right page)- Location of geochronological data for OMZ, IPB and Exotic Terranes (as in Table II.2 to II.5). 

                                                                 
4 Location made by rough comparison with the map presented by the authors; the same applies to samples #20 and 21. 
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Although with distinct designations, Mombeja Unit, Quintos sub-Group, (sometimes including 

LGS), the hypothesis that an ophiolitic suite was present in the Beja region was early advanced (Andrade, 

1972; 1977; 1978; 1979; 1981; Andrade & Ferreira Pinto, 1982). The N and S limits of BAOC correspond 

to (re-activated) reverse-sinistral WNW-ESE shear zones with strong dip towards SSW (Quesada et al., 

1994; Fonseca, 1995; Mateus et al., 1999; Figueiras et al., 2002; Vieira da Silva et al., 2007). BAOC 

comprises: (i) a lower section consisting of meta-peridotites; (ii) an intermediate section comprising meta-

gabbroic rocks; and (iii) an upper section composed essentially of amphibolites derived from tholeiitic 

basaltic lavas (the Acebuches Amphibolites; Bard, 1969; Dupuy et al., 1979 both in Castro et al., 1996), 

that integrate the Ocean Domain of the Aracena Metamorphic Belt (AMB-OD) in Spain (Castro et al., 

1996, 1999; Díaz-Aspíroz et al., 2004); a sheeted dyke complex, pillow lavas and minor (cherty) 

metasediments reinforce the ophiolitic character of the whole assemblage. 

BAOC was emplaced by antithetic obduction towards N, as evidenced by early-developed 

anisotropic fabrics indicating northwards shearing (Quesada et al., 1994; Fonseca, 1995) preserved in the 

intermediate section. According with preserved mineral relics of the original magmatic assemblages, 

delamination and obduction of this oceanic crust fragment must have taken place under magmatic 

temperature conditions (Figueiras et al., 2002). Rapid dissipation of magmatic reminiscent heat, coupled 

with strong strain partionioning towards the lower portions, must have prevented dynamic recrystallization 

of both the OMZ authoctonous and the upper BAOC section. Such evidences are well preserved in the 

intermediate meta-gabbroic section, but were likely obliterated in the lower peridotitic portion due to 

pervasive serpentinization following emplacement (Fonseca et al., 1999; Mateus et al.,1999; Figueiras et 

al., 2002).  

Until recently, geochronological data for BAOC were restricted to 40Ar/39Ar ages of amphibole 

concentrates5 (Table II.3), which show a conspicuous trend of increasing age from east to west along the 

Spanish part of the belt (AMB-OD: from 337  3 Ma in Cortegana to 328  1 Ma in Aracena), consistent 

with the slightly older ages obtained in the Portuguese part by different authors ([342-343]  1; Dallmeyer 

et al., 1993; Castro et al.,1999; Table II.3)6. These ages are representative of cooling at ca. 500ºC and 

the eastward trend of decreasing ages should constrain the metamorphic evolution experienced by the 

suture and not to the actual age of the oceanic crust, as suggested by Castro et al. (1999) and Días-

Aspíroz et al. (2004). A similar pattern was found based on U-Pb (SHRIMP; Azor et al., 2008) dating of 

zircons enclosed in amphibolite rocks from both sides of the belt: from 332  3 Ma in Spain to 340  4 Ma 

in Portugal7. These ages are interpreted as crystallization ages of the basaltic/gabbroic protoliths of the 

amphibolite rocks (Azor et al., 2008); however, they marginally overlap the younger 40Ar/39Ar 

metamorphic ages. Additionally, inherited core zircons yielded ages between 533  7 and 2688  23 Ma, 

whereas data excluded from age calculation by the authors (due to suspected Pb loss) are bracketed 

between 327  4.3 and 297  3.7. According with Azor et al. (2008) the 40Ar/39Ar metamorphic ages from 

Dallmeyer et al. (1993) or Castro et al. (1999) should be envisaged as “unrealistic”, whereas overlapping 

U/Pb and 40Ar/39Ar ages should “indicate that deformation/metamorphism of the BAA rocks (Beja 
                                                                 
5 In order to keep similar criteria for the ages cited by distinct authors, unless otherwise mentioned, all 40Ar/39Ar refer to weighted 
plateau ages. 
6 It should be noted that, according to the AMB zoning proposed by Castro et al. (1999 and references therein), the oldest age of 
347  3 Ma for an amphibolite of Acebuches reported by Dallmeyer et al., (1993), represents in fact an amphibolite of the AMB 
Continental Domain (AMB-CD): “Rellano Amphibolites. 
7 Error reported at 1 level for which a median of 335  5 Ma was calculated in this work. 
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Acebuches Amphibolites) occurred shortly after its formation”. On this basis Azor et al. (2008) questioned 

that BAOC amphibolites represent remnants of the Rheic Ocean trapped along the OMZ-SPZ suture and 

instead suggests BAOC rocks should bear testimony of an ephemeral oceanic-like crustal domain 

opened during Early Carboniferous following total consumption of the Rheic ocean. These interpretations 

will be discussed in PART V along with recently published Nd-Sr data (Pin et al., 2008), which provide 

petrogenetic constrains for BAOC rocks. 

Pulo do Lobo Terrane (PLT) 

PLT is a fan-like antiform structure of predominantly metasedimentary nature with minor igneous 

rocks that lies within a fault-bounded belt upthrusted onto SPZ (Quesada et al., 1994). This Unit should 

represent the oceanic accretionary wedge developed during subduction under OMZ and was 

continuously deformed until the late stages of the OMZ-SPZ collision (Quesada et al., 1994). PLT 

comprises three main stratigraphic Formations which, according to the available paliynologycal data, 

range from Lower-Middle to Late Devonian (Givetian-Frasnian; Oliveira, 1983; Oliveira, 1990; Silva et al., 

1990; Onézime et al., 2002 and references therein).  

The lower PLT stratigraphic units comprise highly sheared phyllites and quartzites that locally 

include bimodal meta-volcanics with dominantly N-MORB type mafic rocks (Quesada et al., 1994). In the 

Spanish counterpart, within the core of the Los Ciries Antiform (Peramora Formation), the PLT base is 

exposed: a sequence of phyllites retrogressed (?) to greenschist facies, enclose blocks of higher 

metamorphic grade (amphibolite, gabbro and serpentinized ultramafic rocks) that are thought to represent 

an intra-oceanic tectonic mélange developed prior the accretionary prism growth (Eden, 1991 Ref. in 

Onézime et al., 2002). The upper stratigraphic successions are turbiditic (flysch-like the North limb- 

Ferreira Ficalho Group and South limb- Chança Group), comprising phyllite, (meta-)sandstones, (meta-

)greywackes and minor (meta-)tuffites (Oliveira, 1983; 1990). Metamorphic conditions are typically of 

lower greenschist facies, although rocks belonging to the uppermost Formations reveal very low grade 

metamorphism (Munhá, 1983b; 1990; Abad et al., 2001).  

PLT displays strong and multiphase deformation that can be ascribed to three main Variscan 

phases with folding/axial plane cleavage and thrust systems development with prevailing southwards 

shear sense (Silva et al., 1990, Onézime et al., 2002). Structures formed in the PLT northern sectors are 

consistent with a dominant sinistral strike-slip tectonic regime, while those developed in the southern 

sectors reflect a dextral strike-slip tectonic regime. The deformation episode responsible for the dextral (to 

reverse-dextral) shearing structures observed in the PLT-SPZ northern border can be constrained by the 

syn-tectonic emplacement of the Gil Márquez granodiorite 328  2 Ma (U-Pb; Kramm et al., 1991 Ref. in 

Onézime et al., 2002). The ca. 330 Ma ages obtained by Onézime (2001) and Giese et al. (1993) (both 

Ref. in Onézime et al., 2002) further indicate a relative rapid period of cooling for this pluton (Table II.3). 

Hence, the late deformation episode recorded in both the PLT and the SPZ Northern border, may be 

related to dextral transtension associated with the emplacement of late-stage pulses of the (tonalitic-

granitic) weakly deformed Sierra Norte Batholith (Onézime et al., 2002). 

II.2.3. Évora-Beja-Aracena Domain 

Geochronological constrains for metamorphic and magmatic rocks of the Portuguese and 

Spanish part of EBAD are reported in Table II.4 and Table II.5.  
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Table II.4- Summary of the most relevant geochronologic data for igneous and metamorphic rocks belonging to 
EBAD Portuguese counterpart. Main acronyms used: WR/MIN- whole rock/Mineral; Amp- Amphibole s.l.; Ms- 
Muscovite; Grt- Garnet; Kfs- K-Feldspar; Bt- Biotite; Zrn- Zircon; Xl'n- Crystallization; Cl'ng- Cooling; Rst'ng- 
Resetting. 

OSSA MORENA ZONE- PORTUGAL 

Study area  Rock Type #map Age (Ma) System Mat. Age Interpretaton REF 
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p

p
e

r 
P

ro
te

ro
zo

ic
 

b
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s
e

m
e
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t-

 P
T

 

Amphibolites and 
Gneisses (Pξaf)  

Amphibolite  
(Ventosa) 

#30 341.1  1.3 
40Ar/39Ar Amp Cl'ng  550ºC [1] 

Amphibolite  
(S. Brissos) 

#31 336.6  1.6 

Série Negra (PξSN) 
(Água de Peixes Fm) 

Micashist 
(Viana-Alvito) 

#32 358  11 K-Ar Ms 
Cl'ng  350ºC metamorphic 
peak & recrystalisation ( syn-

subduction magmatism) 
[3;4] 

H
ig

h
 p

re
s

s
u

re
 r

o
c

k
s 

Within Lower 
Cambrian marbles 

(CbM) or Late 
Proterozoic Série 

Negra pelites (PξSN)  

Gt- Eclogite 
(Safira) 

#33 371  17 Sm-Nd 
Grt-
WR 

Exhumation and Cl’ng  500ºC 
of eclogites  HP-LT event  

D1 [5]  

Amph-Eclogite 
(Alvito) 

#34 

371  11 
40Ar/39Ar Amp 

Amph-Eclogite 
(Alvito) 360  4 

Amph-Eclogite 
(Alvito) 316  6 40Ar/39Ar Amp 

Rst'ng induced by younger EM 
intrusions (?) 

Vale Maceira Massif  
(North Central Belt) 

Gabbro  #35 

358 ± 18 K-Ar Amp 
Xl'n & Cl'ng  550ºC »D2a 

[6]  
369 ± 17 Rb-Sr 

Kfs-
WR 

315 ± 3 Rb-Sr Bt-WR Cl'ng  300ºC; Rst'ng induced 
by younger EM intrusions (?) 

VARISCAN INTRUSIVE ROCKS 

B
E

J
A

 IG
N

E
O

U
S

 C
O

M
P

L
E

X
 

(B
IC

) 

Layered Gabbroic 
Sequence 

(LGS) 
() 

Gabbro 
(Serpa) 

#36 350  4 
U-Pb Zrn Xl'n [7] 

Gabbro 
(Torrão)  

#37 352  4 

Late Pegmatoid 
(crosscuts ODV III) 

#38 342  9 
U-Pb 

(SHRIMP) 
Zrn 

Xl'n (late fluid-rich melts)  
Regional Cooling  500ºC 

[8] 

Gabbro 
(Odivelas, ODV I?) 

#39 339.5  1.0 

40Ar/39Ar Amp 
Cl'ng  500ºC 

 

[1]  
Amph Gabbro 

(Odivelas, ODV I?) 
#40 337.9  1.0 

Gabbro  
(SE LGS, 

Guadiana River) 
#41 336.4  [9] 

Unfiliated Diorites 
() 

Granodiorite 
(S. Pedro) 

#42 352.6  
U-Pb 

(SHRIMP) 
Zrn Xl'n [2]  

Tonalite 
(Torrão) 

#43 351.7 2.1 

Cuba-Alvito Complex 
(

Leucodiorite 
(Serpa) 

#44 350.4  2.3 
U-Pb 

(SHRIMP) 
Zrn Xl'n [2]  

Diorite 
(Alvito) 

#45 331  7 K-Ar 
 

 Amp Cl'ng  500ºC; Rst'ng induced 
by younger EM intrusions (?) 

[10] 

Gabbro-diorite 
(Viana-Alvito) 

#46 325  10 [3]  

Baleizão Porphyry 
Complex () 

Porphyry 
(Alcaçovas) 

#47 
324 

(+8/-5) 
K-Ar Ms Xl'n  Cl'ng  350ºC [11] 

É
V

O
R

A
 M

A
S

S
IF

 
(E

M
) 

Hospitais Massif  
(Montemor o Novo) 

Tonalite  #48 

323.5  5.2 40Ar/39Ar Amp 
Xl'n Cl'ng  500ºC D2B 

[12]  
317.1 ± 8.3 K-Ar Amp 

321.2  8.4 K-Ar Bt Xl'n Cl'ng  300ºC D2B

307.4  7.9 K-Ar Bt 
Rst'ng (due to adjoining 
younger EM intrusions) 

Viana-Alvito Granodiorite  #49 318  11 K-Ar Amp Xl'n  Cl'ng  500ºC [3;4] 

Pias-Pedrogão massif  
() 

Sesmarias Granite #50 
306 ± 8 Rb-Sr 

Kfs-
WR 

Xl'n & Cl'ng  300ºC  D3 [6] 
298 ± 3 Rb-Sr Bt-WR

Pedrogão Granite  #51 308 4 K-Ar Ms Cl'ng  350ºC  D3 [13] 

REFS: [1] Dallmeyer et al., 1993; [2] Pin et al., 2008; [3] Rosas, 2003; [4] Rosas et al. (2008); [5] Moita et al., 2005a; [6] Moita et 
al., 2005b; [7] Pin et al., 1999; [8] Jesus et al. (2007c); [9] Ruffet, 1990; [10] Gomes, 2000; [11] Priem et al., 1976; [12] Moita et al., 
2005d; [13] Carvalho, 1971. #numbering: approximate location of dated rocks in regional map (Figure II.4). 
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Table II.5- Summary of the most relevant geochronologic data for rocks belonging to EBAD Spanish counterpart. 
Main acronyms used: WR/MIN- whole rock/Mineral; Zrn- Zircon; Phl- Phlogopite; Ms- Muscovite; Aln- Allanite; Amp- 
Amphibole s.l.; Bt- Biotite; Xl'n- Crystallization; Cl'ng- Cooling. 

OSSA MORENA ZONE- SPAIN 

Study area  Rock Type #map Age (Ma) System Material Age Interpretaton REF 
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C
D

 

Rellano 
Amphibolites 

Amphibolite 
(Acebuches) 

#52 346.8 3.1 40Ar/39Ar Amp 
HT-LP related with 

subduction magmatism 
[1]  

Pelitic Gneisses 
and migmatites 

Migmatitic gneiss 
(Los Molares) 

#53 331  27 Rb-Sr WR Cl'ng  500ºC 

[2] 
Flebitic migmatite 

(Cortegana) 
#54 351  58 Rb-Sr WR 

HT-LP related with 
subduction magmatism

Nebulites 

Granitoid nebulite 
(Los Molares) 

#55 323 ± 4 Rb-Sr Bt-WR late Cl'ng  300ºC 

Granitoid nebulite 
(Almonaster) 

#56 
[600 100] 
[1.7-2]Ga 

[2.6-2.9]Ga 

U-Pb 
(LAM-ICP-MS)

Zrn 
inherited cores cluster 

ages 
[3] 

VARISCAN INTRUSIVE ROCKS 

Subd. 
Magmt. 

AMB- CD 
Metanorite  

(Los Molares) #57 
340  23 
328  4  

Sm-Nd 
Rb-Sr 

Min-WR 
Progressive Cl'ng until 

 300ºC 
[2] 

S
A

N
T

A
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L
A

L
L

A
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L
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N
 

(S
O

P
) 

Minor facies Granodiorite  #58 347± 3.4 
U-Pb 

(SHRIMP) 
Zrn Xl'n [4] 

Main facies Tonalite  #59 
341.5  3 U-Pb Zrn  

Xl'n 
 

[5]  

332  3 
359  18 

U-Pb (Evap) 
Rb-Sr 

Zrn 
WR 

[6] 
[13] 

Aguablanca Stock 
(AS)- Diorite Unit 

Diorite dikes  #60 338.6  0.8 U-Pb Zrn Xl'n [5]  

SOP/AS  
mingling zone 

Gabbronorite 
mingled with felsic 

hybrid rock 
#61 341  1.5 U-Pb Zrn 

Xl'n & emplacement of 
the AS 

[5] 

AS- Gabro-Norite 
Unit  

Mineralized Gabbro 

#62 

344 ± 2.1 
U-Pb 

(SHRIMP) 
Zrn Xl'n [4] 

Brecia Pipe rocks 
335  2  

40Ar/39Ar 8 Phl Cl'ng  400ºC [7]  
338.2 3 

Sultana  
(SOP apophasis) 

Hbl Tonalite #63 341  3 U-Pb Zrn Xl'n [5]  
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u
s
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n

s
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e

a
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y
 S

O
P

 

Teuler  Bt Monzogranite  #64 
338  2 U-Pb 

Zrn Xl'n 
[5]  

348  4 U-Pb (Evap) [6] 

Garrote  Hbl syenitic granite  #65 339  3 U-Pb Zrn Xl'n [5]  

Cala Monzogranite  #66 352  4 U-Pb Zrn Xl'n [5]  

C
IC

 Country rock 
contact zone  

Migmatized Qz 
Diorite  

#67 321.6 32.6 40Ar/39Ar Phl Cl’ng  400ºC [7]  
Ultramafic rocks Websterite  #68 328.1 6.3 

P
lu
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ic
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o
m
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x
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e 

O
liv

e
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s
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c
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r 
p
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to

n
s

) 
 

Complexo 
Valuengo  

Gabbro  #69 342  4 
U-Pb 

(Evap) 
Zrn Xl'n [6] 

Brovales  Granite  #70 
340  4 

U-Pb 
(Evap) 

Zrn Xl'n [6] 

305  10 K-Ar Bt Cl'ng  300ºC [8]  

Burguillos del 
Cerro  

Diorite 
(Monchi Mine) 

#71 338  1.5 U-Pb Aln  Cl'ng   650ºC Xl'n [9] 

Diorite  

#72 

335  5 40Ar/39Ar Amp Xl'n Cl'ng  500ºC [10] 

Leucogranite 330  9 Rb-Sr WR  Xl'n [11] 

Granodiorite dyke 328  10 K-Ar Bt Cl'ng  300ºC [8]  

Valencia del 
Ventoso 

Gabro-granite 
spectra 

#73 
349  28 Rb-Sr WR Emplacement [12] 

Gabbro (?) 339  50 K-Ar Bt + Amph 500ºC Cl'ng  300ºC [8] 

S Guillermo stock  Granite  #74 279  10 K-Ar Ms Cl'ng  350ºC [8]  

REFS: [1]- Dallmeyer et al., 1993; [2] Castro et al., 1999; [3] De la Rosa et al., 2002; [4] Spiering et al., 2005; [5] Romeo et al., 

                                                                 
8 Tornos et al. (2006) provides 40Ar/39Ar isochrone ages given the disturbed age spectrums obtained for most plateau ages.  
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2006; [6] Montero et al, 2000, Ref in [A; B; 5]; [7] Tornos et al., 2006; [8] Dupont et al.,1981; [9] Casquet et al., 1998, Ref in [A; 6]; 
[10] Dallmeyer et al., 1995, Ref in [A; B; C; 5]; [11] Bachiller et al., 1997, Ref in [A; B; 5]; [12] Sarrionandia & Carracedo (2007); 
[13] Casquet et al., 1999. Additional source references: [A] Simancas et al., 2004a; [B] Salman (2004); [C] Casquet et al. 2001. 
#numbering: approximate location of dated rocks in regional map (Figure II.4) 

 

II.2.3.1. Stratigraphy 

Figure II.5 displays the Montemor-Ficalho lithological column (adapted from Oliveira et al., 1991). 

The oldest outcropping rocks of OMZ Upper Proterozoic basement (Quesada et al., 1990; Oliveira et al., 

1991; see Figure II.3) correspond to the Série Negra s.s. (Carvalhosa, 1965), including amphibolitic and 

gneiss dominated units, that are usually included in the broad lithological Série Negra lithological package 

(Oliveira, 1992). Proterozoic rocks are mostly preserved in the NW of EBAD, within the core of antiform 

structures (e.g. Ficalho, Serpa, S. Brissos, Ventosa) as well as in northernmost OMZ belts (e.g. Olivenza-

Monasterio antiform in South and North Central Belt- see Figure II.2). The Série Negra (s.s.) sequence 

was possibly deformed during Cadomian events and is overprinted by Variscan structures. It displays low 

pressure metamorphism (LP), whereas other Proterozoic units (Figure II.3 and II.5) commonly display 

higher degree of deformation and metamorphism up to the amphibolite facies (Quesada & Munhá, 1990).  

Unconformably overlying the Proterozoic basement, Lower Cambrian carbonate sequences are 

observed throughout EBAD and OMZ. In the reference Moura Ficalho sector they are represented by the 

Dolomitic Formation which is underlain by metavolcanic and metasedimentary rocks. Adjoining regional 

intrusive Complexes (BIC and EM) forsteritic marbles (Oliveira, 1992) correspond to recrystallized 

dolomite rocks due to contact metamorphism (e.g. Serpa, Vidigueira and S. Brissos- Ventosa antiforms).  

An erosional hiatus inferred on the basis of the carsification of the uppermost section of the 

carbonate sequences, accounts for the absence of Middle and Upper Cambric rocks. An Upper Cambrian 

to Ordovician (Figure II.3 and II.5) age is usually ascribed to the Ficalho-Moura Volcano-Sedimentary 

Complex (Oliveira et al., 1991). It consists of a bimodal volcanic sequence that includes tholeiitic basalts 

of anarogenic affinity (Ribeiro et al., 1992; 1997) and metasedimentary carbonate rocks. On the basis of a 

single occurrence of graptolites in lidites (Piçarra & Gutierrez-Marco, 1992), the Formation classically 

defined as Moura Schists (Oliveira et al.,1991) as been until recently tentatively ascribed to Silurian. The 

re-labelled Moura Phyllonitic Complex (MPC; Araújo 1995; Fonseca et al., 1999; Araújo et al., 2005) is 

currently envisaged as a tectonic mélange, discordant to all underlying formations and directly 

superimposing the Precambrian basement near the OMZ-SPZ suture. 

As described in Figure II.5, MPC is a strongly imbricated complex which includes dismembered 

slices of Proterozoic to Ordovician autochthonous sequences, as well as the IOMZOS, a disrupted 

ophiolitic sequence (Fonseca et al., 1999; Pedro, 2004; Pedro et al, 2003; 2005) that should be testimony 

of the Rheic ocean crust (Ribeiro et al., 2007). Preliminary geochronological data indicate a ca. 480-500 

Ma age for the IOMZOS oceanic crust (Ribeiro et al., 2008; 2010). The Cambrian-Ordovician 

authoctonous sequences embedded in MPC record an early high pressure event (HP) related with 

thrusting and emplacement of eclogite/blueschist tectonic slices, later on overprinted by greenschist 

regional metamorphic conditions (Moita, 1997; Fonseca et al., 1999; Leal, 2001). 

The uppermost metasedimentary sequences of EBAD (Devonian to Carboniferous) correspond to 

synorogenic deposits of predominant flyshoid nature usually preserved in small windows within igneous 

complexes and syntectonic basins such as the Odivelas Volcanic Complex and the Cabrela syncline. 
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These units correspond to the Odivelas – Sta Suzana and Cabrela sub-sectors of Oliveira et al. (1991), 

respectively, for which a revised version (based on recent data) is presented in Figure II.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure II.5- Generic stratigraphic sequence for the Montemor-Ficalho sector of Oliveira et al. (1991) adapted to 
include more recent data (e.g. Rosas; 2003; Araújo et al., 2005). Where possible, Unit acronyms are presented 
according to SGP 1 : 500 000 Portuguese Geological map. There are, however, very significant differences for Upper 
Proterozoic Units separation and labelling relative to the 1 : 200 000 (sheet #8) map from which the designation Série 
Negra s.s. is adopted since it is not discriminated in the 1 : 500 000 map. 

 

The Odivelas Volcanic Complex (V1 and V’1 in Andrade et al., 1992; V7 and V’7 in the 1:500 

000 SGP geological map) was formerly included in the “Odivelas Sub-Group” along with LGS (Andrade, 

1983; Santos, 1990; Santos et al., 1990). It extends between Odivelas-Penique-Alfundão–Peroguarda 

(NE of LGS) wherein two compositional suites are distinguished: the Alfundão-Peroguarda andesitic 

basalts with tholeiitic character and the Odivelas-Penique (meta-)andesites of calc-alkaline affinity 

(Santos, 1990; Santos et al., 1990). Both display strong hydrothermal alteration and sub-alkaline 
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B 

A 

composition compatible with magmas generated in volcanic arcs. The Toca de Moura–São Cristovão 

Complex also displays typical calc-alkaline orogenic geochemical signature (Santos et al., 1987) but is 

separated from the Odivelas-Penique volcanic suite by the late strike-slip Torrão fault, which precludes 

assessing the relation between both Complexes. The Toca da Moura Complex is unconformably overlain 

by the Santa Susana Formation (Oliveira et al., 1991) which is dated of Moscovian age (Pereira et al., 

2006b) and interpreted as resulting from intra-mountain basin sedimentation.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.6- Generic stratigraphic sequence for the Santa Susana – Odivelas (A) and Cabrela (B) sub-sectors as 
designated by Oliveira et al., 1991 modified to include recent data (e.g. from Pereira et al., 2006b). In this case, only 
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the main Formations have formal acronyms in the SGP 1 : 500 000 Portuguese Geological map (5th edition). 

 

The Cabrela Complex is discordant upon the Moura Phyllonitic Complex. The presence of 

deformed clasts of the latter Unit within the basal polygenic conglomerate of the Complex (Pedreira da 

Engenharia Fm) suggests that the Cabrela structure developed on a basin whose margins were 

subjected to deep crustal erosion, likely due to crustal uplift. Paliynologycal data from shales and 

volcaniclastic rocks of the Toca da Moura and Cabrela Formations indicates a coeval period of 

sedimentary deposition extending between late Tournaisian and late Visean (Pereira et al., 2006b). The 

paliynologycal associations found in both Complexes are equivalent to those in Late Devonian 

(Mississippian) SPZ Formations, implying that the OMZ and SPZ plates were close to each other and that 

Rheic and BAOC ocean basins were already closed during Lower Carboniferous times.  

Several (meta-)limestone occurrences dated Middle to Late Devonian occur in the Cabrela and 

Sta. Susana-Odivelas sectors, namely: (i) Eifelian for meta-limestone enclaves enclosed in dolerites at 

the Odivelas dam (conodonts; quoted by Oliveira et al., 1991); (ii) Middle Devonian (Upper Emsian - 

middle Eifelian) scattered (meta-)limestone lenses interbedded with the underlying V1/V7 volcanic unit 

at Monte das Cortes and Covas Ruivas (macrofaunas; Conde & Andrade, 1974; Machado et al; 2009; 

2010) and; (iii) Middle-Late Devonian for (meta-)limestone lenses interbedded with early carboniferous 

shales and reworked volcanics of the Cabrela Fm (Pereira et al., 2006b). The meaning of some of these 

(meta-)limestones is a controversial issue (olistolith versus in-situ); as discussed in PART V, it bears 

distinct implications on the geodynamic significance of the (sub-)volcanic activity in this region. 

II.2.3.2. Main magmatic features 

The most prominent features of EBAD magmatism can be summarized as follows (Sanchez-

Carretero et al., 1990):  

(i) Profusion of syn to post tectonic intrusive igneous bodies that form magmatic alignments 

roughly running along a NW-SE trend, the most prominent orientation of OMZ structures. 

(ii) Occurrence of mafic plutonic bodies spatially associated with (usually later) felsic rocks; thus, 

strongly contrasting with the huge granitic plutons that characterize the neighbouring CIZ. 

(iii) Presence of several volcano-sedimentary complexes, occasionally with subvolcanic 

associations (described in the previous section). 
 

The following subsection focuses on the most important intrusive suites of regional expression 

occurring in the Portuguese part of the EBAD, EM and BIC, with emphasis on the latter; few prominent 

features of Variscan magmatism in the Spanish counterpart of OMZ southern border are also provided. 

Évora Massif 

The magmatic suites included in EM (see Figure II.3) comprise syntectonic quartz-diorite rocks 

with subordinate mafic to mesocratic plutonic rocks (e.g. Évora–S. Manços, Divor, S. Miguel de Machede 

and Redondo Massifs) and scattered late-tectonic (porphyritic) granites (e.g. Pias–Pedrogrão and Pavia 

Massifs; Carvalhosa, 1983). The more mafic associations comprise complex suites of (locally cogenetic) 

tonalite, (quartz-) monzogranites, (grano-) diorite, occasionally associated with small syntectonic 

intrusions of gabbro (e.g. the Hospitais Massif, Moita et al., 2005c, d, e; Moita et al., 2006).  
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These heterogeneous suites are related to high-grade metamorphic rocks, consisting of complex 

assemblages of migmatites and gneisses that crop out in a ca. 75 km2 area of the Montemor-o-Novo 

region, labelled the Évora High-Grade Metamorphic Terrain (Pereira et al., 2003; 2006a). The high grade 

metamorphic rocks reflect local anatexis induced by thermal doming related to EM emplacement (Pereira 

et al., 2003), leading to partial melting of Proterozoic (Série Negra Fm) and Lower Palaeozoic country 

rocks (Moita et al., 2006). All magmatic suites share a calc-alkaline geochemical signature, compatible 

with their syntectonic emplacement (Carvalhosa, 1983; Moita et al., 2005e). An age of ca. 320 Ma was 

obtained for Hospitais Massif tonalites occurring within the Évora High-Grade Metamorphic Terrains 

(Moita at al. 2005d), whereas K-Ar dating of Alvito granodiorite amphiboles yielded 318  11 Ma (Rosas, 

2003). 

Beja Igneous Complex  

Figure II.7 depicts the broad zonation of BIC in three main units: LGS; Cuba-Alvito Complex; and 

Baleizão Porphyry Complex (Andrade, 1976; 1981; 1983; 1984; Andrade et al., 1976; Santos, 1990; 

Santos et al., 1990). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.7- Geological map of BIC illustrating the spatial distribution of its major units adapted from Andrade (1983). 
1- Cenozoic sedimentary cover 2- Baleizão Porphyry Complex 3- Cuba-Alvito Complex 4- Layered Gabbroic 
Sequence 5- Undifferentiated Variscan granitoids 6- Undifferentiated meta-sedimentary, meta-volcanic sequences 
and ultramafic rocks 7- Beja-Acebuches Ophiolite Complex (BAOC) 8- Meta-sediments and meta-volcanics of Pulo 
do Lobo Terrane (PLT) 9- Metasedimentary and meta-volcanic sequences of South Portuguese Zone (SPZ). The 
dashed polygon corresponds to the LGS western compartment, presently mapped in detail.  

1. LGS: summary of previous work developed by other authors 

Earlier works on the so called “Beja Gabbro-Diorite Complex of the Beja Massif” reported 

essentially mineralogical and petrographic features of outcropping rocks (Braga, 1933; Santos Pereira, 

1949; Assunção & Brak-Lamy, 1950; Rocha & Pissarra, 1959; Silva et al., 1970; Batista et al., 1976). The 

compositional and structural layered character (rhythmic and cryptic layering) of LGS was firstly 

recognized by Silva et al. (1970). Andrade (1976, 1983, 1984) defined a major zonation within LGS 

(Figure II.8) later followed by Santos (1990). The most prominent features displayed by these rocks and 

associated diorite described by Andrade (1983) and Santos (1990) are outlined below; it should be noted 
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that information concerning the area outside the Odivelas sector, (particularly the E compartment) is 

scarce.  

The lower part of the intrusion labelled as “Lower Gabbros” (Od-1 sub-Unit of Andrade, 1983) 

encompasses most of LGS outcropping area, from Soberanas to Serpa (Figure II.8), and is partially 

covered by Cenozoic sediments to the NW. Within the “Lower Gabbros”, Santos (1990) distinguished four 

main rock types: (i) ultramafic lenses of (variably serpentinized) troctolite with cumulus olivine  

plagioclase, exclusively outcropping in the Soberanas area; (ii) a spectrum of gabbroic rocks s.s. varying 

from olivine (leuco-)gabbro to leucogabbro in which plagioclase is the main cumulus phase; (iii) 

anorthosite layers ( amphibole) usually displaying intense hydrothermal alteration and deformation (that 

can, eventually, lead to mortar texture of the plagioclase grains) and; (iv) coarse-grained centimetric 

pegmatoidal veins of gabbroic (plagioclase + green hornblende  clinopyroxene) or dioritic (tonalitic? up 

to 90% of zoned plagioclase  amphibole  quartz) composition crosscut the gabbroic sequence. 

Pegmatoid rocks display intense hydrothermal alteration and those of dioritic nature show stronger 

deformation. Gabbroic pegmatoidal veins are reported at Castelo Ventoso, whereas dioritic pegmatoids 

are more common towards S. 

U-Pb (ID-TIMS) dating in zircons from LGS W and E compartments yielded 352  4 and 350  4 

Ma respectively (Pin et al., 1999). These ages should reflect early crystallization/emplacement whereas 
40Ar/39Ar ages for LGS amphiboles between 340 1 and 336  1 Ma (Ruffet, 1990; Dallmeyer et al., 1993) 

should represent cooling of LGS rocks below 500ºC. Rare felsic dykes intruding BAOC metagabbros, 

interpreted as felsic derivatives formed during the late-stage evolution of BIC, were dated at 345 ± 3 Ma 

without evidence for zircon inheritance (U-Pb SHRIMP; Pin et al., 2008). This age overlaps, within the 

analytical uncertainty, the 342 ± 9 Ma U–Pb SHRIMP age for LGS pegmatoid dykes (Jesus et al., 2007c), 

reported in section II.3.  

The upper part of the intrusion corresponds to the “Upper Gabbros” and “Olival Diorites” (Od-2 

and Od-3 sub-Units of Andrade, 1983, respectively). The transition from “Lower Gabbros” to “Upper 

Gabbros” and “Olival Diorites” crops out at the NE extreme of Odivelas (Figure II.8). The “Upper gabbros” 

show conspicuous poikilitic texture given by large amphibole oikocrysts, ill-developed layering and 

stronger hydrothermal alteration relative to the “Lower Gabbros”; pseudomorphoses of olivine suggest 

hydrothermal alteration of olivine in these rocks (Santos, 1990). A higher density of felsic dykes (Od-4 

sub-Unit, see description below), pegmatoidal veins (up to 1 m thickness) and fracturing (related with late 

strike-slip faults?) is observed within the “Olival Diorites” relatively to the gabbroic rocks. In the geological 

map of Andrade (1983), the “Upper Gabbros” are also seen outcropping at the: (i) E edge of Soberanas; 

(ii) Trigaches, S. Brissos and Ventosa, forming thin rims bordering the western limit of Upper Proterozoic 

sequences; and (iii) in the Guadiana valley as a wider border at the easternmost limit of LGS9.  

“Olival Diorites” (Andrade et al., 1992) border the NE portion of LGS at Odivelas and Castelo 

Ventoso and are also seen outcropping at: (i) Trigaches and Serpa, bordering Proterozoic/Cambrian 

rocks (Andrade; 1983); (ii) under the Torrão-Ferreira national road at the Soberanas river (Santos, 1990); 

(iii) along the contact between the LGS and V1 rocks (V7 or Od-5 sub-Unit of Andrade, 1983) at 

Peroguarda. Additionally, some diorite rocks occurring within all three BIC Units are often labelled with 

                                                                 
9 The actual limit with the Cambrian and Proterozoic sequences which crop out further E is not represented in Andrade’s geological 
map. 
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regional names (e.g. “Dioritos da Casa Branca/Monte Novo”) and unclearly ascribed to LGS or the Cuba-

Alvito Complex; for that reason they are hereafter informally designated as “unaffiliated diorites”. The 

authors referred above do not elucidate on the genetic relationship between the “Olival Diorites” of 

Odivelas or the other occurrences. Notwithstanding these problems, observations made by Santos (1990) 

(e.g. at the abandoned quarry in the N margin of the Odivelas river, NE of Monte do Olival), allow 

elucidating the relationships between more mafic (diorite s.s.) and felsic (granodiorite to tonalite) facies. 

Both rock types chiefly differ on the relative proportions of green-hornblende (sometimes including 

clinopyroxene relics) versus (usually zoned) plagioclase; tonalitic rocks tend to present larger grain-size 

and higher content of accessory quartz.  

At mesoscale, auto-intrusion textures suggest heterogeneous mingling between two viscous 

magmas of diorite s.s. and quartz-diorite/tonalitic composition. Geochemically, the more homogeneous 

dioritic rocks fall within the compositional field of andesite and are indistinguishable from mesocratic 

dykes included in the “Odivelas-Penique V1 (V7) volcanic suite” (see II.2.3.1) where microdioritic 

textures are observed. The geochemical features, the common occurrence of amphibole enclaves in 

diorite rocks and the overall heterogeneous character of the diorite (rim) at Odivelas, led Santos (1990) to 

suggest a cogenetic relationship between the “Odivelas-Penique (sub) volcanic suite” and the “Olival 

Diorites”, (which cannot be verified due to the unexposed contact between both units). A SHRIMP U-Pb 

age (350  2 Ma) was recently obtained for a tonalitic member of the marginal diorite suite at Torrão (Pin 

et al., 2008); these diorites are not formally included in the “Olival Diorites” by Andrade (1983) and 

therefore appear labelled as “unaffiliated diorites” in Table II.4. 

A network of mesocratic to felsic dykes, labelled as “plagiogranitic complex” (Od-4 sub-unit of 

Andrade, 1983) crisscross (mainly) the “Upper Gabbros” and “Olival Diorites”. They can be seen at 

Odivelas, but an outstandingly dense network of these dykes is reported at the W part of Beja city, 

between Carmo and Conceição quarters (Andrade & Ferreira Pinto, 1982). According to Santos (1990) 

three main rock-types ranging between dacite-riodacite, and (more rarely), andesite, can be 

distinguished, on the basis of the amount of alkali feldspar relatively to quartz (both minerals commonly 

developing graphic intergrowths): (i) dacite with plagioclase phenocrysts (An44-An31); (ii) granophyre 

(plagioclase An38) and; (iii) microgranodiorite. Geochemical features for these felsic dykes are akin to 

volcanic arc syn-collisional granites (Santos, 1990). The lower Th concentration showed by felsic dikes 

relatively to the most evolved (sub-)volcanic rocks included in the “Odivelas-Penique suite” precludes a 

genetic relationship by simple differentiation between both suites (Santos, 1990).  

2. Cuba Alvito Complex (CAC) 

The Cuba-Alvito Complex (CAC; Figure II.3, II.7 and II.8) comprises several intrusions mostly of 

diorite, with subordinated gabbro, tonalite and granodiorite. Diorite bodies intrude volcanic rocks of the 

Odivelas volcanic complex and develop an extensive margin in the N border of the Baleizão Porphyry 

Complex where most of the gabbroic bodies occur (Andrade, 1983). The gabbro-diorite rocks also intrude 

older metasedimentary sequences, leading to the formation of numerous iron skarns along the contact 

with the marble unit of Cambrian age (Gomes, 2000; Rosas, 2003).  

Boudins of gabbro/diorite crosscut the early metamorphic layering in marbles; however, as 

suggested by geometric criteria, BIC rocks account for a later metamorphic layering in marbles. The 
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marble-BIC interfaces are usually marked by contact aureoles (comprising garnet and pyroxene) and 

show evidence of late tectonic reactivation (Rosas, 2003). Folding of the pelitic metasedimentary 

basement (namely Água de Peixe Fm included in the Neoproterozoic Série Negra) is more intense near 

the contact with BIC rocks, suggesting that the Alvito-Viana antiform in part results of the space 

accommodation effect created by CAC emplacement. Syn-magmatic deformation of intrusive rocks during 

the emplacement process is suggested by the geometric consistency between the magmatic layering and 

the axial plane cleavage observed in felsic gneisses (included in the Série Negra), besides fading of the 

layering into the (predominantly) isotropic intrusive body (Rosas, 2003). 

CAC gabbroic facies display tholeiitic character (Malcabrão Gabbro), whereas most evolved 

rocks show calk-alkaline affinity (Andrade 1983, 1984). Zircon U-Pb ages between 353  4 and 350  2 

Ma10 (Pin et al., 2008) provide crystallisation ages for CAC diorite-tonalite-granodiorite. K-Ar dating of 

amphiboles from gabbros and diorites in the Viana-Alvito region yielding 325  10 Ma and 331  7 Ma are 

interpreted to reflect isotopic resetting due to the emplacement of adjoining EM rocks (Gomes, 2000 and 

Rosas, 2003, respectively). 

3. Baleizão Porphyry Complex (BPC) 

The Baleizão Porphyry Complex (BPC; Figure II.3, II.7 and II.8) is a late epizonal-intrusive unit 

composed by a great diversity of fairly small bodies of granitoid rocks with variable geometry that 

predominantly intersect the two aforementioned BIC units. The most typical facies are (locally pyroclastic) 

dacite and porphyritic rhyolite, which are geochemically indistinguishable from the granophyric 

subordinated facies (Andrade, 1983). All rock types present calcalkaline affinity (Andrade, 1983). 

Cartographic criteria and field relationships suggest that the Baleizão Porphyry Complex has a multistage 

development related to a long-lived magma system. A 324 Ma (+8/-5) age obtained by K-Ar in muscovite 

from rocks at Alcáçovas represents closure temperatures at ca. 350ºC, which may be close to 

crystallization ages given the felsic and sub-volcanic character of these rocks.  

Main features of Variscan magmatism in the Spanish counterpart of OMZ 

In Spain orogenic magmatism is recorded by syn- to late-tectonic high-Mg metanorites (with 

boninitic affinity) that intrude the Continental Domain of the Aracena Metamorphic Belt (AMB-CD) and 

should result from partial melting of a shallow mantle wedge (Castro et al., 1999). WR-mineral internal 

isochron ages (Sm-Nd: 340  23 Ma; Rb-Sr: 328  4 Ma), reflect closure temperatures for both isotope 

systems until late cooling (< 300ºC) and provide an upper constrain for subduction-related magmatism 

(Castro et al., 1999). Additional evidence for orogenic collision related magmatism concentrates at two 

main locations of the South-Central Belt, (whose main features and age constrains are reported below). 

The most abundant rock types display calcalkaline compositions and range from metaluminous tonalite 

and granodiorite to peraluminous granite and leucogranite; volumetrically minor gabbroic plutons also 

occur (Figure II.2 to Figure II.4).  

 

 

Figure II.8 (right page)- Schematic representation of LGS sub-divisions as originally presented by Andrade (1983). 

                                                                 
10 Including those previously referred as “unaffiliated diorites”, e.g. “Monte Novo Diorites” of (Andrade, 1983). 
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The main Variscan plutonic complex intrudes Neo-Proterozoic/Lower Cambrian rocks of the 

Olivenza–Monesterio antiform and consists of several sub-circular plutons (e.g. Valencia del Ventoso, 

Bazana, Brovales, Valuengo and Burguillos de Cerro) which are dated between 349  38 and 338  1.5 

Ma (see Table II.5). Younger magmatic ages are obtained for the small S. Guillermo granitic stock that 

intrudes the Brovales Complex (279  10, K-Ar in muscovite; Dupont et al., 1981). The Santa Olalla 

Igneous Complex (SOP) crops out ca. 50 km to the SE. It comprises the main tonalite  granodiorite 

pluton, several minor granitic intrusions and the Aguablanca stock, host of the Aguablanca Ni 

mineralizations (see Table II.5, Figure II.4 and II.9). Available U-Pb zircon dating for the various 

intrusives fall within the interval [347  9 - 339  1 Ma]. 40Ar-39Ar ages [338  3 – 322  33 Ma] obtained in 

phlogopite from Aguablanca breccias and the Cortegana Igneous Complex prospect (W of SOP) date the 

waning stages of late hydrothermal activity, which accounts for retrogression of early magmatic minerals 

(Tornos et al., 2006). As previously pointed out, the migration of the main magmatic centres towards NE 

relative to the Portuguese side is interpreted as a consequence of the wedge-shape geometry and SE-

directed closure of the EBAD in Spain (Quesada, 1998). 

 

Figure II.9- Inset of Figure II.4 showing location of U/Pb dating of the Santa Olalla Pluton and related intrusive rocks, 
reported in Table II.5; adapted from (Romeo et al., 2006). 

 

II.2.3.3. Tectono-metamorphic and tectono-magmatic features 

Variscan deformation is multiphase and its effects are recognizable at all scales in EBAD 

(Quesada et al., 1994; Araújo, 1995; Fonseca, 1995; Rosas, 2003; Fonseca et al., 1999). In this section, 

the main structural features of each regional deformation phase are presented. Geochronological data 

available in the literature are also reviewed.  
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D1 and the first tectono-metamorphic event  

Structures formed during the first phase of deformation (D1), display WNW-ESE strike and a 

predominant shear sense towards N. They are associated with the HP-LT (High Pressure-Low 

Temperature) metamorphic event responsible for the development of eclogite/blueschist rocks preserved 

within Late-Proterozoic to early Palaeozoic Units (e.g. Safira, Viana do Alentejo-Alvito, Vidigueira-Vila de 

Frade, and those included in the MPC) and the obduction/emplacement of BAOC shortly after (Pedro, 

1996; Fonseca et al., 1999; Leal, 2001; Moita et al., 2005a). HP-LT metamorphism defines a clockwise P-

T path peaking at 16-18 kbar 600º-650ºC (eclogite facies), subsequently followed by near isothermal 

decompression to 12-10 kbar before final cooling (T<550ºC) to greenschist facies conditions (Moita et al., 

2005a). 

Geochronological constrains for D1 events 

The Sm/Nd whole rock–garnet age for eclogites date the HP-LT event at 371 ± 17 Ma. and is 

consistent (within 2σ error) with 40Ar/39Ar plateau ages obtained for (retrograde) eclogitic amphibole 

aliquots (360 ± 4 Ma), suggesting that decompression and exhumation (cooling) took place shortly after 

eclogite peak metamorphism and (D1) nappe emplacement (Moita et al., 2005a). A considerably younger 
40Ar/39Ar date (316 ± 6 Ma; Moita et al., 2005a) accounts for amphibole recrystallization ( 500-550ºC) 

during thermal doming of adjoining EM granodiorite rocks (see below; Rosas, 2003; Moita et al., 2005b).  

D2, the second tectono-metamorphic event and the onset of thermal doming 

Following the early HP-LT event in EBAD, widespread igneous activity is mostly recorded to the 

N side of the suture. The multitude of intrusive igneous bodies along with the Odivelas and Toca de 

Moura volcano-sedimentary complexes account for the growth of a magmatic arc, supporting an inferred 

northward polarity of Variscan subduction (e.g. Quesada et al., 1994). The D2 phase of deformation is 

coeval to the early stages of thermal-doming and represents a major event of transpressive sinistral 

deformation along the suture, related to the onset of the OMZ-SPZ oblique collision. 

D2 is characterized by the development of N-S or NNW-SSE folding and shear, and a W verging 

thrust/recumbent fold system with axial plane cleavage. D2 is diachronic from SW to NE and several field-

based studies support its subdivision into D2a and D2b (Fonseca, 1995; Araújo, 1995). The general 

dispersion of orientations from N-S (D2a) to NW (D2b) is due to the onset of (ca. 30º-40º) anticlockwise 

rotation of the stress field trajectories between both tectonic pulses, culminating during (intracontinental) 

D3. Widespread, semi-ductile shear zones reflect strong strain partitioning near the suture, being sinistral-

slip dominated and SW thrusting at E and, frontally imbricated, NW thrusting at W. Strain partitioning is 

typically observed along the Ferreira-Ficalho Thrust (FFT) that currently marks the contact between PLT-

OMZ or BAOC-PLT; the FFT is displaced by the ENE-WSW, sub-vertical Ficalho-Aroche strike-slip fault. 

Accumulated evidence suggests that the FFT is the shallow expression of a re-activated, deep and more 

complex structure developed in the course of the OMZ-SPZ late-collision stages (Mateus et al., 1999; 

Figueiras et al., 2002; Vieira da Silva et al., 2007; Ribeiro et al., 2007).  

Together, the tectonic and magmatic events, account for the second tectono-metamorphic event 

that affected both exotic and autochthonous units in EBAD. Metamorphic conditions evolved to a LP-HT 

regime at greenschist to amphibolite facies conditions which overprints the early HP-LT event. 
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Geochronological constrains for D2 LP-HT tectono-metamorphic event 

Dating of metamorphic rocks in the OMZ indicates that the LP-HT event (and coeval magmatism) 

lasted  40 Ma and postdates the earlier HP-LT metamorphic event by ca. 10-40 Ma 

(i) Dating of muscovite from Série Negra micaschists (Água de Peixes Fm) yielded a 358  11 Ma 

age (K-Ar; Rosas et al., 2008). Despite the ca. 350º C closure temperatures for K-Ar in muscovite (Faure, 

1986), microscopic criteria allow inte rpreting this age as coolin g close to the metamorph ic peak that 

affected the metasedimentary rocks (Rosas et al., 2008) . This age constrains the earliest stages of the 

regional LP-HT event, synchronous with subduction related magmatism (see below).  

(ii) A similar interpretation is given b y Castro et al. (1999 ) for ages o btained in ultra HT-LP 

metamorphic rocks (amphibolites, migmatites and nebulites, see Table II.5 and Figure II.10) of the AMB 

Continental Domain [351  58 and 323  4 Ma].  

(iii) 40Ar/39Ar ages on BAOC amphibolites decrease from 343  1 Ma (W of Beja) to 328  1 Ma (E 

Oceanic Domain of the AMB; Dallmeyer et al., 1993; Castro et al., 1999). These ages document the long-

lasting nature of the LP-HT metamorph ic event, as well as it its diachro nic character, explained by the 

closure of the wedge shaped EBAD boundary.  

(iv) 
40Ar/39Ar ages on amphibolites from authoctonous Upper Proterozoic metasedimentary units 

of S. Brissos and Ventosa (337  2 and 341  1 respectively, Dallmeyer et al., 1993, Figure II.4) are also 

consistent with those indicated by Exotic Terranes. 

Figure II.10- Inset of Figure II.4 showing dating locations within the O ceanic and Continental Domains of the 
Aracena Metamorphic Belt, reported in Table II.5; adapted from (Castro et al. 1999).  

 

Geochronological constrains for D2a deformation phase 

On the NE region of O MZ (North-Central Belt, Figure II.2 and Figure II.3) calcalkaline to 

shoshonitic gabbro-dioritic intrusions of Vale de Maceira – Veiros and Campo Maior represent the earliest 

record of mantle derived orogenic magmatism triggered by subduction. These intrusions are contoured by 

the W verging NW-SE D2a regional foliation. The 364  12 Ma age (mean weight average of 369  17 Ma 
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and 358  18 Ma obtained by several methods; Moita et al., 2005b) obtained for Vale de Maceira–Veiros 

rocks constrains the D2a tectono-magmatic event.  

Geochronological constrains for D2b deformation phase  

Until recently, events related to the D2b tectonic pulse were not constrained by geochronological 

data. As discussed in Jesus et al. (2007c) and in PART V, the SHRIMP U-Pb 342  9 Ma zircon age 

(reported in section II.3) obtained for pegmatoid rocks that crosscut LGS suite at Castelo Ventoso, 

combined with reported 39Ar/40Ar ages for amphiboles from OMZ and BAOC (see above) date D2a-D2b 

transition at ca. 340 Ma. This latter age represents regional cooling below 550-500ºC, corresponding to 

the ductile-brittle transition during crustal uplift.  

D3 and the late thermal doming event 

D3 is interpreted as resulting from the final stages of sinistral oblique collision and the waning of 

regional metamorphism towards LT greenschist facies conditions. Structures developed throughout D3 

display a preferred NW-SE trend and preserve kinematical criteria indicative of prominent transport 

towards SW (e.g. Fonseca, 1995; Araújo, 1995). WNW-ESE to NNW-SSE shear zones with important 

left-handed displacement associated to S directed thrust movement continue to develop or are re-taken in 

progressively more brittle regime. E-W shears, strongly dipping to North, are related to the Vidigueira-

Moura faulting system (Araújo, 1995). Detailed mapping shows that (near the suture), early developed 

ductile – semi ductile N140-145 shear zones are reworked during D3, by semi-brittle N110-120, NE 

dipping regional shear zones. The latter are associated with a poorly developed subvertical N-S 

conjugate that locally induce the propagation of N70 subsidiary shears. During D3, WNW-ESE shear 

zones acted as the main conducts to syndeformational polyphasic fluid flow leading to strong carbonate-

siliceous metasomatism on the adjoining rocks (Mateus et al., 1999; Figueiras et al., 2002). 

Geochronological constrains for D3 deformation phase 

The crystallization/cooling dates obtained for post-collisional granitic bodies of EM that intrude the 

core of D3 structures (e.g. Sesmarias granite) at 306 ± 8 Ma and 298 ± 3 Ma (Moita et al., 2005b) provide 

an estimate for D3 regional deformation phase; these dates are also consistent with those obtained for the 

main Pias-Pedrogão granitic body by Carvalho (1971; 308  4 Ma). 

Late Variscan deformation 

Important deformation responsible for the development of a pervasive and widespread fault 

network is ascribed to the late stages of the Variscan Orogeny. According with their strike and kinematics, 

these strike-slip fault zones (with minor vertical component) can be grouped as follows: 

(i) NNE-SSW to NE-SW, noticeably the Messejana Fault Zone (MFZ); the MFZ represents an 

outstanding deep structure that can be followed for approximately 530 km and was likely re-activated 

during the Alpine Orogeny (Martins, 1991; Vieira da Silva et al., 2007).  

(ii) ENE-WSW (e.g. Ficalho-Aroche Fault), commonly displaying pure calcite infillings in contrast 

to the complex-carbonate hydrothermal precipitates that typify early developed (sin-D3) WNW-ESE shear 

zones (Mateus et al., 1998d; 1999). 

(iii) Less well-developed NNW-SSE (locally NW-SE) and N-S systems (and associated NE-SW 

smooth folding) is also associated to this late stage-deformation (Araújo, 1995). 
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Geochronological constrains for Late-Variscan deformation 

The so-called Late-Variscan period is not yet accurately bracketed along the individual 

tectonostratigraphic domains of Iberia. Recent data from CIZ and SPZ allow elucidating on the possible 

time-span for Late-Variscan deformation in OMZ since all three Units were already merged by that time. 

The ages correspond to the late increments of OMZ-SPZ collision, as follows:  

(i) A minimum age of 312 Ma was obtained by K-Ar dating of muscovites extracted from CIZ 

aplite dykes intruded along Late-Variscan structures (Marques et al., 2002).  

(ii) The relationships between Late-Variscan (left-handed) NE-SW to ENE-WSW strike-slip zones 

and the first deformation phase that affected the Baixo-Alentejo Flysch Group indicate a Late-

Westphalian age (~318 Ma) for Late-Variscan deformation (Dias et al., 2006).  

Evidence for Alpine reactivation 

A large number of ore showings and deposits (mined in the past) occur intimately associated with 

faulting of presumable Late-Variscan age in the SW Iberia Variscides (i.e. OMZ and SPZ, Locotura et al., 

1990; Mateus et al, 1998b; Mateus, 2001; Mateus et al., 2003; Tornos et al., 2004; Mateus et al., 2006). 

They comprise structurally controlled, epigenetic Cu, Sb or Pb dominant mineralization in quartz-

carbonate lodes and/or mineralised fault breccias preferentially hosted in Palaeozoic metasedimentary 

sequences. Structures ascribed to the Late-Variscan period show evidence of successive reactivation 

during the Alpine cycle, often resulting in kinematic criteria of difficult interpretation (Mateus, 2001; 

Marques et al., 2002). Alpine re-activation of mineralized fault zones indicates that a (significant?) late 

hydrothermal contribution during Early-Alpine times cannot be precluded (Mateus et al., 1998b; Mateus, 

2001; Mateus et al., 2003). 

Significant advances have been made in establishing and comparing the isotopic lead reservoirs 

during Late-Variscan tectonics on Sb-dominant mineralization (Mateus et al., 2006) as well as other 

mineral deposit types across the OMZ and SPZ (Marcoux, et al., 1992; Marcoux, 1998; Tornos & 

Chiaradia, 2004; Neiva, 2008). Unfortunately, precise dating of fault rocks and ore minerals that allow 

establishing the timing of repeated seismic activity of the major faults and multi-stage circulation of 

mineralizing, hydrothermal fluids is still lacking. Such studies could be decisive to bracket Late-Variscan 

to Alpine deformation.  

II.3. Geochronological constrains on LGS rocks: zircon U-Pb SHRIMP 
dating  

Although U-Pb dating of zircons has been performed for LGS rocks in the Odivelas sector and 

Serpa region (Pin et al., 1999), the detailed nature of this study warranted further geochronological 

constraints in LGS internal architecture. Thus extraction of zircons for SHRIMP U/Pb dating was 

performed for pegmatoid dykes crosscutting ODV III Series (Jesus et al., 2007c). 

SHRIMP data are summarized in Table II.6 and displayed on the 207Pb/206Pb – 238U/206Pb Tera-

Wasserburg plot of Figure II.11. The studied pegmatoid sample yielded 250-300 µm long, mostly 

euhedral, prismatic to stubby zircons. In cathodoluminescence (CL) images, these zircons display 

predominantly fine-scale oscillatory-zoned patterns typical of magmatic zircons (Pidgeon et al., 1998; 

Figure II.12). Ion-microprobe analysis produced relatively high Th/U ratios (0.46 to 1.22; Faure, 1986), 

and variable U (442 to 2632 ppm) and Th (208 to 3210 ppm) contents, both increasing from core to rim 
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zones of the analysed zircons. The data suggest a roughly inverse correlation between U, Th contents 

and 238U/206Pb ages with the U enriched analysed border domains yielding younger ages (Figure II.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.11- Tera-Wasserburg plot (207Pb/206Pb versus 238U/206Pb) for zircons from the pegmatoid sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.12- Cathodoluminescence images of the examined zircon grains from the pegmatoid sample. 

 

The increase of highly incompatible elements (U and Th) towards the rim domains indicates that 

the melt or fluid phase was undergoing progressive fractionation while intruding the gabbroic pile; thus in 

agreement with late-magmatic character of the pegmatoid dykes (see sections II.4.2 and III.3.2). 

Nonetheless, in a broad sense, all analysis sites yielded dates statistically indistinguishable from each 

other, with a weighted mean 238U/206Pb date of 342  9 Ma (95% confidence level, MSWD = 0.25). The 

342  9 Ma age is marginally younger than the ID-TIMS U-Pb ages of 352  4 Ma and 350  4 reported 
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by Pin et al. (1999) for gabbroic rocks at Odivelas and Serpa, respectively. Given the observed spread in 

ages related to textural and compositional features in the zircons, 342  9 Ma might be a slight 

underestimate (but still within the error) of the true age of zircons, and hence, the pegmatoid formation. 

Considering the proximity of ages (within analytical uncertainty) reported by Pin et al. (1999), U-Pb 

geochronological data obtained for the pegmatoid sample constrain a relatively narrow interval between 

the timing of LGS crystallization and the onset of interaction with more evolved melts.  

 

Table II.6- Summary of ion microprobe U-Pb results for zircon grains from sample CVD-5. Grain types: p: prismatic; 
eq: equant; bip: bipyramidal; c: core; m: middle; osc: fine-scale zoning; anh: anhedral; f: fragment. Uncertainties 
given at the one sigma level. Correction for common Pb made on the basis of extrapolation to concordia along a 
mixing line with common Pb, following Tera & Wasserburg (1972). 

II.4. Geology of LGS and related mesocratic/felsic rocks  

In this section, a first insight into LGS internal architecture is presented; it will be followed by the 

characterization of its contacts with the adjoining geologic units, including the associated intrusive rocks 

represented by the marginal diorites and granitoids. Detailed characterization of the gabbroic facies 

(II.4.3) and associated intrusive rocks (II.4.4.), as well as the structural analysis of the layering (II.4.5.1.) 

and shear zones (II.4.5.2.) will be addressed in sub-sections further ahead. The geological map of LGS 

carried out during this study can be consulted in Appendix A- Vol. II (Figure A.4); a simplified version of 

that map is depicted in Figure II.13. 

II.4.1. Internal architecture of LGS 

The most prominent feature of the geological unit currently labelled as “Beja Gabbro” is its 

layered structure, supporting the proposed alternative “Beja Layered Gabbroic Sequence- LGS” (Jesus et 

al., 2003c). In all the inspected sectors, layering consistently strikes from NNW-SE to WNE-ESE, dips 

25º-35º to the S-SW; nevertheless, characteristic orientations can be defined for individual domains of 

each sector, disregarding local tectonic perturbations. Different gabbroic facies display unevenly 

conspicuous layering, as well as the presence of associated magmatic lamination, mineral gradation, etc. 

All these are primary (and distinctive) features, which along with other criteria reported in section II.1.1- 

Grain 
spot 

Grain 
Type 

U 
(ppm) 

Th 
(ppm) 

Th/U 
Pb* 

(ppm) 
204Pb/206Pb 207Pb/206Pb  206Pb/238U  

206Pb/238U 
Age (Ma)  

   1.1 
c osc 
bip 

1284 1084 0.84 80 0.000001 0.0536 0.0008 0.0548 0.0020 344 12 

   1.2 
e osc 
bip 

2632 3210 1.22 175 0.000025 0.0536 0.0006 0.0538 0.0019 338 12 

   2.1 
c osc 

p 
874 639 0.73 52 0.000011 0.0548 0.0008 0.0542 0.0024 340 15 

   3.1 
c osc 

eq 
1032 754 0.73 64 0.000001 0.0535 0.0013 0.0561 0.0034 352 20 

   3.2 
e osc 

eq 
1829 1255 0.69 104 0.000056 0.0519 0.0010 0.0520 0.0024 327 15 

   4.1 
c osc 

p f 
996 715 0.72 60 0.000001 0.0543 0.0007 0.0542 0.0023 340 14 

   5.1 
c anh 

f 
2427 1920 0.79 150 0.000097 0.0543 0.0009 0.0555 0.0029 348 18 

   6.1 
c osc 

eq 
1210 698 0.58 70 0.000040 0.0516 0.0015 0.0545 0.0030 342 19 

   7.1 
c osc 
anh 

452 208 0.46 26 0.000033 0.0547 0.0015 0.0545 0.0033 342 20 

   8.1 
m 

anh 
442 213 0.48 26 0.000571 0.0479 0.0046 0.0570 0.0031 357 19 

   9.1 
c osc 
bip 

814 406 0.50 47 0.000095 0.0525 0.0009 0.0550 0.0025 345 15 
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Vol. II allowed performing facies mapping in LGS.  

According with distinct structural (layering features), mineralogical and geochemical affinities, the 

gabbroic facies were assembled as Series, further divided in Groups whenever justified. The gabbroic 

succession is grouped into seven Series, supporting a previously inferred multiphase evolution 

characterized by several magma replenishments (Jesus, 2002; Jesus et al., 2003d; 2005a, b; 2006c; 

2007a, c). From NW to SE, the seven Series are labelled: Soberanas (SB) I and II, Odivelas (ODV) I, II 

and III and Beringel (BRG) I and II; SB I and SB II Series outcrop in the Soberanas sector, ODV I and 

ODV II in the Odivelas sector, ODV III in the Ventoso sector and BRG I and BRG II in the Ferreira-

Beringel sector. An eighth and complex suite of rocks, labelled as “Border Group” (BG) rims the western 

portion of the Ferreira-Beringel sector and comprises a variety of lithologies, including the border facies 

and troctolites. The border facies consists mainly of heterogeneous anorthosites that enclose several 

types of variably metasomatized gabbroic rocks among which troctolites (dismembered blocks?) are the 

most significant. 

Based on features of the individual mapped facies and their outcropping sequence, the 

reconstructed stratigraphic columns obtained for each mapped sector allows establishing the following 

correlations between different sectors, from bottom to top as schematically represented in Figure II.14 

(additional details are reported in the next sub-section): (i) SB II and the Lower Group of ODV I; (ii) ODV II 

upper section and the Lower Group of ODV III; (iii) Upper Group of ODV III and part of the Lower Group 

of BRG I; and (iv) Troctolites included in the Border Group and cumulates occurring in SB I.  

Notwithstanding the focus of PART IV of this work on the three mineralization types so far 

identified within the surveyed LGS area, they are intrinsic attributes of the gabbroic sequence and, 

therefore, briefly described below: 

(i) Type I mineralization consists of massive accumulations of Fe-Ti-V oxides enveloped by oxide-

rich gabbroic rocks; the most important occurrence is located within ODV I Series Lower Group and 

corresponds to the Odivelas prospect (Silva & Carvalho, 1946; Jesus et al., 2001; 2003c,d; 2005a). 

(ii) Type II mineralization corresponds to sulphide veins (enriched in Cu and Co) that are hosted 

by a strong metasomatic halo superimposed to the gabbroic sequence of ODV III Series Upper Group 

exposed at the Ventoso quarry (Mateus et al., 2001a; Jesus et al., 2003c; 2007b). 

(iii) Type III mineralization represents intercumulus to massive Ni-Cu-Co rich sulphides; the most 

important occurrences so far identified are hosted by clinopyroxenites of BRG II Lower Group and olivine 

norites of BRG I Upper Group, located at the Figueirinha and Serrabritas quarries, respectively (Jesus et 

al., 2005b; 2006b; 2007b). 

II.4.2. LGS boundaries and related mesocratic/felsic rocks 

Most of the LGS western compartment outcrops as windows within the Cenozoic sedimentary 

cover. The westernmost portion of LGS corresponds to the Soberanas sector where most of the gabbroic 

rocks are delimited by Cenozoic sediments; towards the S, the Ferreira Ficalho Thrust puts SB I Series in 

contact with PLT metasediments. 

 

Figure II.13 (Right page)- Simplified geological map of LGS western compartment; caption for LGS lithologies is 
provided by the stratigraphic columns in Figure II. 14. Grid coordinates according with the international gauss-
ellipsoid, Lisbon.   
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Figure II.14- Schematic representation of the (tentative) correlation between the reconstructed stratigraphic columns 
obtained for each mapped sector. 

 

At Odivelas and Ventoso sectors, LGS suites are delimited by Cenozoic sediments in all 

quadrants; however, towards the E different contacts develop with diorite marginal rocks (see II.4.4). At 

the northern limit of the Ferreira-Beringel sector, rocks of BRG I Series are bounded by a regional WNW-

ESE semi-brittle shear zone showing thick carbonate-quartz infillings (Mateus et al., 1999). To the N of 

this shear zone, several rock types (never seen outcropping in the inspected area adjacent to the shear 

zone) are observed in scattered domains and consist of: (i) metavolcanic rocks belonging to the V1 (V7) 

suite (Andrade et al. 1992; Figure II.15A); (ii) hypabissal felsic rocks similar to those observed within 

LGS, besides coarser (locally porphyry), more mafic varieties (Figure II.15B); and (iii) mesocratic 

hypabissal rocks (see photographs in II.4.4). The outcropping conditions and the strong hydrothermal 

alteration experienced by these rocks difficult a precise evaluation of their original relationships with LGS 

gabbroic facies. It is likely that the felsic and mesocratic hypabissal rocks should have a general intrusive 

character relatively to the gabbroic rocks, as seen within the mapped area; the relationship with the 

(meta)volcanic suite remains, however, indeterminate on the basis of observations in the studied area. 

With the exception of porphyry types, felsic dykes are common all over the Ferreira-Beringel sector (see 

details in II.4.4). The relative abundance of felsic dyke swarms (sometimes coupled with small sills) 

increases towards LGS limits, often disrupting and obliterating the original gabbroic facies.  
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One of the most deficiently outcropping domains of the studied area is located in the ca. 4 km 

wide N-S corridor at the western limit of the Ferreira Beringel sector8. This domain includes the area 

corresponding to BG (to the S), and part of BRG I and II Series. Adjoining the contact with Cenozoic 

sediments, there is an extensive area where carbonate concretions cover and/or are intermixed with the 

soil (commonly referred to as “calcrete-soils”), masking the actual limit with the Cenozoic cover to the W; 

the separation between calcrete-soils and Cenozoic cover was made considering the presence of detrital 

accumulations that are known to belong to the Cenozoic continental sedimentary sequences. Within this 

area, there is no evidence for the presence of BG rocks. Although a few boulders of relatively fresh 

gabbro tentatively correlated with BRG I or II Series are present, it is not possible (nor reasonable) to 

ascertain the BRG I-BRG II contact westwards of BG. 

The S-SW portion of BRG II and, to a lesser extent, the BRG I Series, contact mainly with rocks 

included in BG. Several branches of major WNW-ESE shear zones put in contact the BRG II-BG 

assemblage, with BAOC towards S. Due to the confluence of major conjugate shear zones, a strong 

constrictional regime of deformation affected the LGS apex; more precisely between the NW and WNW 

borders of the intrusion, just at E of Quinta do Pereiro (sheet nº 520, 1:25 000 topographic maps). These 

features explain the local dismembering and lamination of BAOC rocks, leaving the LGS gabbros in direct 

contact with the metasedimentary rocks of SPZ. Further to the E, the WNW-ESE shear zones are locally 

displaced by NE-SW strike-slip faults.  

II.4.3. Gabbroic rocks  

II.4.3.1. Soberanas sector 

At the Soberanas sector SB I and SB II Series are identified. 

SB I Series 

SB I comprises a compositionally and texturally varied suite of gabbroic facies. To the S, coarse-

grained (leuco-)troctolite (Figure II.15C, D) or wehrlite facies are found in circumscribed domains that 

suggest a lensoid morphology (Figure II.13). Towards N, due to the increasing abundance of (often 

poikilitic) clinopyroxene, olivine (leuco-)gabbro is the most common rock type (Figure II.15E). As for the 

(leuco-)troctolite rocks, strong variation in grain-size is observed in olivine (leuco-)gabbro rocks with 

olivine or clinopyroxene grains reaching up to 2 cm. Microgabbro (sometimes as centimetric dykes) and 

pegmatoidal late segregations also occur within SB I. Layering, usually with strong magmatic foliation, is 

more evident in fine-grained rock-types (Figure II.15F). Additionally, well developed and fine scale 

rhythmic layering with associated segregation bands of alternating composition (usually olivine 

leucogabbro and anorthosite) are locally observed (Figure II.15G).  
 

Figure II.15 (right page)- Selected hand-sample and field features. (A)- V1 (V7) Metavolcanic (W of Peroguarda); 
(B)- Strongly altered porphyry mesocratic rock (W of Peroguarda); (C)- SB I coarse-grained troctolite (D, E) SB I 
olivine leucogabbro; (F)- Strong magmatic foliation, sub-parallel to the layering in fine-grained SB I troctolite; (G)- 
Fine scale rhythmic layering with segregation bands of alternating composition (Ol Leucog/Anorth) in more evolved 
domains of SB I olivine leucogabbro (towards SB II contact); (H)- Strongly deformed Anorth at the top of ODV II (left: 
fresh-broken surface); (I)- Boulders of massive oxides macroscopically similar to type I mineralization (easternmost 
domain of ODV I olivine leucogabbro II Upp G); (J)- Boulders of siliceous-carbonate infillings of a WNW-ESE shear 
zones crosscutting olivine leucogabbro II Upp G (ODV I) and massive oxides depicted in I. All graphic scales=1cm. 

                                                      
8 Criteria used to map this and other outcrop deficient sectors are described with detail in section II.1.1- Vol. II 
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SB II Series 

Series SB I and SB II are put in contact through a WNW-ESE shear zone with moderately thick 

siliceous-carbonate infillings. SB II comprises fine-grained (leuco-) gabbronorite and leucogabbro. 

Outcrops are scarce and do not allow asserting the nature of the layering. Based on the observation of 

hand-samples there seems to be a much greater modal and textural homogeneity relative to SB I Series, 

the fine scale rhythmic layering features being apparently absent. Significant oxide enrichment in SB II 

suggests that this Series may record the early stages of the oxide-forming event responsible for the 

development of Fe-Ti-V type I mineralizations in ODV I Series Lower Group.  

II.4.3.2. Odivelas sector 

The transition from the Soberanas to the Odivelas sector is obscured by Cenozoic sediments. At 

the Odivelas sector, two Series labelled ODV I and II are identified, the former being divided into three 

Groups (Jesus, 2002).  

ODV I Series 

Rocks of ODV I Lower Group outcrop mostly along the Odivelas river being interrupted by a 

complex sub-vertical shear zone running NNW-SSE, that puts the Intermediate Group in tectonic contact 

with Lower Group rocks; the latter crop out again, eastward of that shear zone. ODV I Lower Group 

comprises conspicuously layered, fine to medium-grained, olivine leucogabbro rocks (olivine leucogabbro 

I). This facies shows pervasive intercumulus oxide enrichment and hosts the massive ores embedded in 

cumulated lenses at the base of Lower Group (type I mineralization- Jesus, 2002; Jesus et al., 2003d); 

local modal variations account for minor orthopyroxene leucogabbro and rare troctolite. The transition 

between type I mineralization and the hosting gabbroic facies is not possible to assess. Sampling was 

performed in tailings of the shafts and trenches opened during the iron exploration campaign in 19449 

(Silva & Carvalho, 1946). An estimate of the ore outcropping area was made based on the presence of 

ore fragments in the soil (Figure II.13). In close proximity to the ore shafts several cumulate oxide-rich 

domains occur, comprising mostly fine grained wehrlite, which grades onto the more common olivine 

leucogabbro rock-type. Several cumulate lenses (of smaller dimension) are present in the E block of ODV 

I Lower Group, near the contact with the marginal diorites. 

Intermediate Group rocks comprise a leucogabbro facies, although olivine rich-domains are also 

abundant and distinctively coarse grained. The anorthosite facies at Odivelas sector are the thickest and 

laterally most continuous observed in all LGS surveyed area. Its contacts with the facies positioned 

stratigraphically above and below, are gradational. Important oxide interstitial enrichment (ilmenite >> 

magnetite) observed at some places further distinguishes ODV I anorthosite facies from those belonging 

to other Series. One common feature to all anorthosite facies is their poor degree of preservation relative 

to other gabbroic rock-types. The monomineralic nature of anorthosites makes them much more 

susceptible both to deformation and hydrothermal alteration, either related to the circulation of late 

magmatic fluids or hydrothermal activity in the vicinity of successively reactivated shear zones (e.g. 

Figure II.15H).  

ODV I Upper Group comprises an olivine leucogabbro (olivine leucogabbro II) facies; laterally 

                                                      
9 Further information based on the report of the exploration campaign is provided in section IV.2. 
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discontinuous, thin levels of anorthosite also occur. Two domains with important oxide enrichment are 

identified: one to the W, in the vicinity of type I mineralization, and other to the E, where boulders of 

massive oxides are observed in the soil (Figure II.15I). The latter are macroscopically similar to Lower 

Group type I mineralization and display oriented relics of carbonatized silicates compatible with a primary 

layered mineralogy. Several WNW-ESE oriented shear zones displaying strong siliceous-carbonate 

metasomatism affect the massive oxide domains (Figure II.15J).  

Important hydrothermal alteration is recorded by ODV I Series facies as a whole. A transverse 

along the axis of the Odivelas river, where outcropping conditions are more favourable, shows increasing 

alteration towards E, where the large halo of amphibolitic gabbro (see details in section II.4.4) establish 

the contacts with diorite rocks further to the E.  

ODV II Series 

The contact with ODV II Series is gradual and not always easy to access given the lack of 

lithological contrast of basal facies (olivine leucogabbro), which in addition exhibits local oxide enrichment 

(e.g. sample ODV-G-41); the latter feature is one the main distinguishing criteria between ODV I and II 

Series. A nearly sub-vertical cross-section at the westernmost domain of the Odivelas river displays a 

strong vertical gradient of oxide enrichment (Figure II.16A); this allowed ascribing the oxide-poor top 

portions to ODV II Series and the strongly enriched basal zones of the riverbed to ODV I Upper Group. A 

somewhat intricate cartographic pattern is further complicated by the confluence of ENE-WSW with 

WNW-ESE to NW-SE semi-brittle shear zones (Figure II.13).  

As a whole, ODV II is a rhythmic succession of olivine leucogabbro and olivine gabbro where 

conspicuous layering and oxide occurrences are only locally observed. These facies are modally 

homogenous and typically show fine to medium grain size. Locally, clinopyroxene-rich and coarse-

grained olivine gabbro facies display porphyritic (Figure II.16B) or poikilitic texture. The basal portion of 

ODV II shows nearly isotropic character at mesoscale, being composed of thick and rather massive 

layers where rare anorthosite discontinuous levels are observed (Figure II.16C and D). The uppermost 

levels of ODV Il show more conspicuous layering and anorthosite levels with cartographic expression. 

Besides of the aforementioned features, highly localized, oxide-enriched domains (at the contact with 

ODV I) are observed at the SE border of the ODV II Series. 

II.4.3.3. Ventoso sector 

ODV III Series is identified at the Ventoso sector and divided in Lower and Upper Groups (Figure 

II.13).The Lower Group is tentatively correlated with the upper section of ODV II Series on the basis of 

the similar sequence of facies, from bottom to top: olivine leucogabbro I, pyroxene gabbro I and olivine 

leucogabbro II. 

 

Figure II.16 (Right page)- Selected hand sample and field features. (A)- Steep topographical slope due to erosion of 
the Odivelas river along ODV I-ODV II contact; (B)- Porphyritic character locally displayed by ODV II olivine gabbro; 
(C)- Massive character of ODV II lower domain (curved layering surfaces at the facies contact); (D)- Anorth level 
interbedded at ODV II lower portion (minor imbrication along shear planes exclusively on the Anorth); (E)- Thick 
(ultra-)mafic levels (arrows) in ODV III Upp G pyroxene gabbro II grading towards the more common rock-type (Ol 
Gb); (F)- Coarse, porphyry Ol (mela-)gabbro levels embedded in ODV III Upp G pyroxene gabbro II showing polarity 
criteria, intruded by pegmatoid dyke (note narrow alteration margin); (G)- Weathered surface on ODV III Upp G 
pyroxene gabbro II: in fresh-broken surface no modal variations are perceptible suggesting that weathering enhances 
modal and chemical variations; (H)- Typical facies of BRG I Low G (pyroxene gabbro I) with distinctive coarse Cpx 
oikocrysts; (I)- Cumulate domains at pyroxene gabbro I (BRG I Low G) basal portion. 
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The two lowermost facies outcrop poorly, which makes appreciation of the layering features 

difficult; both facies commonly show fine to medium grain-size. The pyroxene gabbro I facies mostly 

comprises olivine gabbro rock types wherein clinopyroxene-rich domains display prevailing poikilitic 

texture. At the lower portion of olivine leucogabbro II facies, several levels of anorthosite with cartographic 

expression are present. The transition to Upper Group is traced by the increase of olivine proportion 

giving rise to troctolite cumulate domains.  

ODV III Upper Group is well exposed at the Ventoso quarry, allowing performing very detailed 

observations and sampling: the pyroxene gabbro II facies dominates most of the area covered by the 

quarry, whereas the olivine leucogabbro II facies is observed in the NE-facing inactive benches. The 

pyroxene gabbro II facies is an homogenous, fine to medium-grained olivine-bearing gabbro. Several sets 

of layers interbedded with the main facies display distinct modal (olivine websterite and clinopyroxenite; 

Figure II.16E) and textural features (porphyry olivine (mela-)gabbro: “P” levels in the geological map, 

Figure II.16F). These sub-facies, described in detail in Figure II.17, display remarkably well-developed 

layering features that strongly contrast with the main facies where modal layering is difficult to distinguish, 

(except where weathering enhances subtle modal and chemical variations, Figure II.16G; see also 

discussion of layering features in section II.5.1). Magmatic lamination is, however, better developed in the 

main rock type than in the mafic/ultramafic levels, the porphyry olivine gabbro presenting the most 

isotropic character at mesoscale.  

The transition to the overlying olivine leucogabbro II is gradual as observed at the Ventoso quarry 

(Figure II.17). The olivine leucogabbro II facies shows medium to coarse grain size and rather 

homogenous character, locally grading to dark coloured anorthosite levels; moderate oxide-enrichment is 

observed within some domains. 

Sulphide veins of type II mineralization crosscut the pyroxene gabbro II (at least at two sites of 

the quarry; Mateus et al., 2001; Jesus 2002; present work). Both occurrences are enveloped by a 

metasomatic alteration halo and occur nearby pegmatoid dyke swarms that the crosscut the gabbroic 

sequence10. 

II.4.3.4. Ferreira Beringel Sector 

The Ferreira Beringel Sector is the most continuous outcropping portion of the mapped LGS 

area. BRG I and BRG II Series are defined in this sector and sub-divided into several Groups. 

Additionally, the complex suite of rocks included in the Border Group is defined.  

BRG I Series 

BRG I is divided in Lower, Intermediate and Upper Groups. Despite strong lateral variations, the 

lithological sequence and nature of the two lowermost facies in BRG I Lower Group allows correlating 

them with ODV III Upper Group. The most common rock type within Lower Group pyroxene gabbro I is a 

medium to coarse grained clinopyroxene-rich olivine gabbro with distinctive poikilitic texture (Figure 

II.16H). Several cumulate domains occur at the basal portion of this facies (Figure II.16I), including 

coarse grained (up to 10 mm) olivine melagabbro (locally troctolite) and fine-grained clinopyroxenite; the 

latter are more common near the microgabbro facies at E. These cumulates are correlated with the 

                                                      
10 All issues concerning type II mineralization are addressed in PART IV, whereas relevant geological, mineralogical and 
geochemical features of the pegmatoid dykes are reported in proper sections along with the remaining non-gabbroic rocks. 
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olivine websterite and coarse-grained porphyry pyroxene gabbro layers in ODV III pyroxene gabbro II. In 

both BRG I and ODV III Series, the (ultra-)mafic cumulate rocks record the effects of early sulphide 

segregation. In BRG I pyroxene gabbro I, sulphides are often associated to large orthopyroxene crystals 

that are very conspicuous at the outcrop scale (Figure II.18A).  

Pyroxene gabbro I is overlain by olivine leucogabbro I which mainly comprises dark-coloured 

olivine leucogabbro grading onto anorthosite or olivine melagabbro (locally troctolite) within cumulate 

domains. Distinctive layering features are difficult to observe due to the extreme scarcity of outcrops in 

the area encompassed by this facies. The correlated facies at the Ventoso sector shows significant and 

widespread Fe-Ti-V oxide enrichment, whereas in BRG I the oxides appear to be preferentially 

concentrated in cumulate domains. Additionally, the presence of massive accumulations of Fe(-Ti?)-

oxides (type I mineralization) within BRG I is suggested by several distinct magnetic anomalies (clearly 

shown in vertical field magnetic maps) and the occurrence of (extremely altered), goethite-rich blocks, 

probably representing fragments of an iron hat at WSW of Peroguarda.  

The uppermost facies of BRG I Lower Group olivine leucogabbro II comprises a variety of 

modally and texturally heterogeneous rocks types leading to well-developed rhythmic layering features 

e.g.: (i) decimetric bands of alternating anorthosite/leucogabbro (fine-scale rhythmic layering; Figure 

II.18B); (ii) clinopyroxene rich domains displaying poikilitic (similar to the underlying pyroxene gabbro I) or 

porphyry (similar to the overlying porphyry pyroxene gabbro- Intermediate Group) texture; (iii) cumulate 

lenses of Ni-Cu sulphide bearing, coarse-grained ( 8 mm) olivine melagabbro (locally troctolite; Figure 

II.18C), being noteworthy those occurring at the transition to Intermediate Group (NW of the Serrabritas 

quarry) due to the spatial association with anorthosites that appear to have been mingled with the 

gabbroic rocks (s.l) (with coeval precipitation of Ni-poor sulphides; Figure II.18D). Other major features of 

the olivine leucogabbro II facies are the net increase of cumulate rocks towards E and a distinctive 

pattern of sulphide-oxide enrichment; sulphide disseminations predominate and increase towards E, 

whereas oxide interstitial enrichment clearly predominates at W. The olivine leucogabbro II facies 

gradually pinches out towards E, a feature also observed in the gabbroic facies stratigraphically above. 

The trend of increasing thickness towards W is related to the prominent lateral facies variations between 

ODV III and BRG I.  

The thickness decrease of BRG I at E is somewhat compensated by the development of a 

microgabbro domain further N, causing a bulging effect in the pyroxene gabbro I facies enclosing it 

(Figure II.13; Figure II.18E). Several narrow domains of pyroxene gabbro I occur within the microgabbro 

facies, (the opposite also being true). The internal limits between these facies are indiscernible, both 

facies cryptically grading towards each other. Locally, boulders of microgabbro enclose clinopyroxene 

megacrystals and clinopyroxenite fragments (Figure II.18E), suggesting an intrusive character of the 

microgabbro relative to the pyroxene gabbro I main facies.  

 

Figure II.17 (right page)- Schematic representation of two fronts of the Ventoso quarry where detailed observations 
and sampling of ODV III Upp G were performed: (A)- Different layers interbedded within pyroxene gabbro II: (i) mafic 
to ultramafic levels with distinctive darker coloration display pervasive hydrothermal alteration in all their visible extent 
which shows coarser grains of serpentinized Ol (Figure II.16E). A first set of ultramafic layers with up to 40 cm each 
is seconded by a set of layers with up to 15 cm thickness, a few meters up in the. The contact of the (ultra-)mafic 
layers with the enclosing gabbro is gradational in the thicker layers and becomes more evident with decreasing 
thickness of the layers, where it is rather sharp. (ii) The two layers of Porph Px (Ol) Gb with ca. 2 m thickness are 
placed stratigraphically between the two main sets of (ultra-)mafic levels. Conversely to the type (i) layers, Px Porh 
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(Ol) Gb levels can be easily followed outside the quarry due to their conspicuous texture (Figure II.16F). (B)- 
Transition from pyroxene gabbro II to the uppermost facies olivine leucogabbro II: the pyroxene gabbro II sequence is 
topped by a 50 cm thick Anorth level which is strongly deformed and altered adjoining a regional NNW-SSE shear 
zone (iv) intruded by pegmatoid dyke swarms. Within the transitional domain, a third and less conspicuous doublet of 
(ultra-)mafic layers (ca. 10 cm each) with Sulph disseminations are interbedded with an Ol Leucogb layer; as seen in 
the figure this sequence was sampled with great detail. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pyroxene porphyry gabbro represents the lowermost facies of BRG I Intermediate Group, (whose 

complete section is exposed at the Serrabritas quarry). The limited vertical extension of this facies 

together with its striking macroscopic characteristics, support its use as a mapping guide. It comprises a 
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fine-grained brownish matrix (denouncing high abundance of olivine) where rounded clinopyroxene 

crystals (< 20 mm) develop conspicuous poikilitic texture; significant accessory sulphide or oxide phases 

are absent. Excellent polarity criteria can be observed at the Serrabritas quarry as a consequence of the 

well-developed grain size layering within this facies. The pyroxene porphyry gabbro facies (Figure II.18F) 

grades to the olivine leucogabbro III facies, wherein  0.5 m thick anorthosite beds (sometimes with 

clinopyroxene or amphibole oikocrysts) occur, but are hardly followed outside the quarry. Stratigraphically 

above the anorthosites a transient increase of the mafic components leads to the development of olivine 

norite discrete layers; these norite layers host one of the occurrences of type III mineralization. 

Few meters above the sulphide bearing levels, there is an extensive (although heterogeneous) 

Fe-Ti-V oxide deposition (observed at the Serrabritas quarry) within the Upper Group oxide olivine 

leucogabbro facies. This facies is typically fine-grained and well layered, bearing the highest and laterally 

most homogenous oxide enrichment within BRG I Upper Group (notwithstanding its thin vertical 

expression). The oxide-rich olivine leucogabbro facies grades onto the oxide-rich pyroxene gabbro facies, 

which displays more heterogeneous oxide content, but distinctively well-developed magmatic 

foliation/lamination; well-developed rhythmic modal layering gives rise to two main rock types: (i) a 

medium to coarse grained (up to 5 mm) olivine gabbro where centimetre-scale bands of 

plagioclase/pyroxene  oxides (often with internal grading- Figure II.18G) are commonly observed and; 

(ii) subordinated fine-grained olivine gabbronorite often including distinctive orthopyroxene mega-crystals.  

BRG II Series 

The BRG I – BRG II transition is well exposed along the N of the EN 121 road. The vertical 

stratigraphic succession of BRG II Series comprises a repetition of mineralogically similar facies; thus, 

resulting in a conspicuous macro-rhythmic character. The repetition of gabbroic rocks occurs usually in 

pairs, with an olivine-rich pyroxene gabbro at the bottom, followed by a more fractionated olivine 

leucogabbro facies on top. Based on this feature, BRG II was divided in four Groups (Basal, Lower, 

Intermediate and Upper), each one encompassing a pair of those facies, whose generic features are 

described below; the Upper Group comprises a third facies (see below).  

All pyroxene gabbro facies have olivine gabbro as the main rock type, comprising a medium to 

fine-grained olivine-rich matrix (accounting for a typical reddish-brown colour in weathered outcrops) 

where centimetric (> 40 mm) pyroxene grain clusters provide a characteristic lumpy aspect. The lower 

portion of each facies normally presents the most mafic mineralogy and coarse-grained texture (“P” on 

the geological map) which corresponds to olivine melagabbro and, locally, to clinopyroxenite. Thin layers 

(10-20 cm) of clinopyroxenite are common at the Figueirinha quarry (Figure II.18H); the morphology of 

the extremely coarse-grained ( 30 mm) clinopyroxenite rocks hosting type III mineralization is not known 

due to their submersion during the timing that field work was undertaken.  
 

Figure II.18 (Right page)- Selected hand-sample and field features. (A)- Large Opx crystals (with disseminated 
Sulph) in BRG I Low G pyroxene gabbro I; (B)- BRG I Low G olivine leucogabbro II showing fine scale rhythmic 
layering with (near-monomineralic) decimetric bands of alternating composition; (C)- Cumulate lenses of very coarse-
grained (≤ 8 mm) Ol melagabbro in BRG I Low G olivine leucogabbro II; (D)- Anorth mingled with Gb (s.l.) within BRG 
I Low G olivine leucogabbro II (adjoining cumulate lenses depicted in C); (E)- Microgabbro (BRG I Low G pyroxene 
gabbro I), including Cpx megacrystals (left); (F)- BRG I Int G pyroxene porphyry gabbro showing well-developed 
grain-size graded layering and polarity criteria; (G)- Centimetric bands of Pl and Px  Oxd, showing internal modal 
grading within BRG I Upp G oxide-rich pyroxene gabbro; (H)- Medium-grained clinopyroxenite thin layers in BRG II 
Px Gb facies; (I)- BRG II Bs G pyroxene gabbro marking the BRG I – BRG II transition. All graphic scales=1cm. 
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Moving upwards in the Series, as well as within each individual pyroxene gabbro facies, the mafic 

character and mineral grain size tend to decrease. Locally, porphyry (clinopyroxene rounded crystals) 

instead of poikilitic textures prevail (brown “m” in the geological map); the porphyry rocks usually bear 

less abundant mafic components (olivine + clinopyroxene  plagioclase). The Basal Group pyroxene 

gabbro (at the BRG I – BRG II transition) is the most remarkable example of pyroxene gabbro facies: it 

can be followed for several kilometres, therefore being one outstanding guide-horizon within LGS western 

sector (Figure II.18I).  

Within each Group, the transition from pyroxene gabbro to olivine leucogabbro facies is usually 

gradual. Olivine leucogabbro from the Basal and Lower Groups locally comprises leucotroctolite. Mineral 

segregation bands, well-developed magmatic lamination (sometimes displaying convolute patterns) and 

fine scale rhythmic layering are common features in olivine leucogabbro from Basal and Lower Groups 

(Figure II.19A, B and inset therein). In stratigraphically higher Groups, the upper portions of olivine 

leucogabbro facies can locally reach (very coarse-grained) anorthositic rock-types. In the Upper Group 

the usual sequence of pyroxene gabbro III is followed by a particularly thick olivine leucogabbro III facies 

and a third porphyry pyroxene gabbro facies. The transition is well-exposed in the area between Cabeço 

de Serpe and Monte Fialho (sheet nº 520 of the 1:25 000 topographic maps), where the very last olivine 

leucogabbro layer grades to a coarse-grained anorthosite that abruptly shifts into the porphyry pyroxene 

gabbro facies (Figure II.19C). The matrix of porphyry pyroxene gabbro facies basal layers is enriched in 

olivine, becoming gradually more leucogabbroic upwards. Accordingly, the main rock type varies between 

olivine gabbro and olivine leucogabbro; however, cumulate domains of olivine melagabbro are locally 

abundant (brown “C” in the geological map). Under favourable outcropping conditions, grain-size and fine 

scale rhythmic layering features, involving mostly clinopyroxene oikocrysts, can be identified. 

Metal enrichment of BRG II are quite straightforward: pyroxene gabbro facies usually show 

sulphide disseminations, particularly in cumulate “P” domains, whereas olivine leucogabbro facies may 

display local, (although significant), interstitial oxide enrichment. At the Figueirinha quarry, an exploitation 

front that is tentatively correlated with the Lower Group olivine leucogabbro I presents very high oxide 

enrichment; these rocks display a very unusual texture, having a core of coarse grained olivine 

leucogabbro surrounded by fine-grained gabbronorite in which all olivine seems to have reacted to form 

orthopyroxene. The more important sulphide-rich domains of BRG II occur within the Lower Group, being 

worth noting the following occurrences: (i) nearby the Mira windmill (sheet nº 509, 1:25 000 topographic 

map) and (ii) in the Figueirinha quarry, the most important case-study of type III mineralization.  

Border Group (BG) 

BG includes a complex suite of igneous rocks, namely the heterogeneous anorthosites from 

border facies and troctolites. 

Anorthosites in the border facies comprise a matrix of subhedral plagioclase with greyish grain 

cores that are surrounded by a white, dull envelope of feldspar sub-grains; thus, forming a mortar texture 

(Figure II.19D). Veins of variable geometry and thickness, filled by mineral aggregates (macroscopically) 

similar to those included in the mortar envelopes, crosscut the matrix. The mortar anorthosites include 

abundant heterometric, partly digested and variably retrograded, fragments of gabbroic rocks and other 

coarse mineral aggregates; the latter represents coarse-grained rock facies disruption (e.g. pyroxenite; 
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Figure II.19F). Frequently, these mineral or rock fragments appear to have been rotated, stretched and 

disrupted by the anorthosite, forming inter-fingered complex arrangements. During this process, 

anorthosites incorporate an additional mafic gabbroic component that recrystallizes to form interstitial, 

randomly oriented aggregates of green amphibole ( chlorite  serpentine). Gabbro is gradually digested, 

leaving behind a trace of amphibole aggregates (Figure II.19D). 

Rocks similar to those included in the border facies are also found outside the BG cartographic 

domain, intruding the gabbroic facies and sometimes forming dyke swarms (e.g. Figure II.19E, F, G). 

These occurrences encompass rocks more evolved than those of border facies and are included in the 

ATT (anorthosite-tonalite-trondhjemite) suite (section II.4.4). Given that the BG cartographic domain is 

basically devoid of outcrops, comprehensive characterization of the drill cores obtained by Rio Narcea SA 

at the Figueirinha quarry in 2005/06 was crucial in clarifying the relationships between the ATT suite and 

the border facies. The drill-cores clearly put in evidence the late intrusive character of both the border 

facies and ATT suite relative to gabbroic rocks; coalescent dyke swarms form several centimetric pods 

and lenses that intrude the gabbroic rocks (Figure II.19E and G). 

BG troctolites show mineralogical and textural features that support their correlation with troctolite 

lenses occurring within SB I Series (Soberanas sector; see Figure II.20 A- BG leucotroctolite and Figure 

II.15C, D- more mafic examples from SB I). Unfortunately the drill-holes made at the Figueirinha quarry 

did not bring any enlightenment in what concerns the presence of troctolite (blocks?) in the BG; ultramafic 

fine-grained fragments (not studied in this project) are visible in the drill-cores within a pyroxene gabbro 

facies (Figure II.19H). Within larger outcropping domains of BG troctolite the plagioclase : olivine  

pyroxene ratio chiefly decreases towards W and very coarse pyroxene cumulates (“P” in the geological 

map) become the most common rock type.  

II.4.4. BIC mesocratic/felsic rocks  

During field work it was verified that the nature and extent of magmatic events that followed the 

emplacement of LGS gabbroic rocks are far more complex (and significant) than what was initially 

supposed. Because the influence and nature of the non-gabbroic events are quite distinct within the four 

mapped sectors (and in different domains therein), a classification scheme reflecting their distinct 

mineralogical and emplacement features had to be dynamically adjusted in face of on-going observations. 

Two main categories of non-gabbroic rocks were primarily identified: marginal diorites and felsic rocks 

(most commonly as dykes).  

 

 

 

Figure II.19 (right page)- Selected hand-sample and field features. (A)- Mineral segregation bands of alternating 
anorthositic/mafic composition with associated strong magmatic foliation in BRG II Low G olivine leucogabbro I; (B)- 
Fine scale rhythmic layering with associated strong magmatic foliation displaying convolute layering in BRG II Bs G 
olivine leucogabbro; (C)- BRG II Int - Upp G transition: the very last layers of olivine leucogabbro III grade into  
coarse-grained anorthosite that abruptly shifts into the porphyry pyroxene gabbro; (D)- border facies mortar 
anorthosite: transition from altered gabbro that is gradually digested, leaving a trace of Amph aggregates; (E;G)- 
Dyke swarms (locally small pods) of border facies mortar anorthosites intruding the gabbroic rocks; (F)- ATT suite 
rock showing abundant heterometric, partly digested and variably retrograded, fragments of a Cpx-rich coarse 
grained gabbro; (H)- Fine-grained ultramafic fragments in BRG I Bs G pyroxene gabbro I (drill-cores at Figueirinha 
quarry). Graphic scales=1cm. 
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While progressing in the Ferreira-Beringel sector, a third category comprising a wide spectrum of 

(commonly) deformed anorthosites, tonalites and trondhjemite turned out to be increasingly important and 

was labelled as the ATT suite. A fourth category of undeformed mesocratic rocks occurs at the N and S 

boundaries of the Ferreira-Beringel sector and appears to be distinctively more quartz-rich (locally 

including K-feldspar) than the marginal diorites of the Odivelas and Ventoso sectors, (which include 

(quartz-diorite, tonalite and rare granodiorite). Because their relationship with the Odivelas and Ventoso 

sectors marginal diorites is uncertain, this assemblage was labelled under the designation of 

granodiorites (below described along with the diorites and related amphibolitic gabbro). The pegmatoid 

dykes that intrude ODV III Series are regarded as a sub-category on their own. 

II.4.4.1. Diorites, amphibolitic gabbros and granodiorites  

Macroscopically, diorites and granodiorites can be characterised by variable proportions of 

amphibole ( clinopyroxene), plagioclase and quartz. The plagioclase included in these rocks is more 

whitish and milky than the usually darker and more translucent plagioclase enclosed in the gabbroic 

rocks. For both suites, grain-size is quite variable, ranging from microgranular to coarse-grained, nearly 

pegmatoid types (e.g. Figure II.20B).  

Diorites and amphibolitic gabbros 

The diorite unit outcrops at the NE extreme of the Ventoso and Odivelas sectors, where it 

contacts with LGS. The compositional range for Odivelas and Ventoso diorites is observed in individual 

samples as in self-intruding phases. Tonalitic phases are commonly seen intruding and/or including 

fragments of fine-grained diorite; brecciation features predominate (Figure II.20C), locally developing 

jigsaw-puzzle textures. However, some degree of mingling between different melt phases is likely to have 

occurred, as suggested by the rotation, stretching and resorption of mafic fragments within the matrix of 

the intruding phase (Figure II.20D). These features agree with the observations reported by Santos 

(1990) for the diorite unit at Odivelas (see section II.2.3.2). 

At Odivelas, the contact between LGS and diorites is gradual (in most places). A significant part 

of the NE outcropping portion of the Lower and Intermediate Groups of ODV I Series are affected by an 

halo of moderate to strong hydrothermal alteration (see mineralogy in III.1.1.3) which intensifies towards 

the contact with the diorites. Near the contact, newformed dark brown amphibole oikocrysts ( 5 cm) 

overgrow strongly altered, (utterly unrecognizable) gabbroic mineral assemblages, finally giving way to 

the diorite rocks. The area where amphibole oikocrysts bearing rocks occur corresponds to the proximal 

amphibolitic gabbro domain (“h” symbol in the geological map), whereas the broader metasomatic halo 

where the distinctive amphibole oikocrysts are absent is referred as the distal amphibolitic gabbro 

domain; the transition between these domains is best seen along a W-E cross section along the Odivelas 

river, E of the village. Locally, the diorite-LGS contact is displaced a few meters by late sub-vertical faults 

with N-S to NW-SE trend (as observed at the S margin of the Odivelas River). 

To the North of the Odivelas village, a ca. 200 m strip of strongly deformed and metasomatized 

gabbro and diorite boulders separates the diorite unit from the Intermediate Group anorthosite, 

suggesting the existence of an important tectonic contact between both units (Jesus, 2002). In this area, 

(at the NW contact with ODV I Series), the diorite unit has a wider cartographic extension (Jesus, 2002; 

Figure II.13) than what was initially considered by Andrade (1983), confirming observations made by 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

66 

Santos (1990). 

Within the Ventoso sector, the amphibolitic gabbro aureole is absent and the contact is partially 

traced by discrete E-W shear zones that exhibit moderately thick (ca. 2 m) siliceous-carbonate 

hydrothermal precipitate infillings. It could be argued that the observation of the amphibolitic gabbro 

aureole is hindered by the extremely poor outcropping conditions within this domain. However, (as seen 

the Odivelas sector), such strong alteration should be observable at least in rocks sampled nearby the 

contact, which is not the case11. Deficient outcropping conditions may, however, account for the imprecise 

nature of the contact nearby the NNW-SSE shear zone, which most likely corresponds to the actual 

gabbro-diorite contact (see Figure II.13). Both at the Odivelas and Ventoso sectors, there are profuse 

dyke swarms of felsic rocks at the contact with the marginal diorites. 

Granodiorites 

Santos (1990) refers the existence of diorites between the LGS and the volcanic rocks of the 

Peroguarda region, (to the N of the Ferreira-Beringel sector). The granodiorite indeed confirms the 

existence of diorite-like rocks in this region. Partially digested and metasomatized xenoliths of gabbroic 

rocks (Figure II.20 E) are common near the contacts with LGS, as exemplified by several samples of 

granodiorite collected at the Peroguarda region. The actual nature the contact between the three major 

units, LGS–metavolcanic rocks (V1/V7)–granodiorite as described by Santos (1990) cannot be asserted 

due to poor outcropping conditions.  

Granodiorite rocks also occur in wide domains to the S of the Ferreira-Beringel sector, intruding 

both the LGS and BAOC (Figure II.20F; see also Figure II.13). The outcropping pattern and the closed-

space occurrence of several focus of granodiorite suggests a large-scale geometry formed by small pods 

(laccoliths?) interconnected by dyke swarms. LGS rocks are absent at the most densely intruded domains 

and pervasively altered in the surroundings; however, the high profusion of WNW-ESE shear zones may 

also account for the hydrothermal alteration. Small topographic rises suggest that granodiorite impinged 

the gabbro layers while intruding them, leading to strong silicification processes; together, these features 

may have promoted the differential erosion of these domains later on.  

 
 

Figure II.20 (right page)- Selected hand-sample and field features. (A)- BG troctolite; (B)- Coarse-grained quartz-
diorite (diorite unit, Ventoso sector); (C)- Tonalitic phase intruding a fine-grained dioritic phase developing a 
brecciated jigsaw-puzzle texture (diorite unit, Odivelas sector); (D)- Tonalitic phase including rotated, stretched and 
resorped fragments of a more mafic and fine-grained diorite (diorite unit, Ventoso sector); (E)- Strongly altered 
granodiorite including partially digested and metasomatized xenoliths of gabbroic rocks (N of the major WNW-ESE 
shear zone that bounds LGS at Peroguarda, Ferreira-Beringel sector); (F)- Granodiorite that intrudes LGS and BAOC 
rocks to the W of Mombeja (Ferreira-Beringel sector); (G)- Pegmatoid dyke that intrudes ODV III Upp G pyroxene 
gabbro II facies (Ventoso sector); (H)- Typical texture of a rock devoid of gabbroic clasts included in the ATT suite 
showing important deformation and mortar texture; collected in a dyke swarm that intrudes BRG II Series N of 
Mombeja; (E)- A bench in the Figueirinha quarry where a massive dyke swarm of (mostly trondhjemite) rocks 
included in the ATT suite intrude and metasomatise BRG II Series; (I)- Typical textural features of the most evolved 
rock-types (trondhjemite) included in the ATT suite; (J)- Dyke-hosted felsic rock with coarse feldspar grains 
developing harrisitic texture towards the core of the dyke; (K)- BRG I Low G pyroxene gabbro I intruded by ATT suite 
rocks, the whole assemblage displaying strong deformation and a well-developed planar fabric due to proximity of a 
E-W shear zone; (L)- Dyke-hosted felsic rock with compositional and textural zoning: highly differentiated hyaline Qz 
core, to milky Qz and Qz + Fp micrographic texture (BRG I Int G, Serrabritas quarry). Graphic scales=1cm.  

                                                      
11 e.g. Sample CVD-19A, representative of ODV III Series olivine leucogabbro I (Lower Group) collected at the contact is remarkably 
preserved; see sample map Figure A.2., Appendix A- Vol. II. 
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II.4.4.2. Pegmatoids 

Pegmatoid dykes are well exposed at the Ventoso quarry and a few occurrences were spotted in 

the surroundings of the quarry. These rocks seem to be restricted to the upper section of ODV III, 

particularly the pyroxene gabbro II facies. Pegmatoids comprise a matrix of albite where subhedral 

amphibole crystals grow with random orientation. The pegmatoid dykes usually have 10 - 20 cm 

thickness and form several sets of swarms. The extent of alteration in the hosting gabbroic rocks is 

limited to a millimetric, diffuse (white) rim, surrounded by a centimetric band of weakly amphibolitized 

gabbro (Figure II.20G). Dyke swarms seem to be fed from above by narrower (3 cm) dykes (with very 

well defined limits and a thin alteration margin), which then gradually thickens, forming larger pockets. 

Undeformed pegmatoid dykes are also present in lately opened areas along major NNW-SSE shear 

zones and are displaced by secondary NW-SE structures. Moderate deformation related to compaction is 

observed to develop sub-parallel to the layering planes. Adjoining pegmatoid dyke swarms, there are a 

few dykes of quartz-rich pegmatoid type, in which centimetric amphibole crystals display harrisitic texture; 

these quartz-pegmatoids may represent a later, presumably more evolved, segregation from the most 

abundant pegmatoid type. 

II.4.4.3. Anorthosite-tonalite-trondhjemite- ATT suite  

This suite includes rocks with textural features akin to those belonging to the border facies; 

however, the ATT suite occurs outside the delimited cartographic domain of BG and comprises a broader 

and more evolved anorthosite–tonalite-trondhjemite compositional spectrum12.  

Likewise border facies rocks, the ATT suite includes coarse grained, plagioclase-rich rocks 

which, (disregarding the mafic component that can be assimilated from the gabbro), have less than 10 % 

modal mafic minerals (accessory amphibole or biotite). Quartz proportions, albeit variable, can exceed 

20% in the most evolved rock-types. Rocks devoid of gabbroic “clasts” show important deformation and 

mortar texture (Figure II.20H), whereas quartz-richer rocks with less conspicuous plagioclase grains, are 

usually hosted in less deformed dyke swarms, (such as those exposed at the Figueirinha or Serrabritas 

quarries; Figure II.20I, and II.21A, B). 

The most prominent feature of the ATT suite is, (likewise border facies), the prominent tendency 

to assimilate mineralogical components of the gabbroic phase during the intrusion process (see detailed 

descriptions and depiction of those features at the BG sub-section). The ATT suite profusely intrudes the 

gabbroic rocks and is noticeably associated to NW-SE (less significantly N-S) (semi-)ductile shear zones. 

High strain conditions coupled with magmatic heat from the syn-tectonic intrusion of these melts along 

shear zones lead to partial melting and mingling with the host gabbroic rocks (suggesting they were still at 

high residual magmatic temperatures), the resulting hybrid melts then materializing conspicuous planar 

fabrics sub-parallel to the shear corridors (Figure II.21C, Figueirinha quarry). Strong deformation and 

mingling with the gabbros can ultimately make difficult a distinction of the exact nature of the original 

intruding magma based on simple hand-sample observation.  

                                                      
12 The three root names in the QAPF classification diorite, gabbro and anorthosite, are separated according to their colour index but 
also to the average composition of plagioclase: if mafic minerals occur in modal proportions less than 10%, the rock is an 
anorthosite / tonalite in opposition to gabbro/diorite; however, only on the basis of the anorthite molecular weight in plagioclase (An 
%) can a rock be accurately classified as a gabbro/anorthosite (An > 50%) or diorite / tonalite (An< 50%; tonalite if quartz > 20%). 
Therefore the rock classifications presented in this section make use of information given in the mineral chemistry section. 
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The ATT suite is locally seen along the N boundary of LGS (Figure II.20K); however, its 

abundance increases towards S forming a large-scale dyke-swarm that envelops BG. This suggests a 

continuum compositional spectrum between the ATT suite and the border facies (s.s.), mainly conditioned 

by the degree of differentiation attained by the late-intruding magmas while migrating further away from 

the main magmatic centre. 

II.4.4.4. Felsic rocks 

Felsic rocks form dyke swarms within which (variably altered) gabbros are still recognizable. They 

may occur over wide areas, suggesting their emplacement as relatively large sills or laccoliths (see 

Figure II.13). The mineralogy of these rocks is relatively simple, comprising alkali feldspar, quartz and 

accessory mica (biotite or muscovite); thus, classifying them as alkali-feldspar granites, according to 

Streckeisen’s nomenclature. They are invariably light-coloured and depending on the absence or 

presence of K-feldspar, whitish or pinkish varieties occur. Grain size and texture are highly dependent on 

the mode of emplacement. Larger sill areas comprise mainly isotropic rocks with fine to medium grained 

size, sometimes developing granophyric texture. Dyke-hosted felsic rocks present the highest 

compositional and textural variation and often exhibit strong zoning within the same dyke: a highly 

differentiated hyaline quartz-rich core grades into to milky quartz and fine graphic intergrowths of quartz - 

white feldspar in the borders; locally, millimetric quartz channels can be seen coalescing towards the 

quartz-rich core of the dyke (Figure II.20L). Coarse feldspar grains developing harrisitic texture towards 

the core of the dyke are also common in dyke-hosted late magmatic felsic rocks (Figure II.20J).  

II.4.5. Structural analysis  

The most important structural features that constrain the currently observed LGS internal 

architecture (magmatic layering and shear zones) are analysed in this section. The available data for 

magmatic layering on the western compartment of LGS are not evenly distributed as a consequence of 

highly heterogeneous outcropping conditions (there are virtually no layering measurements for the 

Ferreira Beringel sector, near the LGS border, in the western ca. 4 km wide corridor). Elsewhere, the 

magmatic layering can be observed and measured without ambiguity. The available measurements 

(n=290) for magmatic layering can be used to characterize its spatial variation, orientation and associated 

magmatic foliation, within the various sectors, Series or Groups. Discarding local disturbances ascribable 

to late deformation (imposed by various shear zones), such information can be useful as an insight to the 

physical constraints of the fossil magmatic chamber. 

A complex network of shear and fault zones is responsible for dismembering and heterogeneous 

deformation of LGS and associated mesocratic/felsic rocks. Associated with these structures, there are 

hydrothermal alteration haloes of variable intensity superimposed on the gabbroic rocks primary features. 

Partial sector views of the LGS structural map (introduced in section II.4.5.1; full-scale version in Figure 

A.5, Appendix A- Vol. II), allow observing all mapped shear or fault zones and related foliations which, 

for the sake of legibility are not represented in other maps13; thicker outlined structures correspond to 

those that displace LGS inner or outer limits, as well as the adjoining geological units.  

                                                      
13 As a consequence of this criterion, a number of structures are under-represented in common geological maps, namely the 
(usually subvertical) discrete shear or fault zones striking N-S to N15º, which typically have very limited cartographic extension. 
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Figure II.21- Selected field features. (A-C)- Massive dyke swarm of ATT suite rocks that intrude and metasomatise 
BRG II Series at the Figueirinha quarry; these rocks (lighter mineral bands) develop strong planar fabric along with 
the intruded gabbro within major NW-SE ductile shear zone (BRG II Series), (D)- Sub-vertical magmatic foliation sub-
parallel to a N80ºE shear-zone (SB I Series) with associated mineral segregation bands; (E-F)- Coarse-grained 
isotropic (E) and deformed (F) pegmatoidal segregations in olivine leucogabbro at SB I; (G-I)- Distinctive aspects 
evidencing the ductile, syn- magmatic character of deformation in SB I Series, observed in loose blocks along the 
Soberanas river: poorly oriented deformation texture along discrete shear bands (G); mineral segregation bands (H) 
and wisps (I). 
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The structural analysis of the deformation affecting LGS (section II.4.5.2), allows asserting the 

relative importance of mapped fault and shear zones; the available data-base includes: (i) measurements 

(n=700) performed on plane/shear zones and related foliations; (ii) qualitative field based information 

regarding the conditions in which deformation progressed; (iii) mineral assemblages that characterize the 

metasomatic halos or fault infillings, which allow to roughly establish the temperature conditions and 

water-rock ratios that characterize the fluid circulation in the vicinity of the mapped structures.  

A section is devoted to the integrated discussion of the various structural features, with emphasis 

on the magmatic layering. Within LGS, distinct layering types were recognized requiring proper 

explanation. The main issue to be addressed is, therefore, what mechanisms operating at different stages 

of the magmatic consolidation promoted the development of the various layering features. Finally, the 

correlation of the analysed structural features with the relative chronology of regional (Variscan) 

deformation events will be tentatively performed. This analysis represents a further step towards 

unravelling the role of LGS within the framework of the OMZ southern border geodynamic evolution. 

II.4.5.1. Magmatic layering and associated features 

General observations made during this study are in accordance with what was reported by 

previous studies (Silva et al., 1970; Andrade, 1983; Santos, 1990), indicating a regional WNW-ESE trend 

and gentle dip to the S-SW for the magmatic layering within LGS. Locally, even tough all the normal 

features of the layering can be identified (coupled with magmatic foliation or not), strongly diverging 

orientations relative to the regional trend are observed. Taking in consideration the pervasive regional 

trend, all layering measurements exhibiting dip towards N or with azimuth  N90º, can thus considered to 

be “anomalous”. Within the surveyed area, a total of nine “anomalous” layering orientations were 

observed in close proximity to shear zones (or at the confluence of several), suggesting that they 

represent local anomalies induced by strong mechanical deformation. 

Although these “anomalous” layering measurements were excluded from their original 

populations when computing preferred mean orientations values, they are displayed as red colour 

symbols in the structural map shown in Figure A.5 (Appendix A- Vol. II). Additionally, the layering 

surfaces are sometimes themselves tectonically activated and parallelized to the shear zones, most 

commonly in late, semi-brittle reactivations (e.g. at the eastern extreme of BRG I Lower Group pyroxene 

gabbro). 

Magmatic layering regional trend  

A first inspection of the dataset as a whole reveals a wide range of orientations within the NW 

quadrant with a preferred mean orientation of N119º, 28ºSW (Figure II.22). The relatively large variation 

obtained for layering strike can be more clearly envisaged in a frequency histogram that evidences a 

normal distribution with a slight asymmetry towards E-W directions (Figure II.23). 

More than 50% of the measurements fall within the [N110º-N130º] interval, and almost 90% 

within the [N90º-N140º] interval. Layering typically shows moderate dip towards S-SW and a much more 

restricted range of variation with a mode centred on the class interval [25º-30º]. Dip distribution is strongly 

skewed towards low values (with a cut-off at  15º). Extreme values of layering dip (<5º or >80º) were 

measured at mechanically reactivated contacts near the border of the intrusion (BRG II Series Upper 

Group pyroxene porphyry gabbro).  
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Figure II.22- Contoured density plot projection of the poles (N hemisphere of Schmidt projection) of all available 
measurements for magmatic layering (n=291) showing a preferred mean direction N119º, 28 SW. 

Figure II.23- Histograms for computed statistical absolute frequency for strike (A) and dip (B) of the layering 
showing moving average trend lines (period=2); n= number of measurements. 

Magmatic layering local trends 

Within individual domains of each mapped sector, it is possible to establish preferential layering 

orientations. Sub-populations were defined for each Series (or Groups for the wider BRG I and BRG II 

Series), for which individual stereographic contoured plots and histograms for layering dip are presented 

below.  

At Soberanas, the measured layering (n=1; evolved, northern portion of SB I Series), strikes 

N118º and dips 30ºSW (Figure II.24). 

Within the Odivelas Sector, the two Series present quite distinct layering trends. ODV I (n=21) 

shows a mean preferred orientation of N123º, 23ºS though different domains therein exhibit markedly 

distinct trends (Figure II.25). The central domain displays a strong preferential NNW-SSE trend for 

layering strike; this trend most results of constraints imposed by the bounding complex shear-conjugate 

system that crosscuts the Odivelas sector, (comprising two major shear zones with NNW-SSE and NW-

SE orientations to the E and W, respectively). Despite the absence of measurements in the adjoining 

eastern domain, a similar trend can be inferred based on patterns defined by geological mapping and 

vertical magnetic field data. Towards (and within) the western domain, there is a gradual shifting of the 
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layering direction towards NW-SE or WNW-ESE. Outside this tectonically bounded block, ODV I Upper 

Group rocks present a WNW-ESE strike that also characterizes the pervasive layering orientation of ODV 

II Series (n=19; preferred mean orientation N107º, 25ºSW). Low dipping layering is a prominent feature of 

the Odivelas sector; particularly, on ODV I Series where several layering measurements dipping less than 

20º were observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.24- Structural map of the Soberanas sector showing only the contours of individual SB I and II facies; 
captions as in Figure II.13 

 

ODV II Series low dipping values (<15º S) are associated to tectonic activation of layering 

surfaces. Evidence for layering tectonic activation under semi-ductile to brittle regimes is given by large 

wave-length, smooth folding of layering surfaces (Figure II.16C, section II.4.3) and imbricate discrete 

faulting (Figure II.16D, section II.4.3), respectively. A set of measurements with dip > 35º for ODV II 

Series are also related to local tectonic disturbance adjoining late strike slip faults. Disregarding those 

tectonic domains, ODV II Series has a well marked mode of dip distribution around 25º, in accordance 

with the mean preferred dip based on the vector data (Figure II.25).  

At Ventoso, the narrow outcropping area of ODV III Series is represented by a small number of 

layering measurements (n=8) which strongly cluster around a mean preferred orientation of N144º, 

26ºWSW (Figure II.26). 

 

Figure II.25 (next page)- Contoured density plot projection of the poles (N hemisphere of Schmidt projection) for 
layering orientation and histograms for computed statistical absolute frequency for layering dip in ODV I (A) and ODV 
II Series (B); in parenthesis is the mean preferred direction and the number of measurements (n) for the population. 
(C)- Structural map of the Odivelas sector showing only the contours of individual ODV I and II facies; captions as in 
Figure II.13.  
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Figure II.26- (A) Contoured density plot projection of the poles (N hemisphere of Schmidt projection) and histograms 
for computed statistical absolute frequency for layering dip for ODV III Series; in parenthesis is the mean preferred 
direction and the number of measurements (n) for the population. (B)- Structural map of the Ventoso sector showing 
only the contours of individual ODV III facies; caption as in Figure II.13. 

 

Layering in BRG I Series (n=93) shows a preferred mean orientation of N126º, 26ºSW with very 

regular strike both vertically, (i.e. along the three Groups), as well as laterally (i.e. within each Group; 

Figure II.27). The most noticeable variation consists of a stronger NNW-SSE trend for layering strike 

observed at the western limit of LGS outcropping area (see the structural map for BRG I and II Series- 

Figure II.28). Even though a substantial part of this area outcrops poorly, a layering trend can be inferred 

on the basis of the geological facies succession pattern and vertical magnetic field map14. There is an 

obvious overlap between layering trends in the outcrop-poor area and those of the domain where 

important NW-SE to WNW-ESE shear zones affect LGS. Therefore, the virgation of the layering coupled 

with the patterns displayed by vertical field magnetic maps at and beyond the limit of this domain, is most 

likely a large-scale tectonic induced feature. 

. 

                                                      
14 Such interpretation of the vertical magnetic field maps is possible despite the existence of several data gaps in data acquisition, 
due to former existence of several Cu-prospects; in many of those areas large vine cultures are sited where in our days. 
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Figure II.27- Contoured density plot projection of the poles (N hemisphere of Schmidt projection) for layering 
orientation and histograms for computed statistical absolute frequency for layering dip for BRG I Series as a whole 
(A) and for each of the three Groups (G): (B)- Lower (Low); (C)- Intermediate (Int); (D)- Upper (Upp). In parenthesis is 
the mean preferred direction and the number of measurements (n) for the population. 

 

Figure II.28- (right page) Structural map of the Ferreira Beringel sector showing only the contours of individual BRG I 
and II facies; caption as in Figure II.13. 
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Figure II.29- (Next page) Contoured density plot projection of the poles (N hemisphere of Schmidt projection) for layering orientation and histograms for computed statistical absolute frequency for layering dip for BRG II Series as a whole (A) and for each of the four 
Groups: (G): (B)- Basal (Bs); (C)- Lower (Low); (D)- Intermediate (Int); (E)- Upper (Upp). In parenthesis is the mean preferred direction and the number of measurements (n) for the population. 
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For the BRG I Lower Group there is a strong asymmetry on the distribution towards lower dip 

values for the (n=45), which further accounts for the considerably lower mean preferred dip computed on 

the basis of vector data (27º) relative to the histogram mode (bin [30º-35º]; Figure II.27). The Upper 

Group (n=31) shows an opposite trend, with a clearly skewed distribution towards higher layering dip 

values. The Intermediate Group, encompassing a more restricted population of data (n=17), exhibits a 

bimodal frequency distribution for layering dip, which makes it difficult to define a clear trend. Vector-

based mean preferred dip values place the Intermediate Group layering dip within the range shown by 

Lower and Upper Groups (Figure II.27). 

Layering in BRG II Series (n=146) shows a mean preferred orientation of N113º, 29º SW and a 

conspicuous strike variation across the four Groups (Figure II.29). From Basal to Upper Groups, layering 

direction shows a consistent rotation from NW-SE to WNW-ESE. At many places (particularly within 

Intermediate and Upper Groups; Figure II.28), layering is often parallel to the E-W direction. 

Notwithstanding this strong trend, the transition towards the most tectonised domain near LGS western 

border is, (likewise on the BRG I Series), marked by a strong virgation of layering direction towards NW-

SE. This trend is also pervasive within the border facies as evidenced by a couple of measurements 

(obtained at less disturbed locations) and the cartographic pattern shown by the BG itself. BRG II Series 

shows more complex layering dip trends than those of BRG I. Disregarding a few measurements with 

steeper inclination, Basal and Intermediate Groups show a frequency distribution with a greater weight on 

lower dip values, with Intermediate Group showing a somewhat more symmetric distribution. The Lower 

and Upper Groups, (with larger data populations), have clear asymmetric distributions towards steeper 

dipping layering. 

Figure II.30 shows plots for layering where magmatic foliation data (n=56) is associated, 

according to the definitions presented in section I.1 (Vol. II). The mean preferred orientation for the 

layering with foliation sub-population (N114º, 31ºSW) does not differ significantly from the mean value of 

the regional trend of layering (N119º, 28º SW). However, rose diagrams for layering strike, clearly put in 

evidence that directions closer to E-W [N90º-N100º] are more prone to develop magmatic foliation in 

association with layering, followed by those within the [N110º-N120º] interval. 

II.4.5.2. Shear zones and late strike-slip fault zones  

Based on observations performed during field work, several groups of shear and fault zones were 

defined according with the conditions of progressive deformation.  

Deformation conditions for shearing within LGS and related metasomatism 

Rocks adjoining and/or within shear zones often show variably penetrative fabrics, defining planar 

foliations. The most penetrative foliations are found in association to ductile and semi-ductile shear 

zones; they result from reordering of primary textural features of gabbroic facies (e.g. deformed mineral 

aggregates), as well as from syntectonic growth of new-formed minerals, or combinations of both. 

Foliations associated to semi-brittle shear zones or late strike-slip faults are much less penetrative 

relatively to those associated to (semi-) ductile shear zones. They mostly comprise discrete shear planes 

sub-parallel to the main fault zone, locally reinforced by the preferential growth of new-formed amphibole-

chlorite aggregates along the shear planes. Because the nature of these foliations is compatible with the 

deformation conditions (ductile, semi-ductile or semi-brittle) in which shearing progressed, they can be 
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envisaged as contemporary to the genesis of the shear zones to which they are spatially associated.  

 

 

Exploratory infrared spectroscopic analysis on fault-gauge infilling of samples from distinct shear 

and fault populations at the Serrabritas quarry was performed using a PIMA portable infrared 

spectrometer. Results identified different proportions of carbonates (calcite and siderite), phyllosilicates of 

the smectite group (mostly montmorillonite with minor nontronite) and illite. The only distinctive feature 

among the several groups of structures consists of a larger carbonate contribution on shear zones with 

general NW-SE orientation relative to those running along the NE-SW direction, particularly strike-slip 

A 

Figure II.30- (A)- Contoured density plot projection of the poles (N hemisphere of Schmidt projection) for layering 
orientation of all available measurements of magmatic layering with associated foliation (n=56) showing a 
preferred mean direction of N114º, 31ºSW. 

B C 

tick interval = 5% ≈ 14.6 data; max. = 21.0% ≈ 61 data tick interval = 5% ≈ 2.8 data; max. = 25% ≈ 14 data

Figure II.30 (continued)- (B)- Rose diagram for layering with associated foliation strike; (C)- Rose diagram for 
layering strike classified for relative proportion of measures referring to simple layering (black) and layering with 
associated foliation (grey). All rose diagrams have 10º sectors. 
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fault zones. The composition of the original adjoining rock has an important control on the chemical 

nature of the mineral mixtures that comprise fault-gauge infillings at a very broad scale, e.g. felsic rock 

dykes versus gabbro. However, beyond that, there is a fairly homogeneity of the chemical nature of the 

studied fault and shear zone infillings, all recording the circulation of prevailing aqueous-carbonic fluids.  

Major trends for shearing within LGS 

Because most shear and fault zones (and their associated foliations) are subvertical, rose 

diagrams for strike (with 10º sectors) were chosen to depict structural observations (Figure II.31).  

A B 

tick interval = 3% ≈ 7.9 data; max = 15.6% ≈ 41 data tick interval = 3% ≈ 1.1 data; max.= 15.8% ≈ 6 data

C D 

tick interval = 5% ≈ 0.7 data; max. = 21.4% ≈ 3 data tick interval = 5% ≈ 1.0 data; max. = 31.6% ≈ 6 data

Figure II.31- Rose diagrams for ductile and semi-ductile shear zones and related foliations. (A)- Ductile and semi-
ductile shear zones (n=263); (B)- Foliations associated to ductile and semi-ductile shear zones (n= 38); (C)- Ductile 
shear zone sub-population with associated deformed rocks of the ATT suite (n=14); (D)- Ductile shear zone sub-
population with carbonate-siliceous infillings (n= 19). 

 

When all ductile to semi-ductile shear zones are considered (indiscriminately) the following strike 

intervals outcome as the most relevant: [N130º - N160º] ≈ 15%, [N70º - N80º] ≈ 15%, [N90º - N100º] ≈ 
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10%, [N40º - N50º] ≈ 8% and [N-S - N10º] ≈ 7%. Considering the larger dispersion within the [N130º - 

N160º] interval, the most consistently represented system is by far the one running along the ENE-WSW 

direction. Foliations are most commonly found associated to N-S and [N70º- N80º] oriented shear zones, 

both summing ca. 30% of the data, whereas those in the range [N90º-N150º], show greater dispersion 

never exceeding 8% of the data in each individual directional bin. 

Foliations associated with shearing 

A particular set of foliations (n=17), mainly observed within BRG II Series, was distinguished 

relative to those specifically associated with ductile shear zones. Although their orientation is strongly 

divergent relative to the regional layering, these foliations share some common features with the 

magmatic foliations sub-parallel to layering, namely: (i) are defined by primary minerals; (ii) have 

associated mineral segregation bands; (iii) display only mild, if any, signs of superimposed retrogradation 

to lower temperature mineral assemblages. Often, prismatic primary/platy minerals such as plagioclase or 

pyroxene can be seen aligned sub-parallel to the foliation/shear planes; however, because they show no 

preferred dip sense they do not constitute a true measurable mineral lineation. All these features suggest 

that these incipient structures may represent protoplastic shear zones. A striking feature of these incipient 

shear zones is their strong expression in the available vertical magnetic field maps, as will be discussed 

in section II.5. 

Typical direction for foliations/protoplastic shear zones is presented in Figure II.32, which shows 

that the most important system strikes [N-S-N20º]; followed by those running [N140º-N150º] and [N80º-

N90º]. There is a good agreement between foliations related to ductile shear zones (Figure II.31B) and 

protoplastic shear zones (Figure II.32), suggesting that these incipient structures may represent the early 

nucleation stages of N-S to N20º shear systems; thus, the protoplastic shear zones represent their 

earliest deformation record, locally preserved from late reactivation events or reworking. 

 

Figure II.32- Rose diagram for protoplastic shear zones materialized by primary minerals foliation (n=17; tick 
interval = 5% ≈ 0.9 data; max. = 23.5% ≈ 4 data). 

 

Also significant are the NE-SW, N dipping foliations observed at the Soberanas sector within SB I 

Series (Figure II.21D-H). These foliations, fade out and become progressively less inclined away from 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

86 

their associated shear planes towards NW (see Figure II.24); most importantly, they are materialized by 

primary minerals, noticeably olivine, which show evidence of strong plastic deformation, (see Figure 

III.3D). The nature of these foliations constrains the most important deformation to have occurred at high, 

syn-magmatic temperatures; thus, brittle failure along the main shear corridor was likely a late acquired 

feature. Far from ductile shear-zones, deformation and mineral segregation concordant with the 

magmatic layering planes (e.g. Figure II.15F and G; Figure II.21D-I) are also observed. 

Analysis of NW-SE (s.l.) trending ductile/semi-ductile shear zones 

Plots C and D in Figure II.31 are representative of ductile/semi-ductile shear zone sub-

populations associated with rocks of the ATT suite (n=14) and siliceous-carbonate metasomatic haloes 

and/or infillings (n=19), respectively. Shear zones where ATT rock injections (and mingling with gabbros) 

are observed show preferred NW-SE orientation. The syntectonic emplacement of these late magmas 

acted as strain-softener during deformation, as evidenced by the penetrative character of foliations in the 

resulting hybrid melts (Figure II.20K; 21B, C).  

Carbonate-siliceous metasomatic precipitates infilling shear planes are exclusively associated to 

shear zones with general orientation along the NW-SE quadrant, (with particular emphasis to those closer 

to the E-W direction). Some late-developed WNW-ESE shear zones often show anastamosed 

(stockwork-like) fracture arrangements where the carbonate precipitates alter the gabbroic rocks. Many of 

these structures display little or no evidence of movement associated to them; suggesting they were 

mainly the locus of fluid discharge. Additional evidence for important fluid circulation along NW-SE s.l. 

shear zones is provided by the occurrence of copper hydroxides (or gossan) in the siliceous-carbonate 

shear zone infillings or adjoining metasomatized gabbro. Hydrothermal mineralizing fluids associated to 

those shear systems in the southern border of OMZ has been reported by many authors (e.g. Silva & 

Carvalho, 1946; Mateus et al., 1998a, c, d; Mateus et al., 1999; Tornos et al., 2004). 

The structural map of Figure A.5 (Appendix A) shows a much higher number of carbonate-

siliceous bearing shear zones relative to the limited number of measurements displayed in the plots 

(Figure II.31). The same remark applies to ATT-bearing shear zones. The limited amount of available 

measurements for both sub-populations reflects the scarcity of adequate exposures for detailed 

evaluation of their structural features; this is, in turn, a consequence of the extent of the deformation and 

alteration commonly associated to those structures. In the particular case of carbonate-bearing 

metasomatism shear zones, the adjoining rocks usually display massive character with hardly, if any, 

discernable shear planes; alignments of small elongated topographical rises often allow following these 

shear zones for several kilometres. Mapping of these structures, as of most of the NW-SE shear zones, 

was mostly accomplished through validation of lineaments coupled with tracing of the alteration corridors; 

field observations were further complemented by the analysis of vertical field magnetic map, as well as 

the aeromagnetic map (obtained by Rio Narcea SA). For this reason most of the shear zones are mapped 

as inferred (discriminating whenever on the basis of magnetic lineaments), which explains why they are 

so underrepresented statistically when compared to, for example, the ENE-SSW system. 

Hence, despite better statistical representation of ENE-WSW shear zones, those ranging from E-

W (N90º-N100º) to NNW-SSE (N130º-140º and, less prominently, between N140º and N160º), are of 

chief importance within LGS, because they: (i) exert a major control on the layering orientation, and 
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therefore, on the inner architecture of LGS facies; (ii) represent LGS boundaries with all the geological 

units other than the Cenozoic sediments; (iii) have induced stronger ductile deformation (especially those 

along NW-SE or NNW-SSW) in gabbroic rocks, notwithstanding being successively reactivated in 

progressively more brittle regime, until very late stages when development of further shear zones and 

most late strike-slip faults had already begun; (iv) have induced widespread carbonate-siliceous 

metasomatic haloes in the adjoining (gabbroic) rocks (particularly those along E-W to WNW-ESE) and; 

(vi) display the most continuous cartographic representation, often extending for several kilometres.  

Examples of several, well preserved, NW-SE s.l. shear zones can be observed at the Figueirinha 

quarry. As in most ductile to semi-ductile shear zones within LGS, those with NW-SE to NNW-SSE strike 

display well developed shear planes where brittle failure occurred, expectably during the later stages of 

their development. Penetrative discrete shear surfaces are delimited by more conspicuous shear planes, 

where most of the relative displacement was accommodated during successive reactivations. The inner 

domain, enclosed by the main shear planes, exhibits the strongest deformation, which can also be 

followed in adjoining rocks: mild to intense recrystallization with dynamic grain-size reduction and variable 

retrogradation of primary minerals. Microscopic evaluation of deformed rocks with well-developed 

foliations reveals that plagioclase has experienced intense sub-granulation, coupled with re-orientation 

and amphibolitization of pyroxenes; olivine is intensely serpentinized and new-formed amphibole can be 

seen growing along (micro) shear-planes. Figure II.21C shows the inner core of a major N130º – N150º 

ductile left-handed shear zone at the Figueirinha quarry. The gabbroic rocks are intensely deformed along 

with ATT dyke hosted-rocks that experienced strong flattening and stretching, locally being mingled with 

the gabbros. Comparison of the original width of the undeformed dykes outside the main shear zone can 

be made on Figure II.21B; this ca. 10 m width ductile shear zone is displaced by an E-W subvertical, 

semi-ductile to semi-brittle shear zone with polyphasic reactivation, which triggered fluid circulation and 

strong carbonate-siliceous metasomatism (with development of thick fault-gauges sealing domains limited 

by the main shear-planes). Besides of significant distinct deformation conditions, the geometric 

relationships between both systems clearly suggest later development for the E-W oriented semi-brittle 

shear zone, whose sinistral movement displaces the NW-SE ductile shear zone into several segments 

(within the quarry).  

Observations made within LGS regarding the relative timing of development and kinematic of 

early NW-SE to NNW-SSE and later E-W to WNW-SE shear zones are in accordance with those along 

the OMZ southern border (detailed references are available in section II.2.3), both systems showing 

predominant left-handed kinematics. The relative importance of both shear systems can also be 

assessed in other LGS domains, as follows:  

(i) WNW-ESE to NW-SE anastomosed shear zones with siliceous-carbonate infillings and ATT 

magma injections (locally felsic magmas) outline the contact between SB I and SB II Series at the 

Soberanas sector. In this sector a NNW-SSE oriented segment of the Ferreira Ficalho Thrust zone puts 

LGS (SB I Series) in tectonic contact with PLT metasediments (Figure II.24).  

(ii) Within the Odivelas sector (Figure II.25), a conjugate NW-SE (western limb) - NNW-SSE 

(eastern limb) system, segments the whole sector into three major blocks. Deformation conditions 

recorded by rocks adjoining these systems are compatible to those pointed out for (semi-)ductile shear 

zones; however, on the basis of the cartographic patterns, both shear zones, (with special emphasis to 
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that following NNW-SSE direction), display predominant right-handed kinematics, (an issue to be 

discussed in section II.5). As described above, within the central and eastern blocks limited by these 

major shear zones, layering is strongly constrained along NW to NNW directions.  

(iii) Towards SE of the Odivelas sector (Figure II.25), the NW-SE shear zone smoothly rotates, 

giving way to a preferred WNW-ESE shearing and widespread carbonate-siliceous metasomatism. Within 

the SW portion of ODV II Series, the WNW-ESE shear system is not so well developed (also displaying 

much weaker metasomatic haloes), however, is worth noting that shear movement is sub-parallel to the 

layering, which shows evidence of tectonic reactivation from semi-ductile to brittle regime. The NNW-SSE 

shear system that strongly constrains the eastern portion of the Odivelas sector, can be seen propagating 

towards S underneath Cenozoic sediments in the vertical magnetic field maps.  

(iv) At the Ventoso sector (Figure II.26), the NNW-SSE system is largely dominant among 

several ENE-WSW oriented semi-ductile shear zones, playing a key-role on layering orientation. At the 

Ventoso quarry, NNW-SSE shear zones (locally N140º-150º) preserve dubious kinematic criteria.  

(v) The NW-SE to NNW-SSE, (particularly E-W to WNW-ESE) shear zones, reach their maximum 

development in the western domain of Ferreira Beringel sector (Figure II.28). As described in section 

II.4.2, several branches of major WNW-ESE shear zones put BRG II-BG rocks in contact with BAOC 

towards S. The LGS SW apex is also the locus of shifting direction of the OMZ southern border suture. At 

this place, the confluence of major WNW-ESE with NW-SE conjugate shear zones, leads to what seems 

to have been a locally very strong constrictional deformation regime. This resulted in the dismembering 

and lamination of the ophiolite rocks, leaving the LGS gabbros nearly in direct contact with the 

metasedimentary sequence of SPZ. Major NW-SE to NNW-SSE shear zones also outline the contact 

between most of the BG and BRG I-II Series, whereas WNW-ESE shear zones separate all the northern 

LGS domain from metavolcanic rocks (V1/ V7) to the N; the latter show strong carbonate metasomatism 

and metric carbonate-siliceous hydrothermal infillings.  

Analysis of NE-SW trending semi-ductile/semi-brittle shear zones and fault zones 

As seen in Figure II.33, late strike-slip faults and associated foliations clearly display NE-SW 

preferred strike (with emphasis on those striking N40º-N50º) with increasing dispersion towards ENE-

WSW. This main preferred direction is seconded by NNE-SSW (mainly N10º-N20º), which is not 

associated with development of foliation. Strike-slip faults with NW-SE to NNW-SSE strike are also fairly 

well represented; mineral preferred orientations are more commonly associated to E-W fault zones (see 

below).  

Common rock alteration patterns adjoining late strike-slip faults within LGS show some 

differences when compared to those described for later developed semi-ductile shear zones: 

metasomatic haloes are often more circumscribed and the gabbroic rocks (predominantly) display mild 

chloritization and amphibolitization, but no significant textural modifications (e.g. recrystallization induced 

grain-size reduction). These features suggest that brittle deformation and strong strain partioning 

progressed until low water-rock ratios and temperature conditions.  
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A B 

tick interval = 3% ≈ 13.6 data; max. = 11.7% ≈ 53 data tick interval = 3% ≈ 0.8 data; max. = 21.4% ≈ 6 data

Figure II.33- Rose diagrams for strike-faults and related foliations. (A)- Projection of all strike-slip faults (n=452); 
(B)- Projection of all foliations associated to late-strike-slip faults (n= 28). 

 
According with field observations, N70º-80º and N40º-50º oriented shear zones display semi-

ductile/semi-brittle deformation coupled with intense hydrothermal circulation, leading to strong 

metasomatism in the adjoining rocks (typically amphibolitization, serpentinization and saussuritization of 

pyroxenes, olivine and plagioclase, respectively). As it will be shown below, the N40º-50º direction is the 

most typical for late-strike slip fault zones, with pronounced metasomatic haloes. It is inferred that at their 

early nucleation stages, low enough strain rates have locally allowed the development of semi-ductile to 

semi-brittle deformation conditions; preservation from subsequent deformation under brittle conditions 

(and higher water-rock ratios) may thus, explain their statistical representation within this category. In 

opposition, N70º-80º shear zones preserve ductile to semi-ductile deformation, often with well developed 

mineral foliations and discrete sub-parallel shear planes. Accordingly, N70º-80º shear zones experienced 

their most important development period earlier than the N40º-50º, fully developing under ductile to semi-

ductile conditions. Later on, successive reactivations at progressively more brittle conditions, coupled with 

fluid circulation (inducing metasomatism in the adjoining rocks) at low to moderate water-rock ratios, may 

have locally erased evidences of their earliest development stage. 

Filed observations and interpretation of cartographic patterns suggest pervasive left-hand 

kinematics for ENE-WSW and NE-SE shear zones. ENE-WSW shear zones are well represented within 

the following domains:  

(i) At the central part of the Odivelas and Ventoso sectors; where they control some segments of 

the Odivelas and Alfundão/Penique rivers, respectively (Figure II.25 and Figure II.26); 

(ii) Within the eastern portion of the Ferreira-Beringel sector (Figure II.28), where they distribute 

themselves along a kilometre wide NW-SE corridor along both BRG I and II Series. At the western edge 

of their main area of influence within BRG I Series, ENE-ESW shear zones smoothly rotate to give way to 

E-W oriented shear zones, (which continue propagating towards west for several kilometres);  

(iii) Towards the south of the Ferreira-Beringel sector, ENE-ESW shear zones are intersected by 
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major N40º-N55º strike-slip faults (or semi-brittle shear zones), but become more important towards the 

SE portion of BRG II Series, where they achieved their most important expression.  

 

NE-SW strike-slip faults with predominant left-handed kinematics are represented all across the 

LGS inspected area; however, within some domains they truly develop fault zones that extend for several 

kilometres length and width, namely:  

(i) At the SW and eastern domains of Odivelas (Figure II.25) and Ferreira Beringel sectors 

(Figure II.28), respectively, where NE-SW strike-slip faults are closely related with ENE-WSW semi-

ductile shear zones;  

(ii) Within Ferreira Beringel sector (Figure II.28) at the SE edge of the mapped area, NE-SW 

strike-slip faults can be seen displacing earlier WNW-ESE shear zones and, the LGS-BAOC contact.  

(iii) Towards the western domain of Ferreira-Beringel sector, NE-SW fault zones become 

increasingly spaced, although having a noticeable cartographic continuity. 

Analysis of N-S trending shear and fault zones 

Two types of structures with N-S to N20º strike were observed. Those with considerable 

extension and left-handed kinematics locally display felsic or ATT rocks type infillings. Important 

structures of this type are observed at the central domain of the Odivelas sector (here devoid of 

mesocratic/felsic rocks) or within BRG I Series.  

The second type comprises short-length, very late faults, which show almost no displacement or 

alteration features in the adjoining rocks. They can be seen forming a tight fracture network at the SW 

domain of the Odivelas sector, (along with above mentioned NE-SW fault zones). Within BRG II Series N-

S to N20º structures of both types occur within the same domains where early-developed ductile 

(protoplastic) shear zones and related foliations are observed, (an issue to be discussed further ahead).  

Analysis of other semi-ductile/semi-brittle shear zones and fault zones 

Besides of the aforementioned systems, those running along E-W and NW-SE to NNW-SSE 

directions are also noteworthy. E-W shear zones preserve criteria indicating reactivation under 

successively more brittle conditions. NW-SE to NNW-SSE strike-slip fault zones display features similar 

to those described for N-S to NNE-SSW late-developed faults; however, many show criteria indicative of 

right-handed kinematics, consistent with early-developed (semi-) ductile shear zones along those 

directions (see above). NW-SE to NNW-SSE strike-slip faults were therefore, locally re-activated during 

the development of later NE-SW fault zones; a major example of this late polyphasic re-activation is seen 

in the NW-SE and NNW-SSE system that crosscuts the Odivelas sector.  

II.5. Evolution of structural features within the LGS 

This section presents a detailed discussion on the mechanisms that may explain the 

development of magmatic layering and provides and integrative review of all structural features within 

LGS during its main evolutionary stages. 

II.5.1. Mechanisms for the development of layering and associated features 

Many of the features of magmatic layering and associated foliation were already described in 
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section II.4.3; within LGS, the recognized layering types and associated features that require proper 

explanation are as follows:  

(i) Modal layering by which major (inter-facies) or minor mineralogical (intra-facies) variations are 

accomplished;  

(ii) Fine scale rhythmic layering leading to the development of modally contrasting to near-

monomineralic segregation bands; 

(iii) Magmatic foliation which is defined by the orientation of large faces of platy minerals such as 

plagioclase and clinopyroxene, more rarely olivine. The magmatic foliation (or lamination), sub-parallel to 

the layering surfaces, shows no associated lineation;  

(iv) Grain-size layering, which is relevant at the scale of individual layers; 

(v) The origin of monomineralic rocks, in the sense that they represent extreme circumstances of 

item (ii) with cartographic expression, and;  

(vi) Mechanisms responsible for the formation of the ultramafic rocks, as they represent strong 

modal anomalies.  

II.5.1.1. Theoretical principles of layering and magma rheology: a brief review 

Early ideas on the development of magmatic layering in mafic/ultramafic intrusions focused on 

the effects of simple gravitational settling facilitated by the low viscosity of the melt of average basaltic 

composition. Reality is, however, far more complex because in a crystallising magma many mechanisms 

operate simultaneously and interdependently, such as: melt and heat flow, deformation of the solid 

phases (physics and rheology of multiphase suspensions) and, of course, the associated chemical 

processes that operate simultaneously. In its most simplified approach (and disregarding the effect of 

volatiles), the changing rheology of the crystallizing magma will be essentially controlled by the ratio of 

solid particles (crystals) and liquid (melt) and will have the complex behaviour of a multiphase flow 

(Petford, 2003). Because layered igneous intrusions have long-term crystallization periods, often with 

repeated magma replenishments, it is not difficult to envisage that the rheological behaviour of the 

magma will change throughout its crystallization history.  

Following the onset of crystallization, the magma can be envisaged as a suspension. The 

viscosity contrast between both phases is such that crystals will behave as perfect rigid particles 

embedded in a liquid with a negligible viscosity that will take up any deformation applied onto the 

magmatic body, leaving no kinematical markers (Wickham, 1987 in Nicolas, 1992). At a given point of 

crystallization, the melt will reach a rheological critical percentage, the so called “critical melt fraction” 

(e.g. Van der Molen & Paterson, 1979). This stage marks the transition from suspension flow of the free 

solid particles within the melt, to a status where a solid framework has developed and interaction between 

particles begins to occur mediated by increasingly smaller proportions of liquid. Van der Molen & 

Paterson (1979) have suggested that the critical melt fraction corresponds to ≈30-35% of residual liquid; 

however, the transition is likely progressive and cannot be exactly bracketed, varying up to 50% 

according with different authors (see Petford, 2003 for comparison). Nonetheless, at progressively 

smaller liquid fractions, solid particles begin to be affected and plastically deformed (dislocation 

structures, mechanical twinning, partial recrystallization), as the suspension gets denser and an 

interlocking framework develops. Such deformation will be “soft“, (as a consequence of plasticity being 
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facilitated by residual magmatic liquid still wetting most grain surfaces), and difficult to identify/preserve 

due to absence of reliable markers at least partially erased during textural subsolidus reequilibrium (see 

ahead). This intermediate state between liquid suspension and true solid-state deformation is called “sub-

magmatic” flow (Paterson et al., 1989; Vernon, 2000). Therefore, by definition, the concept of solid state 

deformation will apply only when magma is fully crystallized. All processes that may account for the 

development of magmatic layering and deformation (that are considered in this sub-section) are, 

therefore, those that occur within the realm constrained by suspension and sub-magmatic flow.  

Even if it is relatively easy to point out these basic physical principles (for details see, Nicolas, 

1992 or Petford, 2003), their application to the broader reality of a crystallizing magma (moreover in a 

cyclically replenished chamber) does not immediately explain the mechanisms that account for all 

observed features related to magmatic layering. That is why, despite the intensive investigation focused 

on layered magmatic intrusions, there is still no consensus on the origin of igneous layering (e.g. 

Parsons, 1987; McBirney & Nicolas, 1997). Some authors have presented a simple classification scheme 

that accounts for the wide range of structures and textures associated with layering, based on which the 

analysis of LGS layering and related features will be performed (Boudreau & McBirney, 1997; McBirney & 

Nicolas, 1997): (i) structures that result from non-dynamic processes, i.e. not a consequence of any fluid 

dynamics, but rather of processes that operate in-situ, such as variation of intensive parameters and 

compaction and; (ii) structures that are produced by dynamic effects related to suspension/sub-magmatic 

flow. 

II.5.1.2. Development of modal layering 

The basic mechanism for layering generation is thought to result from minor and transitory 

excursions of the cotetic proportions of precipitating minerals. These variations are a consequence of the 

change on both extensive (e.g. magma composition) and intensive parameters (temperature, oxygen 

fugacity, silica activity, pressure, etc). This is, therefore, a non-dynamic process that will operate on the 

early crystallization stages, when the solid fraction is building up. Layering produced by petrological 

processes will tend to be smooth, with transitions from one unit to the other taking place on a scale of 

centimetres or meters. Most LGS magmatic modal layering [feature (i)] is diffuse and layers, although 

conspicuous when viewed from a certain distance, show faint modal variations (that are rather indistinct 

at the scale of the outcrop). Such an impression can be better grasped at quarries, where it can be seen 

that facies transitions are mostly gradual. One interesting feature often observed concerns the way 

weathering tend to enhance the mineralogical contrast at mesoscale (Figure II.16G). This is interpreted 

as a consequence of the distinct result of weathering on rocks with more or less constant modal 

composition but with fine scale cryptic layering, which is visually undetectable in a fresh rock because the 

mineral species will remain constant. However, chemical variations in primary minerals are sufficient to 

produce slightly distinct alteration patterns, which are conspicuous enough to be perceptible due to the 

different proportions of secondary intermixed phyllosilicates.  

II.5.1.3. Development of rhythmic layering and magmatic foliation 

Mild to very strong local mineralogical contrasts within LGS are most typically associated to fine 

scale rhythmic layering [feature (ii); section II.5.1]. It should be emphasized that this is an intra-facies 
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feature and should be distinguished from exceptional cases where a sudden transition between two 

facies can be appreciated, as is the case of the olivine leucogabbro III - pyroxene porphyry gabbro of 

BRG II Series (Figure II.19C). Most of the observed examples of fine scale rhythmic layering occur within 

(olivine) leucogabbro facies (e.g. Figure II.15G, Figure II.18B, G). Only a few examples of fine scale 

rhythmic layering are observed in melanocratic rock-types; the most significant examples are the 

mafic/ultramafic thin layers sets within pyroxene gabbro II of ODV III Series (exposed at the Ventoso 

quarry), and the centimetric layers of clinopyroxenite topped by anorthosite at the Figueirinha quarry.  

Fine scale rhythmic layering is always associated to moderate/strong mineral foliation, as defined 

in feature (iii) (section II.5.1). It should be noted, however, that although magmatic foliation is more 

conspicuous when superimposed on fine scale rhythmic layering, it is not exclusively associated to it. 

Magmatic foliation is observed at many places of LGS, being its most penetrative structural feature; it is 

also relevant at the microscopic scale as indicated by weak to moderate plastic deformation of 

plagioclase laths (wavy extinction, bent crystals and mechanical twining; Passchier & Trouw, 1991; 

Vernon, 2000). Deformation of plagioclase is common, even when conspicuous evidence for magmatic 

foliation at meso/microscopic scale is absent. Plagioclase deformation along with the magmatic foliation 

itself, are key indicators that compaction played an important role as the mechanism of (non-dynamic) 

layering development within LGS.  

Compaction will tend to enhance previously existing mild mineral contrasts (developed during 

crystallization), often resulting in the observed fine scale rhythmic layering. As depicted in Figure II.34, 

the compaction mechanisms that may promote mineral segregation and foliation can be envisaged as 

follows.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.34- Schematic diagram illustrating the formation of magmatic foliation/lamination by compaction. Adapted 
from Boudreau & McBirney (1997). 

 

First, mechanical rotation of platy minerals within the melt is induced. Because plagioclase 

predates clinopyroxene crystallisation, it has the highest probability of recording the effects of mild plastic 

deformation. This may well be the main reason why magmatic foliation is more prone to develop or, 
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otherwise, is more conspicuous, in leucocratic rock types. Following the development of a weak 

preferential crystal arrangement, a second mechanism may further promote development of magmatic 

foliation and enhance modal contrasts: selective pressure solution and recrystallization of stressed 

corners, edges and small crystal faces will favour the growth of larger faces oriented favourably (i.e. 

normal) to the stress field. Compaction will thus promote in-situ, selective pressure-solution coupled by 

moderate solid-liquid segregation developed sub parallel to the foliation. 

Figure II.35 shows, schematically, how compaction induces the migration and percolation of melt 

through the crystal framework porosity, in what can be envisaged as a small-scale filter-pressing process. 

These combined mechanisms will tend to enhance any mild pre-existing modal contrasts generated by 

crystallizing processes and reinforce the development of fine scale rhythmic layering. Furthermore, this is 

consistent with the common inverse relation between the conspicuousness of the rhythmic layering (and 

associated foliation) and the thickness of the segregation mineral bands. Development of 

layering/foliation in response to compaction and related mechanisms are most important when the solid 

fraction in melt reaches a point that an incipiently interlocking matrix of crystals or mush coexists with a 

near-critical melt fraction (section II.5.1.1). This allows the existing crystals to readily respond to the 

increasing amount of pure-shear resulting from the weight of the consolidating pile and the interstitial 

liquid to be segregated by filter-pressing. For this reason, layering developed by compaction may be 

considered as the borderline of the transition from non-dynamic to dynamic processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.35- Schematic example of how compaction can induce small-scale migration of melt through filter-pressing; 
adapted from http://www.geosci.usyd.edu.au/users/prey/Teaching/Granite/Granite.html. 

 

The influence of this transitional character can be illustrated by a set of outcrops representative of 

Basal Group olivine leucogabbro of BRG II Series. Very thin and diffuse plagioclase/pyroxene rich bands 

are seen to develop sub-parallel to a very strong and well developed foliation. These layers do not exhibit 

the typical rhythmic pattern; rather they show convolute and slumped shapes that locally resemble 

fluency folds (Figure II.19B). These characteristics suggest that early formed, fine scale layering 

(compatible with an origin by compaction and related processes) was strongly disturbed, or perhaps, 

interrupted before reaching complete development by (sub-) magmatic flow, a typical dynamic process. 
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This disturbance could have been induced by magmatic currents sweeping across the floor of the 

consolidating pile, differential compaction or a combination of both processes. 

II.5.1.4. Development of grain-size layering 

Grain-size layering [feature (iv); section II.5.1] is often seen in LGS. Indeed, several examples of 

normal (i.e. grain-size coarsening towards the base) graded layers provide very appealing polarity criteria. 

Accordingly, reverse graded layers could represent an argument for a reversed polarity of the magmatic 

chamber, (as it was invoked in the past to justify unexpected lithological and geochemical patterns within 

LGS; Andrade, 1983). Two issues advise some caution while interpreting these features as simple 

polarity indicators. One being the choice of the base of the layer(s) in question (in other words, the 

interpretation of the magmatic cycle); the other concerns the existence of processes other than simple 

crystal settling that may produce normal or reversed graded layers. An excellent example that illustrates 

these features is provided by the outcrop at the Intermediate to Upper Group transition in BRG II Series 

(Figure II.19C). The olivine leucogabbro III becomes nearly anorthositic and coarser upwards. The 

coarsening effect is a combined consequence of processes operating in situ, such as higher crystal 

growth rates due to fluid assisted mineral growth (as supported by petrographic evidence, see Figure 

III.18J, K) and subsolidus grain-boundary readjustment. The second reverse-graded bedding effect 

results from a chilled margin contact with the overlying pyroxene porphyry gabbro.  

Other in-situ (or non-dynamic) processes that may promote mineral coarsening are the 

overgrowth of early-formed minerals at the expense of (ponded, if located at the base of a layer) trapped 

interstitial liquid (Figure II.36). Examples of well sorted, normal graded layers that can be attributed to 

such process can be seen in the pyroxene porphyry gabbro facies of ODV III Upper Group (Figure II.16F) 

or BRG I Intermediate Group (Figure II.18F). It should be emphasized that this does not exclude crystal 

settling and mineral sorting as an important process operating at layer scale, rather stressing the 

importance of other non-dynamic processes in producing similar or opposite effects, which must be 

adequately contextualized. 
 

 

 

 

 

 

 

Figure II.36- A schematic example on how cumulus minerals may continue to grow at the expense of trapped 
interstital liquid. If the trapped liquid ponded at the base of a given layer the mineral overgrowths result in positive 
grain-size layers. However, where significant portion of melt is trapped at other sites within the layer, for example 
because the base is already consolidate and / or compaction expels the melt upwards/laterally, mineral coarsening 
may result in an apparent negative polarity. 

 

II.5.1.5. Development of monomineralic rocks 

Highly effective mineral-solid segregation with significant flow may have played a crucial role on 

the development of near monomineralic rock-types [feature (v); section II.5.1], such as anorthosites, 

clinopyroxenites and the primary (i.e. pre-maghemitization) oxide masses at the basis of ODV I Series. 
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Nonetheless, in order to generate such extreme mineral compositions, additional processes must 

complement the framework outlined above (II.5.1.3).  

First, sufficiently strong primary mineral heterogeneities must have existed in order to allow their 

propagation later on, when compaction and related processes begun to operate. It has been 

experimentally documented that the surface energy of a crystal is significantly lower when in contact to 

other of the same species (Boudreau & McBirney, 1997). Accordingly, nearly monomineralic protolayers 

may have begun to form early, by favouring monomineralic contacts and preferential dissolution of 

different mineral contacts. This early segregation process has proved to be particularly effective (although 

not exclusive) on promoting the growth of spinel rich bands by favouring spinel-spinel relative to spinel-

silicate contacts (Boudreau & McBirney, 1997).  

Second, for plagioclase and oxide rich protolayers, the density contrast relative to surrounding 

liquid is sufficient to make the filter pressing process highly effective, quickly promoting the separation of 

these heterogeneous domains from the surrounding magma. The clinopyroxenite layers topped by 

anorthosite observed at the Figueirinha quarry could represent the result of that segregation effect 

operating at a local scale. Regarding other clinopyroxenite domains, their erratic nature might be a 

consequence of a response to both lateral and vertical segregation: whenever intercumulus liquid 

accumulation peaked in the surrounding rocks (reaching a critical fraction), its vertical and lateral 

segregation could form irregular pockets or more diffuse monomineralic (essentially clinopyroxene) 

domains.  

In opposition to rocks exhibiting fine scale rhythmic layering, monomineralic rocks are devoid of 

primary foliation and present nearly isotropic, (often annealed) textures. That is a diagnostic feature for 

important mineral modifications during (and following) the segregation process, most likely extending 

throughout subsolidus reequilibrium. Ostwald ripening promotes a strong tendency for large crystals to 

grow at the expense of smaller ones, due to the greater free surface energy and solubility of the latter 

(Hunter, 1987; Boudreau & McBirney, 1997 and references therein). The process of grain boundary 

readjustment starts via melt, but will not cease during subsolidus cooling, progressing, albeit at slower 

rates by solid-state diffusion. As shown in Figure II.37, this mechanism should be effective in 

monomineralic rocks, because under subsolidus conditions, grain-boundary diffusion will be sufficient to 

allow grain growth. Grain-boundary readjustment by Ostwald ripening will tend to produce a uniform 

grain-size and significant coarsening throughout time. Monomineralic rocks thus evidence highly mature 

and homogenous textures with mineral contacts at triple point junctions close to 120º indicating that 

equilibrium was attained.  

In monomineralic rocks (oxides inclusive), textures fall within the classic definition of adcumulate 

(Wager et al., 1960). However, the original concept of adcumulate growth envisages that rock grains 

formed by settling of cumulus crystals continued to grow by diffusive exchange, excluding all interstitial 

liquid. This process does not comply with the mechanisms described above. For this reason, the 

designation of adcumulate is used here with simple purposes of petrographic description and no genetic 

significance (see adopted nomenclature in section I.1- Vol. II).  
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Figure II.37- The genesis of an idealized monomineralic mineral domains. Coalescence grain growth and porosity 
elimination by expulsion of interstitial melt (likely aided by compaction) is followed by grain boundary readjustment 
trough Ostwald ripening: large crystals grow at the expense of smaller ones due to the greater free surface energy 
and solubility of the latter resulting in a final highly mature texture in which mineral contacts form triple point junctions 
close to 120º. Note that in order to develop large-scale monomineralic anomalies, i.e. rocks (e.g. anorthosites or 
oxide accumulations), pre-existing modal heterogeneities are required to exist (see text for details). Adapted from 
Hunter (1986). 

 

II.5.1.6. Development of ultramafic cumulates 

LGS ultramafic rocks [feature (vi); section II.5.1] are restricted to a few domains of wehrlite (in SB 

I and ODV I) or olivine websterite (in ODV III). On the other hand, cumulate domains comprising 

melanocratic mafic rocks (troctolite and olivine melagabbro) are relatively abundant. Olivine-rich 

ultramafic domains have (inferred) lensoid morphology with metric thickness and contact gradually with 

the surrounding gabbros; only at ODV III Series the ultramafic domains form layers of centimetric 

thickness (see Figure II.17). Melanocratic mafic rock-types can be envisaged as the result of cotetic 

precipitation of plagioclase and olivine (troctolites), followed by one or two pyroxenes (olivine 

melagabbro), in which the mafic character may have been enhanced by moderate crystal accumulation 

and compaction. Given the small thickness of the ultramafic layers in ODV III, a small variation of mineral 

cotetic proportions is nearly self-sufficient to develop such short lived modal anomalies; compaction 

effects are evident at meso and micro scale and may also have played a role on enhancing the 

propagation of the modal anomalies.  

In order to develop the relatively large lensoid ultramafic domains at the Odivelas and Soberanas 

sectors, several lines of evidence suggest that additional mechanisms were required to operate:  

(i) In both instances there are no evidences of anorthosites in the proximity, therefore simple 

physical segregation of plagioclase cannot be exclusively invoked.  

(ii) The absence of clinopyroxenite rich domains in both sectors also suggests a somewhat 

distinct mechanism for the origin of these ultramafic rock types; specifically those that may explain the 

origin of denser monomineralic rocks (such as oxide accumulations or the clinopyroxenites).  

(iii) The geochemistry of the ultramafic cumulate rocks is within the range of what is typical for 

their hosting Series; therefore, specific geochemical features cannot be decisive for their origin, relative to 

strictly physical processes. The accumulation of minerals in ultramafic rocks must have been enhanced 

by some process relative to the normal accumulation rates.  
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The coalescence of grains during crystallization has strong implications for crystal settling. Once 

mineral aggregates are formed, this will increase their surface area to density ratio which can significantly 

raise the effective Stokes settling velocity relative to isolated grains. Mild magmatic convection currents 

stirring up the melt suspension, may effectively promote initial coalescence and formation of the 

aggregates by preventing their immediate settling. If the magma is crystallizing a cotetic olivine-

clinopyroxene-plagioclase assemblage, whenever the more mafic aggregates (mono or bimineralic) reach 

a critical size they will be more quickly deposited relatively to isolated crystals or lighter (i.e. plagioclase-

bearing) aggregates and sorted according with their higher density. In this situation, the contacts of 

ultramafic domains with the surrounding gabbro will be expectably smooth. Compaction may have an 

important role on expelling any residual melt fraction remaining in the mush, but not plagioclase grains 

once they crystallized. This strengthens the hypothesis that a relatively vigorous dynamic environment is 

required to develop these strong modal anomalies. The existence of steep topographical gradients within 

the magma chamber which would induce gravitational sliding of accumulated minerals towards 

depressions in the evolving chamber floor, could further enhance denser minerals accumulation. Given 

the outcropping conditions there is no way to assert if the delicate structural patterns that would testify the 

action of such mechanism are present in these rocks; therefore this hypothesis, although appealing can 

only remain speculative. 

II.5.2. Tectonic evolution of LGS 

A simple look to the geological map (Figure II.13) and/or structural map (Figure A.5, Appendix 

A- Vol. II) shows that strong dismembering of the original LGS facies succession was imposed by the 

complex network of shear zones and late strike-slip faults. As demonstrated in section II.4.5.1, distinct 

layering trends can be defined within LGS Series or even Groups, often evidencing some degree of 

tectonic disturbance. There is no way to further obviate the influence of late tectonic dismembering in the 

layering orientation without introducing further statistical bias in the data-base. It must therefore be 

assumed that the prevailing regional and local trends reflect, to some extent, the primary orientations 

within the magmatic chamber. Layering trends can be visualised in Figure II.38, where the trace of the 

layering and the major fault and shear zones are represented relative to EBAD southern border. 

In anarogenic intrusions, trends defined by magmatic layering and related features provide 

insights to the paleo-orientations of the magma complex dynamics, as determined by the conjunction of 

physical and chemical processes which operated within the fossil magma chamber. Because LGS is a 

synorogenic intrusion, the influence of an external stress field is not restricted to the late-stage 

readjustment of its internal and external boundaries and must have severally constrained primary 

structural layering trends. This straightforward (although conjectural) assumption gains strengthening by 

the generic appreciation of Figure II.38, where an additional trend for the layering strike emerges: a 

series of nested sigmoid-like shapes with a long axis roughly along NW-SE, sub-parallel to the 

OMZ/EBAD southern border, whereas gently curved tails towards WNW-ESE are at nearly right angles 

relative to the main geotectonic limits. LGS extends along a significant portion of OMZ/EBAD southern 

border. The trends observed in Figure II.38 imply that LGS has an internal architecture that grossly 

mimics the arcuate, sigmoid (or wedge) shape shown by EBAD.  
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Figure II.38- (A)- Location of LGS relative to EBAD. (B)- Schematic representation of 
the trace of layering strike across LGS surveyed area (see embedded caption) and the 
most prominent fault and shear zones (black). 
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The geological record shows that important deformation was occurring at OMZ southern border 

both before and during LGS emplacement and crystallization. As stated above, “the prevailing regional 

and local [layering] trends reflect, to some extent, the primary orientations within the magmatic chamber”. 

Accordingly, distinct structural features within LGS should reflect to some extent the prevailing stress field 

at the time of their development. The main question to discuss in this section is, therefore, the record and 

extent of deformation in each LGS evolutionary stage, from magma consolidation (i.e. those related with 

layering) throughout solid state deformation, when development of shear and later fault zones initiate.  

II.5.2.1. From early crystallization to late consolidation 

This section summarizes previously discussed processes/mechanisms that account for the 

distinct features produced since suspension flow (during early crystallization), until near-critical melt 

fractions are reached and magmatic flow proceeds within increasingly viscous magma, as schematically 

depicted in Figure II.39. These processes will be then tentatively placed within the framework of 

deformation and tectonic evolution of the OMZ southern border.  

Figure II.39- Summary of the processes that account for the development of the distinct features of the magmatic 
layering produced at each evolutionary stage of the magma consolidation, from suspension to late sub-magmatic 
flow. 
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From suspension to sub-magmatic flow: early crystallization: 

The mechanisms operating at the earliest evolutionary stage of each magma pulse were non-

dynamic, resulting essentially of crystallizing processes, i.e., shifting of intensive variables. Thus, 

crystallizing processes must have determined the large scale, internal facies architecture seen today in 

LGS. Locally, moderate to strong fluid dynamic regimes (essentially physical processes) may have been 

established as a consequence of magmatic currents leading to the development of circumscribed 

ultramafic cumulate rock domains. Conversely, in undisturbed fluid dynamic regimes, conditions for 

mineral sorting according to grain-size would have resulted on well graded layers. 

During this evolutionary stage the magma is comparable to a suspension flow and presents 

viscous behaviour. Such behaviour allows any strain applied onto the (expanding) magma chamber to be 

easily dissipated by the large melt fraction still coexisting with the increasingly higher crystal fraction. As 

crystal content (solidosity) increases and effective porosity decreases, interference between solid 

particles will become the most prominent feature to constrain all layering related structures that develop 

onwards. Several mechanisms (see II.5.1) constraining layering are essentially dependent on the effect of 

compaction of crystals under their own weight during the consolidation of the magmatic pile. The most 

widespread and conspicuous effect is the development of foliation associated to the modal layering. 

Compaction will develop in non-dynamic conditions because it results essentially of in-situ processes, 

such as mechanical rotation of solid particles followed by pressure solution and reprecipitation along less 

strained crystallographic directions. During compaction, small-scale melt migration or filter pressing will 

influence the development of fine scale rhythmic layering; however, more significant melt migration is 

likely to be involved in the genesis of monomineralic rocks (anorthosites, clinopyroxenites and oxide 

masses) due to enhanced density contrasts. Minor modal heterogeneities, developed in earlier 

crystallization stages, will tend to be further increased by all mechanisms associated to compaction. 

Compaction and related mechanisms will operate when magma is at near critical melt fraction. At 

this stage, consolidation is gradually attained and an interlocking melt saturated framework is well 

established. During the sub-magmatic flow evolutionary stage the magma begins to show predominantly 

(visco-)plastic instead of viscous behaviour. Consequently, under the influence of external stress, the 

magma shows an increasing ability to record deformation. The main feature marking the sub-magmatic 

flow stage is the development of a penetrative foliation sub-parallel to the layering. Foliation preferred 

orientations are not the most reliable markers for diagnosing earliest deformation events because, 

likewise layering, they will be affected by internal architecture late-stage readjustment due to tectonic 

dismembering. 

From sub-magmatic flow to solid state deformation: late consolidation 

Several structures observed in LGS should have been developed by processes operating at the 

limit between solid-state deformation and sub-magmatic flow, namely those classified as (subvertical) 

protoplastic shear zones, among which the most prominent orientations display N-S to N10ºE strike and 

strong expression in the vertical magnetic field maps. Protoplastic shear zones nucleated at near-critical 

melt fractions during sub-magmatic flow in a prevailing dynamic regime. Due to much higher solidosity, 

exclusively magmatic driven currents operating at such late stages of consolidation are hard to envisage; 

alternatively, segregation of residual melt towards lower pressure, and development of dilatational zones 



 
  

 
 II- INTERNAL ARCHITECTURE AND TECTONIC EVOLUTION OF LGS 

103 

due to disturbance of nearly consolidated mush by an external stress field, allow explaining the mineral 

segregation bands sub-parallel to foliation and incipiently developed mineral lineation, which, in this 

context, are indicative of a dynamic flow regime (McBirney & Nicolas, 1997). Protoplastic shear zones 

and foliations can therefore be defined as transitional between (sub-) magmatic to solid-state deformation 

processes: they result of sub-magmatic flow processes at the latest consolidation stages which 

progressively attain shearing character. 

Despite their poor cartographic representation, C/S structures developed tangentially to layering 

planes give important indications to understand late-stage consolidation processes. The example shown 

in Figure II.18G was (unfortunately) observed in an un-rooted boulder in front of the Serrabritas quarry. 

The origin of these discrete structures may be envisaged as resulting from a similar process that operated 

in the later stage of development of protoplastic shear zones. The process no longer operates at the 

scale of individual grain boundaries but at mesoscale. Accordingly, dislocation planes become more 

spaced and conspicuous. The low angle of the shear-bands relative to the layering suggests that the 

driving force to this discrete displacement was (most likely) pure shear resulting from compaction. The 

absence of mineral segregation in the shear-bands, further suggests that, contrarily to the foliations 

related to protoplastic shear zones, C/S structures developed at nearly null-melt fraction. 

II.5.2.2. Solid state deformation  

This section describes the analysis of how solid state deformation progressed in LGS under 

variable rheology, from ductile to brittle conditions; the results are tentatively placed within the framework 

of the tectonic evolution of OMZ southern border. As it will be shown, local conditions may have allowed 

to attain distinct rheological regimes within different domains of LGS. It is also noteworthy that besides of 

the relatively straightforward correlation of the mapped shear zones (s.l.) with regional deformation, 

strong emphasis is given on their influence, and more broadly speaking, the influence of the various 

tectonic pulses, on the observed layering trends. 

Early ductile deformation  

N-S to NNE-WSW directions prevail in foliations associated to ductile and semi-ductile shear 

zones (which are typically discrete structures with very limited cartographic extension). The high-

temperature shear zones and N dipping foliations (as observed in SB I Series) suggest that the weak 

early-formed anisotropies corresponding to the protoplastic shear zones were the locus of important (sub-

) microscopic networks of mechanical discontinuities able to influence subsequent strain accommodation 

and partitioning during solid-state deformation.  

ENE-ESE and NW-SE are other well represented directions in foliations associated to 

protoplastic or ductile/semi-ductile shear zones. Field observations indicate that the prevailing directions 

of the earliest ductile shear zones correspond to those striking N130º-N150º. The NW-SE to NNW-SSE 

left-handed shear zones are thus the (better developed) conjugate to the N-S (ill developed) subvertical 

ductile system. Nucleation of this system progressed at low water : rock ratios and strain rates, 

representing the earliest ductile deformation record within LGS.  

The strong magmatic imprint on the early nucleation stages of N-S to N10º protoplastic shear 

zones, (often bearing melt-segregation), may be envisaged has the equivalent to en-échelon dilatational 

structures that developed within the NW-SE regional shear corridors. The almost exclusive occurrence of 
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protoplastic structures within BRG II Series can be explained by its later developed character relative to 

other LGS Series: it is expectable that at the time of nucleation of the earliest ductile structures, BRG II 

would be in a less advanced consolidation stage, locally still exhibiting viscous(-plastic) behaviour. This 

allowed a stronger magmatic imprint in BRG II relatively to older (northern) Series, which would already 

have attained full consolidation and accordingly, plastic behaviour, allowing the propagation of solid state 

ductile shear zones (without a noticeable magmatic imprint).  

The strong plastic, syn-magmatic deformation that characterizes N dipping foliations and 

associated shearing in SB I (the most primitive and presumably oldest LGS Series) is, at first glance, 

contradictory with the above interpretation. The dispersion from the expectable NNE-SSW directions to 

NE-SE in SB I can be explained by the close proximity to suture zone/FFT. Strong partioning of 

deformation along the suture/FFT into SW verging shear zones to the E and coeval, frontally imbricated, 

NW verging shear zones to the W, allows inferring a right-handed (normal) NW verging component to NE-

SW foliations and associated shearing. Such interpretation is consistent with the decreasing steepness of 

the foliation towards NW and likewise the N-S to NNE-SSW protoplastic shear zones, to infer a (less 

conspicuous) dilatational component in these structures. However, following the reasoning outlined above 

for the preferential occurrence of protoplastic shear zones within the younger BRG II Series, their 

presence (albeit the orientation dispersion) within SB I requires additional explanation.  

As it will be demonstrated in PART III, the primitive character of SB I Series, is unique and 

unrepeated within the mapped domain of LGS, except for the presence of troctolite blocks within the 

border facies suite. BG troctolites represent cognate xenoliths ripped from unexposed levels of the 

chamber during the emplacement of border facies, which, according with field criteria, is constrained to 

have occurred during the main stage of propagation of early NW-SE ductile shear zones. SB I Series is 

tectonically bounded by FFT to the SW, and by several anastamosed NW-SE / WNW-ESE shear zones 

(displaying siliceous carbonate and felsic rocks infillings) to the NE which put it in contact with the much 

more evolved SB II Series. There is strong evidence that the exposure of SB I Series (adjoining FFT) may 

have been coeval with the development of N-S protoplastic shear zones in BRG II Series, as a 

consequence of the combination of upthrusting to NW along FFT and a localised dilational strain along 

NE-SW direction. The observed strong plastic deformation in SB I NE-SW structures can be explained by 

less effective heat dissipation at deeper levels of the chamber, from where the SB I block was upthrusted.  

Therefore it is critical to establish the relative timing for the earliest deformation record in LGS. 

On the basis of data reported by various authors (Araújo, 1995, Fonseca, 1995; Mateus et al., 1999), 

during D2a tectonic pulse the  ENE-WSW orientation of the maximum stress field trajectory promoted the 

development of right-handed and left-handed ductile shear zones, along NNE-WSW and NW-SW 

directions, respectively. The discrete N-S to NNE-SSW (NE-SE in SB I Series) protoplastic shear zones 

and their main NW-SW conjugate are thus compatible with that development, prior to the full 

anticlockwise rotation of the stress-field orientation that characterizes the late collisional stage (D3), as 

proposed by Araújo (1995). The ductile character of the earliest deformation record observed in LGS, 

(often with a magmatic imprint), is thus constrained to have occurred during the time period spanning the 

350 Ma crystallization age (Pin et al., 1999) and the  340 Ma D2a-D2b age of the ductile-brittle transition. 

Because D2a regional deformation phase is dated in OMZ South Central Belt at 364  12 Ma (Moita et al., 

2005b), taking in account the diachronic character of deformation propagation towards N, the earliest 
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deformation record in LGS should be placed marginally before the D2a-D2b.  

NW-SE to NNW-SSE ductile shear zones must have experienced greater development and/or 

acquired their stronger shear character during the D2b deformation phase, the most prominent 

transpressive stage. NW-SE to NNW-SSE ductile shear zones were subsequently the preferred locus for 

the intrusion of large batches of evolved magma (related with border facies and trondhjemitic rocks 

included in the ATT suite) at the SW domain of Ferreira Beringel sector; successive (polyphasic) 

reactivation accounts for the strong deformation often recorded by these rocks, whereas the strain-

softening effect of the intruding magma allowed maintaining conditions for ductile deformation to occur 

until later stages.  

As noted in section II.4.5.1, within LGS (namely within the Odivelas and Ferreira-Beringel 

sectors), mean preferred layering orientations show a consistent rotation from NNW-SSE to WNW-ESE 

directions along strike Figure II.38. Within each sector, older Series/Groups exhibit an orientation closer 

to the most prominent NW-SE to NNW-SSE ductile shear zones, developed during early D2b regional 

deformation. The orientation of the stress field during D2b (i.e. following the onset of the anticlockwise 

rotation towards NW-SE during D2a–D2b transition) is, therefore, conspicuously materialized by the 

orientation of the regional layering trend of earlier formed Series. This suggests that during the time 

interval where D2b stress field prevailed, at least the older LGS Series were still engaged on predominant 

viscous-plastic behaviour, compatible with a late consolidation stage. The most significant NNW-SSE 

layering trends are observed within the major area of influence of NW-SE to NNW-SSE shear zones, 

namely in the eastern domain of the Odivelas sector, in the western domain of Ferreira Beringel sector 

and in the Ventoso sector. ODV III is among the older Series which along with the location of Ventoso 

sector (well within the NW-SE segment of the suture) and its strong compartmenting by major NNW-SSE 

shear zones, accounts for one of the most pervasive NNW-SSE layering trends within LGS.  

Late (semi-)ductile deformation and the onset of widespread brittle failure 

Early developed ductile shear zones underwent polyphasic reactivation when late WNW-ESE to 

E-W structures experienced their full development in semi-brittle regime, from late D2b throughout D3. 

WNW-ESE shear zones also show a faint N-S conjugate semi-brittle system. In the Ferreira Beringel 

sector, reworking of earlier N-S to NNE-SSW structures accounts for the coexistence of structures with 

similar orientation, but very distinct deformation record. ENE-WSW semi-ductile shear zones must have 

also developed during this stage.  

A few NE-SW striking structures record effects of semi-ductile deformation; these can be, (at 

least in part), ascribable to some orientation dispersion between NNE-SSW and ENE-WSW systems. An 

early developed ENE-WSW system is reported by Mateus et al. (1999; 1998c) who attribute the 

propagation of these structures to local stress field in the vicinity of the WNW-ESE and N-S semi-brittle 

shear zones. However, in this work, the reported carbonate (calcite) infillings of the ENE-WSW system 

were not observed, (nor in the subsequently developed strike-slip system running in the same direction). 

Major fluid release and circulation is exclusively observed in the vicinity of WNW-ESE shear zones 

suggesting a stronger dilatational component along E-W/WNW-ESE, whereas stronger shearing 

component and displacement was accommodated along the ENE-WSW direction; this feature also offers 

an explanation for the ductile character of the ENE-WSW system.  
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WNW-ESE and ENE-WSW shearing had much less prominent influence on the layering trends of 

older Series compared to that of the earlier NW-SE/NNW-SSE shear zones. Although local disturbance 

can be seen, the NW-SE to NNW-SSE trend shown by the layering remains essentially invariable. 

Accordingly, during the early nucleation of WNW-ESE and ENE-ESE shear zones, older and 

northernmost Series began to display rigid, elastic behaviour. Gentle layering rotation towards WNW-

ESE/E-W directions is a major feature of BRG II Series and the western domain of ODV II Series. Thus, it 

is suggested that BRG II Series was still able to behave plastically during the early period of propagation 

of WNW-ESE/ENE-WSW shear zones. Polyphasic reactivation with a strong sinistral displacement along 

those shear systems (and increasing proximity to the WNW-ESE oriented segment of the suture), 

account for a continued anti-clockwise rotation, which sustained further enhancing of the E-W layering 

orientation seen in many domains of BRG II Series. In that sense, the presence of the early developed 

NW-SE layering trend on the SW domain of BRG II Series and its absence on ODV II Series (which, 

despite of being amongst the older Series, exhibits prominent layering rotation towards WNW-ESE), are 

features that require additional explanation.  

The SW domain of BRG II Series is very close to the NW-SE segment of the suture which makes 

it more prone to successive reactivations. However, left-handed movement during successive 

reactivations would induce an anti-clockwise rotation; therefore, the expectable layering trend would be 

closer to E-W, not NW-SE, as observed. The preservation of strong ductile character on the shear zones 

along this domain facilitated by the strain-softening effect of intrusion of large batches of evolved magma 

that typify border facies and the ATT suite may have extended the period in which the gabbroic sequence 

was able to behave plastically, thus allowing the layering to parallelise to the local stress field. All these 

factors contributed to generate a relatively large-scale tectonically and magmatically induced anomaly, 

which now corresponds to the most disturbed sector of LGS surveyed area.  

Besides of the inferred early consolidation of ODV II Series (relative to later tectonic pulses), 

there is no conspicuous shearing along the WSW-ESE or ENE-WSW directions which allows explaining 

the WNW-ESE layering trend. Anti-clockwise rotation of the layering towards E-W in ODV II Series could 

have been gradually attained through joint polyphasic reactivation of the nearby suture/FFT to the W, and 

the NNW-ESE shear zones to the E. Rather than favouring propagation of conspicuous shear zones, 

deformation and displacement was preferentially accommodated along well established layering planes 

which acted as a cryptic shearing system: during very late stages of consolidation (still being able to 

behave plastically), deformation was accommodated in semi-ductile regime (as testified by flexural folding 

of the layering) and, later on, in a brittle regime, discrete shearing developed at low angles of the layering 

planes. It should be noted that the important NNW-SSE shear zones to the E, may have “shielded” the 

ODV I - II eastern domain (as well as the Ventoso sector) from this effect, allowing preservation of original 

layering trends. Meanwhile, the western domain, (ODV II Series), was trapped between two major left-

handed systems, (one of which the OMZ-SPZ suture that was reactivated until very late periods), 

imposing a progressive rotation towards E-W along the layering planes. 

As a whole, the development of late D2b/D3 structures, marks the waning stage of the main 

Variscan deformation within LGS. Accordingly, final consolidation of LGS must have been attained prior 

to D2b-D3 transition. This transition stage is also the peak of tectonically induced hydrothermal activity. 

Given LGS fully attained consolidation and the predominantly carbonate and silica rich nature of the 
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hydrothermal precipitates, a magmatic origin for the fluids is hard to envisage. The hypothesis forwarded 

by Mateus et al. (1999) suggests that degassing of the autochthonous carbonate  schists sequences of 

OMZ was accomplished during LGS intrusion. Although there are no evidences of contact metamorphism 

between LGS and, for example, the Cambrian carbonate metasediments15, the much later peak of 

hydrothermal activity (late D2b/D3) relative to the emplacement of LGS (D2a) is coherent with the time-span 

required for heat conduction/advection to promote degassing in the cold authoctonous sequences and 

fluid release into late semi-brittle shear zones.  

Late-Variscan deformation 

Despite the importance of ductile and semi-ductile structures, it is unquestionable that Late-

Variscan strike-slip systems are much better represented within LGS, both cartographically and 

statistically. The most prominent (sinistral) Late Variscan strike-slip systems follow two main orientations: 

ENE-WSW and NE-SW. The early onset of development of structures striking ENE-WSW and their close 

relation, often in lateral continuity with E-W oriented shear zones, strongly suggests that deformation 

throughout D3 and until the Late-Variscan period can be envisaged as a continuum. NE-SW striking 

structures are later, and their stronger representation towards the eastern portion of the Ferreira Beringel 

sector is compatible with the increasing proximity to the major Messejana Fault Zone. The nature and 

extension of the metasomatic haloes adjoining late strike-slip faults suggest much lower water-rock ratios 

relative to the previous evolutionary stage. Furthermore, the nature of the alteration mineral assemblage 

suggests a significantly different fluid signature, compatible with the involvement of other fluid sources 

(namely, meteoric) at progressively lower temperatures.  

The record of deformation ascribed to the Late-Variscan period suggests that exhumation of the 

massif must have been almost completed. Therefore, relaxation of stress fields along with dissipation of 

reminiscent magmatic heat were the driving forces of Late-Variscan deformation and fluid-circulation 

within LGS, respectively. Deformation imposed by the Late-Variscan network is the main responsible for 

producing the dismembered cartographic patterns seen today in LGS and adjoining units. However, 

disregarding strong local translational rotations of isolated blocks, it does not affect significantly the 

layering trace because LGS behaved essentially as a rigid body.  

During the later phases of Late-Variscan period, very late NW-SE and N-S to NNE-SSW brittle 

faults (locally with right-handed component) took place, being noteworthy those in the Odivelas and 

Ventoso sectors as well as BRG I Series. Additionally, Variscan (semi-) ductile shear zones along the 

NW-SE to NNW-SSE directions were locally re-activated with dextral kinematics. Several authors 

(Mateus, 2001; Marques et al., 2002) show that the dextral component, reworking and propagation of 

these later structures took place under the Alpine N-S oriented stress field. 

 

                                                      
15 Contact metamorphism is only evidenced between BIC’s more evolved dioritic units which were likely emplaced at much 
shallower depths relative to LGS, e.g. at the Corujeiras prospect (E of Beja). 
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III.1. Petrography 

Mineral modes for most ODV I and ODV II rocks were obtained by point counting from the 

previous MSc work (Jesus, 2002). Additional mineral mode estimations were based on qualitative 

assessments during petrography. Results of modal analysis for the various Series and BG troctolite can 

be found in Table B.1, APPENDIX B (Vol. II) and are summarized in Figure III.1.  

Far from metasomatic haloes resulting from fluid circulation adjoining shear and fault zones, 

alteration of primary mineralogy within LGS is overall incipient to mild. It comprises essentially the 

development of small patches of brown hornblende or thin rims in pyroxenes (uralitization) and partial 

alteration of olivine to fine aggregates of iddingsite ± oxide dust; plagioclase, oxides or sulphides remain 

essentially unaltered. The incipient character and mineralogical nature of the most common alteration 

shown by LGS rocks is consistent with localized percolation of late magmatic (deuteric) fluids that exsolve 

during the late crystallization and consolidation stages of a basaltic magma with typically low volatile 

content. Taking this in consideration, the petrographic description of alteration assemblages will be made 

exclusively for gabbroic facies that record a distinct or more intensive alteration assemblage relatively to 

the above described pattern (the same applies to the various paragenetic boards).  

III.1.1. Gabbroic rocks 

III.1.1.1. SB I Series 

Inferred paragenetic crystallization sequence and main alteration features for SB I Series are 

schematically represented in Figure III.2. 

Troctolite 

SB I (leuco-) troctolite sub-facies are typically coarse grained, equidimensional rocks with a 

striking tendency to develop coronitic textures among ferromagnesian silicates (Figure III.2). The matrix 

is composed of subhedral to anhedral plagioclase grains with highly variable dimension. Olivine forms 

large rounded grains (3-10 mm, locally up to 20 mm) within the plagioclase matrix, suggesting a slightly 

earlier to (mostly) cotetic crystallization with plagioclase. Olivine grains are wrapped by complex irregular 

coronas of orthopyroxene-clinopyroxene-brown hornblende. The pervasive but exclusive presence of 

orthopyroxene as rims surrounding olivine suggests that this mineral is a product of a peritectic reaction 

between olivine and more evolved siliceous melt. In comparison, clinopyroxene coronas with or without 

amphibole (Figure III.3A) surrounding olivine are rare. When present, amphibole (Figure III.3B) always 

forms the outer envelope, suggesting a late-stage magmatic origin for this mineral, in part due to 

hydration of early formed pyroxenes. Chromian spinel rounded grains, usually with less than 0.5 mm 

across, are found as inclusions within olivine (Figure III.3A) and plagioclase, or at their grain borders, 

where they are occasionally wrapped by brown hornblende (Figure III.3B). Ilmenite is rare and forms 

larger crystals than spinel with amoeboidal shape, which are enclosed by amphibole or plagioclase. 

Patches or subhedral grains of whitish translucent (anatase?) oxides grains alter ilmenite (Figure III.3C). 

Sulphide blebs composed of pyrrhotite with pentlandite exsolutions/subhedral grains and subhedral 

chalcopyrite, occur in equivalent textural contexts of those observed for chromite. 
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Wehrlite 

Wehrlite sub-facies comprise a matrix of millimetric oval-shaped olivine grains (< 3 mm) enclosed 

by larger (≤ 7 mm) clinopyroxene oikocrysts (Figure III.2, Figure III.3E). Micrometric grains of chromian 

spinel are very abundant and mostly sited within olivine or serpentine aggregates (Figure III.3F). 

Alteration in these rocks is intense and precludes asserting the existence of orthopyroxene coronas. 

Olivine Leucogabbro 

The primary distinctive feature of the olivine (leuco-)gabbro main facies is the increasing amount 

of clinopyroxene relatively to plagioclase, which reflects the development of conspicuous poikilitic instead 

of coronitic texture (Figure III.2). Although large olivine grains can be found (often forming oikocrysts), 

their average dimensions is smaller (3 mm) and display preferred amoeboidal shape. Euhedral 

plagioclase laths are preserved within larger olivine or clinopyroxene oikocrysts (Figure III.3G), the 

anhedral to subhedral plagioclase grain shapes being much more abundant in the matrix. Coronas of 

orthopyroxene around olivine are often preserved within larger clinopyroxene oikocrysts. As plagioclase 

proportion increases relatively to ferromagnesian minerals, monomineralic plagioclase domains with well 

developed annealing textures become increasingly common. Some rocks where mineral segregation is 

seen at mesoscale (Figure II.15G; II.4.3.1), also display strong alignment of plagioclase laths. Olivine and 

clinopyroxene grains, (either isolated or in aggregates), become smaller, more rounded and mostly sited 

at plagioclase grain margins, sometimes being partially included by this mineral (Figure III.3H).  

Oxides, as well as sulphides, maintain the typical small dimensions (1 mm at most) and the same 

textural relationships as those observed in troctolite or wehrlite sub-facies. However, whereas sulphide 

mineral species remain unmodified, oxides are markedly distinct, comprising mixed grains with abundant 

ilmenite and spinel s.l. of variable composition, (often not readily identifiable by optical analysis); spinel 

exhibiting pleonaste (brownish) or ilmenite (pinkish) exsolutions are easily identifiable as belonging to the 

magnetite-ulvöspinel series (titanian-magnetite) whereas spinels not exhibiting exsolution features (and 

sometimes with a greyish tint), are representative of the chromite-spinel series or transitional between 

both mineral series. Abundant inclusions of magnetite ± ilmenite (Figure III.3G) with elongated or 

subhedral shape are also seen along the cleavage plans of clinopyroxene oikocrysts. 

Alteration and deformation of SB I rocks at micro-scale 

The studied samples of SB I Series display mild to moderate plastic deformation, recorded by 

wavy extinction and mechanical twinning of plagioclase; sometimes, olivine, strongly deformed grains are 

welded along diffuse borders (Figure III.3D, I). With the exception of wehrlite rocks (where olivine is often 

exclusively preserved as kernel textured relics within serpentine mesh aggregates; Figure III.3E), 

alteration is usually moderate, suggesting that plagioclase plays an important role on preventing the 

development of serpentinization. Although olivine is the most altered mineral phase, strong fracturing 

related with volumetric expansion during serpentinization has, however, a strong influence on the degree 

of alteration of surrounding minerals; locally these fractures are sealed by a fine grained mixture of 

serpentine and magnetite dust. Olivine is less altered in more evolved rock-types (Figure III.2), often to a 

fine-grained mixture of talc  amphibole (actinolite-tremolite, see examples depicted in ODV I sub- section 
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Figure III.1- Mineral modes for LGS rocks (vertical height not at scale). 
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Figure III.2- Inferred paragenetic crystallization sequence and main alteration features for SB I Series. Mineral 
abbreviations (listed in the beginning of the thesis) according with Kretz (1983). For a given primary mineral, the 
minerals in parenthesis with an O subscript denote the minerals around which it occurs as coronas. For secondary 
minerals, those in parenthesis represent an assemblage that occurs together replacing a given primary mineral, 
whereas those along vertical bars represent assemblages found sealing veinlets and fractures. 

 

Uralitization and mild chloritization of pyroxenes is rather common, whereas plagioclase shows 

mild saussuritization. Adjoining strongly altered domains, plagioclase can sometimes display delicate 

myrmekite intergrowths with phyllosilicates (chlorite?) and quartz (Figure III.6A). Veinlets sealed by 

amphibole + chlorite + prehnite or serpentine ± chlorite, serpentine or carbonate are seen in more altered 

and fractured domains. 

III.1.1.2. SB II Series 

Inferred crystallization sequence and main alteration features of rocks included in SB II Series are 

schematically represented in Figure III.4. Gabbronorite are very fine grained (average grain size < 0.5 

mm) rocks and show intergranular allotriomorphic texture. Clinopyroxene and orthopyroxene can locally 

reach larger dimensions, forming incipient  subhedral oikocrysts (up to 2 mm).  Within this rather homoge- 
 

Figure III.3 (right page)- Microphotographs of rocks included in SB I Series. (A)- Opx-Cpx  Hbl corona in Ol; Chr 
grain included in Pl (SB I troctolite #RS-7; PL XN); (B)- Ol-Hbl corona around Ol; Chr grains included in Ol, or 
surrounded by Hbl at grain borders (SB I troctolite #RS-10; PL XN); (C)- Ilm with light patches of alteration by 
secondary (anatase?) Ti oxides (SB I troctolite, RS-9; RL PL);. (D)- Plastic deformation affecting Ol (SB I troctolite 
#RS-6; PL XN; (E)- Cpx oikocrysts enclosing strongly serpentinized Ol (SB I wehrlite #RS-8; PL XN) (F)- Chr within 
serpentinized Ol (SB I wehrlite #RS-8; RL PN). (G)- Cpx oikocrysts enclosing Ol grains and variable sized Pl laths; 
oxide exsolutions in Cpx (SB I olivine leucogabbro #RS-17; PL XN); (H)- Textural evolution (maturation) in Pl rich 
rocks leading to evident annealing of all mineral phases (SB I olivine leucogabbro #RS-1A; PL XN); (I)- Plastic 
deformation affecting Pl which displays diffuse welded contacts and wavy extinction (SB I olivine leucogabbro # RS- 
20; PL XN). Mineral abbreviations according with Kretz (1983) #- Sample reference; PL vs. RL- Simply polarized vs. 
reflected light; XN vs. PN- Crossed vs. Parallel nicols 
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nous textural arrangement, much larger, complex zoned plagioclase grains coexist; clinopyroxene grains 

are fully or partially included at the margins of plagioclase laths (Figure III.6B). 

Oxides are abundant in SB II rocks, comprising mixed or individual grains of ilmenite and 

magnetite. Magnetite shows oriented fine exsolutions of pleonaste and ilmenite, the latter also occurring 

as thicker, sandwich type exsolutions (Haggerty, 1991b). Oxides are within the grain-size of silicates, 

being interstitial relative to plagioclase and sometimes included by both pyroxenes. Sulphides are rare 

and occur as tiny blebs included in the silicates or trapped in interstitial spaces; they consist of 

extensively altered pyrrhotite (marcasite ± pyrite, more commonly hematite) where chalcopyrite 

exsolutions and subhedral grains remain preserved.  

Figure III.4- Inferred crystallization sequence and main alteration features for rocks included in SB II Series. 
Abbreviations as in Figure III.2. 

 

Alteration and deformation of SB II rocks at micro-scale 

Microgranular domains displaying annealed textures, plastic deformation of larger plagioclase 

crystals (Figure III.6C) and abundant oxide inclusions in both pyroxenes (particularly in clinopyroxene) 

are separated from those with coarser intergranular texture by discrete fracture networks, locally sealed 

by low temperature mineral associations (chlorite + prehnite). Ductile shearing under relatively high 

temperature conditions, during late magmatic evolution of the system, may account for the textural 

modifications seen in the microgranular annealed domains; later on, these weakened zones were more 

likely to be affected by discrete fracturing, wherein fluid circulation progressed.  

III.1.1.3. ODV I Series 

Inferred paragenetic crystallization sequence for rocks included in ODV I Series are schematically 

represented in Figure III.5. 

Lower Group 

Besides of the oxide masses corresponding to type I mineralization, ODV I Series Lower Group 

comprises the ultramafic cumulates and the olivine leucogabbro I sub-facies. Wehrlite ( olivine 

clinopyroxenite) is the most common rock type found in cumulate domains and comprises a close-packed 

framework of rounded cumulate olivine and clinopyroxene grains with dimensions between 2–5 mm 

(Figure III.6D). Plagioclase included in olivine melagabbro rocks is mostly intercumulus, as suggested by 

enclosing relations with the remaining silicates (Figure III.5). Interstitial oxides occur in variable but 

usually very important amounts (up to 30 % modal vol. proportion; Figure III.1) in rocks belonging to the 

cumulate sub-facies. Oxides should represent a cumulus phase whereby their interstitial position was 
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acquired during textural maturation of the cumulate rocks1; their dimension and grain-shape are 

essentially dependent on the silicate framework final arrangement. Ilmenite with thin hematite lamellae 

and magnetite grains occur either isolated or as mixed grains, the latter showing strong pinkish coloration 

besides of abundant exsolutions (and inclusions?) of pleonaste (Figure III.6E; Haggerty, 1991b). 

Additionally, heterogeneously exsolved ulvöspinel-rich domains forming a cloth-like texture coexist with 

bluish domains of oxidized magnetite (maghemite?; Figure III.6E); very thin ilmenite lamellae along spinel 

partition planes are seldom present (Figure III.6F). Oxides are commonly rimmed by brown amphibole in 

plagioclase bearing rocks. Small (< 0.5 mm) pyrrhotite-chalcopyrite blebs included in the silicates are 

mostly found in plagioclase-rich rocks, although smaller inclusions are seen within oxides of wehrlite.  

Rocks belonging to olivine leucogabbro I facies show heterogeneous grain-size (2–6 mm) and 

hypidiomorphic texture. Plagioclase, (the main cumulus mineral), occasionally encloses small rounded 

grains of olivine or clinopyroxene, which more frequently occur (isolated or form aggregates) in the 

intercumulus assemblage. Orthopyroxene is scarce and, forms along with accessory amounts of brown 

hornblende the later intercumulus minerals; orthopyroxene reaction coronas with olivine often bear 

simplectitic intergrowths with magnetite.  

Oxides comprise modally important proportions (Figure III.1, Figure III.5) and usually display 

smaller grain-size than silicates. Within rocks adjoining type I mineralization/cumulate facies, the most 

important oxide assemblage is cumulus and enclosed by plagioclase, (few grains being interstitial; usually 

rimmed by brown hornblende). In distal rocks, oxides occupy mostly interstitial positions and are also 

rimmed by brown hornblende or orthopyroxene. In both instances, the oxides correspond to isolated or 

mixed grains of ilmenite and magnetite with oriented ilmenite lamellae (Figure III.6G) in variable 

proportions (often in thick sandwich lamellae, Figure III.6H), according with the extent of oxy-exsolution. 

It should be noted that, according with Haggerty (1991b), it is unclear if ilmenite sandwich lamellae 

represent products of oxy-exsolution or primary magnetite-ilmenite intergrowths. Pleonaste exsolutions 

are more common in rocks where oxy-exsolution effects in magnetite are milder. Sulphide blebs are 

relatively rare and always an early formed cumulus assemblage. Sulphides are exclusively composed of 

pyrrhotite with exsolved or granular chalcopyrite, pentlandite exsolutions being exceedingly rare. 

Intermediate Group 

The Intermediate Group leucogabbro facies includes hypidiomorphic rocks with heterogeneous 

grain size (silicates 4–8 mm; Figure III.5). Cumulus polymineralic aggregates are composed of sulphides 

blebs, clinopyroxene, olivine and oxides with few millimetres across that are enclosed by euhedral or 

subhedral large plagioclase grains (Figure III.6I). Clinopyroxene and olivine are most abundant in the 

intercumulus assemblage, forming large subhedral/anhedral grains that, together with interstitial oxides, 
                                                      

1 Considerations regarding textural occurrence and paragenetic position of the oxides should be regarded with some care. The 
presence of oxide grains such as chromite or Ti-magnetite within silicate minerals in SB I and SB II rocks, respectively may be taken 
as indicative of their relative timing of crystallization. The common presence of Ti-oxides in the interstitial framework (often in the 
same rock) may be facilitated by grain boundary readjustment due to slow crystallization and cooling rates. Early formed oxides 
tend to wet silicate grain boundaries and easily adjust to growing silicates, gradually migrating to the interstitial framework where the 
bulk Gibbs free energy of the system will be substantially lowered (Hunter, 1987). The most striking evidence for such behaviour is 
provided by several deposits in the Rogaland anorthosite province in Norway (Duchesne, 1999), where ilmenite, known to be a 
liquidus mineral formed immediately after cumulus plagioclase, mostly displays interstitial texture. LGS rocks bearing abundant and 
coarse grained Fe-Ti oxides, almost invariantly display oxides in the interstitial framework notwithstanding they are sometimes 
interpreted as part of the early cumulus generation, which by textual maturation gradually migrated and coalesced into the interstitial 
framework.  
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can be enclosed by late orthopyroxene grains. Apart from slightly larger dimension (≤1 mm), there are no 

significant differences between cumulus and intercumulus oxides, both corresponding to mixed ilmenite 

and magnetite grains. Ilmenite displays hematite lamellae whereas spinel exhibits very fine lamellae or 

rods of pleonaste and ilmenite, the latter locally forming thicker sandwich exsolutions. Likewise Lower 

Group rocks, pentlandite is very rare, sulphide blebs being mainly composed of pyrrhotite and 

chalcopyrite. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.5- Crystallization sequence for rocks included in ODV I Series. Abbreviations as in Figure III.2; Agg- 
aggregates. 
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Anorthosite facies show heterogeneous grain size in which strongly annealed domains 

(comprising small anhedral grains with no twinning) coexist with larger subhedral crystals (Figure III.5). 

Accessory intercumulus minerals include: (i) oikocrysts whose original composition is hard to determine 

(clinopyroxene? brown hornblende?; Figure III.6J) due to intense epitaxial substitution by a mixture of 

actinolite, green hornblende and chlorite; (ii) ilmenite surrounded by titanite alteration rims; and (iii) 

oxidized magnetite (overall less abundant) with well developed and essentially preserved ilmenite 

lamellae. Oxides occur as mixed or isolated grains with 0.5 – 1 mm size, although occasionally small 

euhedral ilmenite inclusions are present within plagioclase grains.  

Upper Group 

The Upper Group olivine leucogabbro II facies comprises cumulus subhedral plagioclase grains 

(4–6 mm) locally enclosing small polymineralic aggregates of a modally subordinated generation of 

ferromagnesian minerals (olivine, clinopyroxene and oxides; Figure III.5). Aggregates with up to 5 mm of 

subhedral olivine and clinopyroxene include the most important intercumulus assemblage; clinopyroxene 

can also develop larger (5 mm) prismatic subhedral crystals with small oxide inclusions. Later 

orthopyroxene coronas enclose cumulus and intercumulus olivine–clinopyroxene ± oxides aggregates. 

Fe-Ti oxides are modally abundant (Figure III.5) and occur exclusively as mixed grains of 

ilmenite/magnetite with up to 1 mm; brown hornblende rims on oxides are relatively rare. The spinel 

exhibits a darker greyish coloration relative to that observed in minerals from Lower and Intermediate 

Groups rocks; poorly oriented exsolutions of pleonaste are more abundant than fine ilmenite lamellae. 

Accessory sulphide blebs are enclosed in silicates or trapped interstitially; they comprise pyrrhotite with 

pinkish mechanical twining lamellae, rare chalcopyrite exsolutions and, even more rarely, pentlandite 

exsolutions.  

Alteration and deformation of ODV I rocks at micro-scale 

As referred in sections II.4.3.2 and II.4.4.1, a strong hydrothermal alteration aureole marks the 

transition from LGS gabbroic facies to the diorite unit. Petrographic observations confirm field 

observations concerning hydrothermal alteration within ODV I Series not being restricted to the 

amphibolitic gabbro sub-facies, but typically increasing towards that domain. In order to illustrate the 

nature and progression of this complex alteration pattern, a description will be made based on the 

observation of samples collected along the Odivelas river traverse, culminating with the description of the 

amphibolitic gabbro sub-facies; Figure III.7 synthesizes these observations. 
 

Figure III.6- (right page)- Microphotographs of rocks included in SB I, SB II and ODV I Series. (A)- Several altered 
domains where Pl myrmekite intergrowths with phyllosilicates (Chl?) and Qz have developed (ellipses), shown in 
detail in the yellow squared area (SB I olivine leucogabbro #RS-17; PL XN, magnified area PN); (B)- Large Pl grains 
with complex zoning including rounded Cpx micrograins at their margins (SB II gabbronorite #RS-11; PL XN); (C)- 
Contact between microgranular and coarse grained domain where zoned Pl exists, here bended due to ductile 
deformation; late hydrous mineral assemblages locally seal early developed fractures (SB II gabbronorite #RS-11; PL 
XN); (D)- Close-packed texture of ODV I ultramafic cumulates (#ODV-G_4A1; PL XN); (E)-Microtextures in cumulus 
Ti-Mgt: Pleon exsolutions and inclusions (?) within pinkish Usp-rich domains showing late alteration to bluish Magh 
(ODV I Low G cumulate; #ODV-G-1; TL PN); (F)- Microtextures in cumulus Ti-Mgt: thin Ilm oxy-exsolution lamellae 
along spinel partition planes (ODV I Low G Pl-bearing cumulate #ODV-G-2; TL PN); (G)- Thick Ilm oxy-exsolution 
lamellae in Ti-Mgt of ODV I Low G olivine leucogabbro (#ODV-G-3; TL PN); (H)- Thick sandwich Ilm lamellae in Ti-
Mgt of ODV I Low G olivine leucogabbro (#S-4-2; TL PN); (I)- Cumulus (Ol-Cpx-Oxd)Agg included in Pl of ODV I Int G 
leucogabbro (#ODV-G-37; TL XN); (J)- Possible pseudomorphic substitution of intercumulus Cpx oikocrysts (rimmed 
by HblBr) by late HblGr  Chl in ODV I Int G anorthosite (#ODV-G-27; TL PN). Abbreviations as in Figure III.3. 



 
 
 

III – LGS GEOCHEMISTRY AND PETROGENESIS 

119 





 
 
 

III – LGS GEOCHEMISTRY AND PETROGENESIS 

121 

Samples collected far to the west, including the cumulate facies, show mild to incipient deuteric 

alteration and weathering. Locally, olivine is replaced by yellowish serpentine with anomalous 

interference colours and secondary formation of pyrrhotite ± pyrite: type (i) pseudomorphic association 

(see Figure III.10E in ODV II Series sub-section).  

Rocks from distal domains within the amphibolitic gabbro aureole still show mesoscopic features 

of a gabbro, albeit clearly altered. Olivine is pseudomorphically replaced by randomly oriented blades of 

actinolite/tremolite and secondary magnetite [type (ii) pseudomorphic assemblage]; clinopyroxene is in 

textural equilibrium with these aggregates (Figure III.8A). A thin rim of fibrous chloritized serpentine 

outlines all pseudomorphic aggregates, whose cores are also chloritized. Orthopyroxene is 

pseudomorphically replaced by a fine-grained mixture of tremolite/actinolite and talc intermixed with fine 

grained magnetite [type (iii) pseudomorphic assemblage]. In other domains of LGS (e.g. ODV III), olivine 

may be preserved in the core of type (iii) pseudomorphoses (Figure III.8B; C). Intergranular and 

intragranular veinlets sealed by the same chlorite-serpentine association that outlines olivine 

pseudomorphic assemblages (see above) criss-crosses the whole rock. Amphibolitization of 

clinopyroxene progresses isomorphically in early alteration stages or more distal domains (Figure III.8D). 

However, in more proximal rocks, cryptic aggregates of yellowish phyllosilicates overgrow these minerals, 

being also present in the chlorite-serpentine veinlets described above (Figure III.8E). Plagioclase (locally 

clinopyroxene) shows some turbidity, but it is essentially preserved in distal domains. Proximal rocks 

show conspicuous annealing textures with somewhat distinct grain boundary geometry (markedly 

concave spherical triangles Figure III.8E). Thus, it cannot be excluded that besides of the more 

significant hydrothermal alteration, thermally induced partial recrystallization may have affected these 

rocks. Oxides (magnetite in particular) are also affected by hydrothermal alteration; magnetite is always 

replaced by martite/hematite or maghemite, ilmenite lamellae remaining variably preserved. Ilmenite is 

only altered in rocks of proximal domains, being progressively replaced by hematite and leucoxene.  

A similar alteration pattern (except for the absence of olivine) is recorded by anorthosite facies, 

which additionally show small cavities and transgranular veinlets sealed by prehnite, epidote and pyrite, 

developed as a result of extensive saussuritization. Fine aggregates of carbonate are common in these 

rocks either in microcavities or growing on amphibolitized clinopyroxene. Although all the three studied 

anorthosite samples are relatively close to the hydrothermal aureole, it is a fact that this facies is 

commonly more altered than other gabbroic facies. This is largely a consequence of their mineralogical 

nature under ductile conditions (and/or low enough strain-rates), anorthosite rocks can easily 

accommodate large amounts of plastic deformation, but under brittle conditions plagioclase becomes 

profusely fractured and, therefore, highly permeable to late fluid circulation.  

The abundant newformed brown amphibole oikocrysts are only seen in rocks adjoining the diorite 

unit, this being the diagnostic feature used at mesoscale to define the cartographic limit of the (proximal) 

amphibolitic gabbro sub-facies. The most typical facies shows ophitic texture due to development of large 

brown (green) pleochroic amphibole crystals (Figure III.8F). Amphibole occupies all the available 

interstitial space, enclosing plagioclase and pseudomorphic aggregates of ferromagnesian minerals 

(olivine and/or orthopyroxene) and oxides. Clinopyroxene is usually amphibolitized either by epitaxic or 

pseudomorphic growth of later-formed green amphibole (actinolite) ± chlorite. Locally, relics of 

clinopyroxene are preserved within large brown amphibole oikocrysts, suggesting that incomplete 
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resorption of this mineral have occurred during the formation of brown amphibole (Figure III.8G). 
 

 

 

 

 

Figure III.7- Schematic representation of progressive alteration from W to E along the Odivelas River traverse, 
towards the diorite unit as inferred from mineral transformations recorded by rocks included in ODV I Series. 
Abbreviations as in Figure III.2; Agg- aggregates. 

 

Plagioclase is significantly altered showing intense saussuritization. Important fracturing occurred 

during metasomatic events leading to development of amphibolitic gabbro sub-facies. The brown 

amphibole itself seems to forcefully occupy all the available interstitial space, locally infilling the fracture 

network. The most common paragenesis found in veinlets is actinolite + chlorite ± titanite. Oxides, which 

are surprisingly preserved, also occur in the fracture network (Figure III.8H), suggesting they may have 

recrystallized during the hydrothermal alteration process (to be discussed in section III.2.1.5). 

An exception to alteration pattern outlined above, concerns a couple of olivine leucogabbro 

samples collected in different mining shafts (#ODV-G-3 and #S-4-2) at the vicinity of type I mineralization. 

Both show much stronger and distinct alteration relative to what is typical outside the influence of the 

amphibolitic gabbro halo (or distal domains). Besides of olivine replacement by type (i) pseudomorphic 

association (orthopyroxene seems to be absent), clinopyroxene is replaced by green amphibole (edenite 

 
 

Figure III.8- (right page)- Microphotographs of rocks included in ODV I and III Series. (A)- Type (ii) pseudomorphic 
replacement of Ol by Act/Tr  Chl  Mgt outlined by a thin rim of fibrous Srp  Chl within distal amphibolitic gabbro 
(ODV I Low G olivine leucogabbro I #ODV-G-23; TL right XN, left PN); (B)- Type (iii) pseudomorphic replacement of 
Opx by a fine grained mixture of Tr/Act +Tlc + Mgt (ODV III Upp G pyroxene gabbro II #CVD-12D; TL XN); (C)- Same 
as (B) within distal amphibolitic gabbro (original mineral association = Ol + Opx?; ODV I Low G olivine leucogabbro I 
#ODV-G-23; TL XN); (D)- Isomorphic amphibolitization of Cpx and annealing textures in Pl + Cpx of distal domain of 
amphibolitic gabbro (ODV I Int G leucogabbro #ODV-G-24; TL XN); (E)- Replacement of Cpx by fine-grained 
phyllosilicates and annealing texture in Pl of distal domain of amphibolitic gabbro (ODV I Low G olivine leucogabbro I 
#ODV-G-22; TL XN); (F)- Large HbBr pleochroic oikocrysts in ODV I proximal amphibolitic gabbro (ODV I #ODV-D1; 
TL PN); (G)- Relics of Cpx preserved within large HblBr oikocrysts in ODV I proximal amphibolitic gabbro (ODV I 
#ODV-43; TL XN); (H)- HblBr + Chl  Ttn and Oxd veinlets in ODV I proximal amphibolitic gabbro (ODV I #ODV-D1; 
TL PN); (I)- Ed/Prg (HblGr)  Chl + Ap inclusions in ODV I Low G olivine leucogabbro I adjoining type I mineralization 
(#ODV-G-3 TL PN). Abbreviations as in Figure III.3. 
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Figure III.9- Inferred crystallization sequence for the two olivine leucogabbro and olivine gabbro main types of facies 
and anorthosite included in ODV II Series; the same sequence applies to correlated facies of ODV III Lower Group 
olivine leucogabbro I, II (= ODV II olivine leucogabbro) and pyroxene gabbro I (= ODV II olivine gabbro). 
Abbreviations as in Figure III.2; Agg- aggregates. 

 

and pargarsite) aggregates, which include abundant grains of apatite (Figure III.8I). These amphiboles 

also grow into the interstices of the plagioclase matrix (forming small irregular crystals) and seal 

transgranular veinlets (Figure III.10A); prehnite ± chlorite ± carbonates are also found sealing veinlets. 

Magnetite is strongly altered to hematite/goethite, often replaced by chlorite + actinolite aggregates 

(Figure III.10B). Ilmenite, either isolated or as lamellae in magnetite, is preserved. The nature of this 

alteration assemblage suggests the influence of an exsolved late-magmatic fluid(?), whose influence is 

restricted to this domain; further discussion of this issue will be addressed in IV.3.2.2. 

III.1.1.4. ODV II Series 

The rhythmic character of ODV II Series is denoted by recurrent petrographic features of the two 

main types of facies (olivine leucogabbro and olivine gabbro), which are schematically represented in 

Figure III.9. Despite the crystallization sequence chiefly corresponding to olivine leucogabbro facies, 

significant textural and modal variations are evident at basal domains of olivine leucogabbro I, where local 

oxide or sulphide enrichment is observed (see Figure III.1). Sulphides occur in olivine norite rhythms 

(identified at an abandoned quarry) which comprise a matrix of large (10 mm) anhedral olivine and 

smaller subhedral plagioclase (3–4 mm) cumulus crystals. Intercumulus phases include (rare) 

clinopyroxene and thick orthopyroxene reaction coronas mantling olivine. Small wisps of olivine within 

orthopyroxene coronas are locally preserved (Figure III.10C) along with intercumulus sulphides and 
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secondary magnetite. Sulphide blebs with 10 mm are included in plagioclase and olivine, whereas larger 

intercumulus blotches are locally enclosed by orthopyroxene. Sulphides comprise pyrrhotite (with pinkish 

lamellae), abundant chalcopyrite (exsolutions and subhedral grains), besides subordinated flame 

pentlandite exsolutions. Large grains of dark grey magnetite s.s. with transgranular pinkish lamellae of 

ilmenite (ulvöspinel?) form aggregates within sulphide grains. Sulphides are variably altered; in the 

earliest stages by linnaeite group minerals departing from microfractures (Figure III.10D(i)), which 

replace pyrrhotite and pentlandite, but not chalcopyrite. Pyrite-marcasite development along cleavage 

plans and fractures, locally forming bird-eyes structures (Figure III.10D(ii)), precedes late oxidation by 

iron oxides and hydroxides (magnetite/hematite/goethite), which can lead to full replacement of the 

original sulphide aggregate (Figure III.10D(iii)). Silicate alteration is mostly evidenced by olivine, 

displaying the usual incipient serpentinization (± secondary magnetite) along discrete fractures or 

cleavage plans and mild uralitization of orthopyroxene; locally, olivine is fully replaced by type I 

pseudomorphoses (Figure III.10E).  

Typical olivine leucogabbro facies (Figure III.9) have an hypidiomorphic to xenomorphic 

framework of cumulus plagioclase with 3-4 mm. Small cumulus rounded grains of olivine and 

clinopyroxene isolated crystals or aggregates are partially enclosed by plagioclase. These minerals are, 

however, more important in the intercumulus generation (either single or forming aggregates) where their 

dimensions are within the range of those of plagioclase; intercumulus clinopyroxene tends to develop 

incipient poikilitic texture. Orthopyroxene oikocrysts are common, locally developing reaction coronas with 

olivine. From lower to upper levels, clinopyroxene becomes increasingly important in the cumulus 

generation, gradually disappearing as an intercumulus mineral, whereas olivine shows an inverse trend. 

Olivine gabbro facies comprise hypidiomorphic, often well oriented laths, of cumulus plagioclase 

(1-4 mm) enclosing small rounded olivine grains (± clinopyroxene; Figure III.9); olivine + clinopyroxene 

also form partially enclosed strings along plagioclase edges resulting in well-developed alignments 

(Figure III.10F). Olivine seldom occurs as large (< 4 mm) grains in the intercumulus generation, which is 

largely dominated by clinopyroxene oikocrysts that can reach 10 mm and include small plagioclase laths 

(Figure III.10G); very thin oxide inclusions are sited on clinopyroxene cleavage plans. Orthopyroxene is 

abundant and always forms oikocrysts that locally constitute coronas around olivine.  

Despite their poor cartographic representation, the primary textural and modal features of the 

anorthosite facies are similar to those that were described for ODV I Series (Figure III.9): they comprise a 

strongly heterodimensional matrix of hypidiomorphic plagioclase (0.5–5 mm) with millimetric oikocrysts of 

an unidentifiable primary phase (clinopyroxene or brown hornblende) that has been replaced by fibrous 

actinolite + green hornblende ± chlorite. Ilmenite, the only oxide phase present in these rocks, is strongly  
 

Figure III.10- (right page)- Microphotographs of rocks included in ODV I and II Series. (A, B)- Distinctive alteration 
mineral assemblage in some ODV I Low G olivine leucogabbro I rocks adjoining type I mineralization: vein sealed by 
edenite (HblGr; A-#S-4-2; TL PN) and replacement of Mgt by HblGr + Chl preserving Ilm lamellae (B- #ODV-G-3; TL 
PN). (C)- Large Opx coronas around Ol enclosing abundant Sulph blebs in ODV II olivine leucogabbro I (#ODV-PO; 
TL XN); (D)- Sulph alteration in ODV II olivine leucogabbro I (#ODV-PO): (i) Linnaeite (Linn) group minerals replacing 
Po along microfractures; (ii) development of Py-Mrc bird eye structures; (iii) full replacement by Hem-Gt  Mgt leaving 
Ccp relics (all TL PN); (E)- Pseudomorphic replacement of Ol by Srp  Po in ODV II olivine leucogabbro I (#ODV-PO; 
left TL PL, right RL PN); (F)- Ol  Cpx strings partially enclosed along the edges of the plagioclase resulting in well-
developed alignments in ODV II olivine gabbro III (#ODV-D2; TL XN); (G)- Large Cpx oikocrysts enclosing Pl laths in 
ODV II olivine gabbro III (#ODV-D2; TL XN); (H)-Diffuse/indented mineral contacts due to HT deformation in ODV II 
olivine leucogabbro II (#ODV-G-40; TLXN). Abbreviations as in Figure III.3. 
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altered to titanite and hematite. Plagioclase crystals are somewhat turbid although relatively well 

preserved, except in the vicinity of fractures and small titanite ± carbonate ± epidote ± prehnite veinlets. 

Brown hornblende is an accessory phase in most ODV II facies, growing as thin oikocrysts or 

rims around other phases; particularly, brown hornblende and oxide minerals.  

As noted in section II.4.3.2, with the exception of the oxide-rich basal domain of olivine 

leucogabbro I, ODV II Series is overall depleted in oxides compared to ODV I. Textural relationships 

suggest that these minerals are early formed cumulus accessory phases, contemporaneous with 

sulphides, (as evidenced by oxide-sulphide mixed grains included in silicate phases or trapped 

interstitially). Typical dimensions of metallic minerals rarely exceed 0.5 mm, although interstitially they can 

reach larger dimensions; in that context, oxides are usually rimmed by thin brown hornblende. Subhedral 

magnetite largely prevails over ilmenite, which is almost exclusively found as mixed grains. Spinel has 

greyish colour and abundant pleonaste exsolutions (with rod shapes or as long thin lamellae), whereas 

ilmenite oxy-exsolution lamellae are rarely observed. Sulphide rounded blebs are as much or even more 

abundant than oxides; they comprise pyrrhotite with mechanical twining, chalcopyrite exsolutions or 

subhedral grains and fairly abundant pentlandite flame exsolutions.  

Alteration and deformation of ODV II rocks at micro-scale 

Most ODV II Series rocks display the effects of moderate plastic deformation at high temperature. 

The common optical modifications of plagioclase are present but, additionally, mineral borders among 

plagioclase grains or with ferromagnesian minerals (clinopyroxene in particular) are often cuspate and 

indented, resulting in distorted, locally diffuse, mineral contacts (Figure III.10H). On the other hand, far 

from the influence of fluid circulation adjoining shear and fault-zones, late alteration is incipient and 

essentially related with mild circulation of deuteric fluids or weathering. 

III.1.1.5. ODV III Series 

Textural relationships for ODV III Lower Group facies olivine leucogabbro I/II and pyroxene 

gabbro I facies are identical to those previously described for typical olivine leucogabbro/olivine gabbro 

facies, respectively (which are correlative facies included in ODV II Series; see Figure II.14, section 

II.4.1); the inferred crystallization sequence for ODV II main facies depicted in Figure III.9 is therefore 

applicable. The crystallization sequence deduced for rocks included in ODV III Upper Group is illustrated 

in Figure III.11.  

Lower Group 

Despite the general agreement between correlative facies from ODV II Series and those included 

in ODV III Lower Group, the following features observed in the latter are noteworthy: (i) the presence of 

simplectitic intergrowths of secondary magnetite in orthopyroxene reaction coronas around olivine (which 

may locally remobilize adjoining primary oxide grains; Figure III.12A); (ii) elongated inclusions of 

magnetite in cleavage plans of intercumulus clinopyroxene; and (iii) the occurrence of large intercumulus 

sulphide aggregates (1-2 mm; with irregular shape and wispy borders), comprising pyrrhotite (showing 

mechanical twining in basal domains) abundant pentlandite exsolutions and subhedral chalcopyrite (mild 

alteration of primary sulphides to a pyrite-marcasite assemblage is relatively common). 
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Basal domains of pyroxene gabbro I facies are identical to ODV II; however, olivine gabbro II, 

rocks, sampled closer to the top, only show incipient poikilitic texture. Instead of oikocrysts, clinopyroxene 

develops rounded or elliptical grains (<2 mm) partially enclosed by plagioclase or intercumulus olivine (>3 

mm). Large oikocrysts of orthopyroxene and brown hornblende are commonly seen enclosing silicates, 

and intercumulus primary oxides (ilmenite and light coloured magnetite with pleonaste and ilmenite 

lamellae).  

Olivine leucogabbro II facies are medium to coarse grained hypidiomorphic rocks where the main 

textural features are as follows: (i) large olivine single crystals (>4 mm; Figure III.12B) or monomineralic 

aggregates, very conspicuous at mesoscale; and; (ii) the tendency for clinopyroxene to develop small 

cumulus crystals (1 mm) which are partially enclosed by subhedral laths of plagioclase that make up the 

matrix (4-6 mm). Intercumulus clinopyroxene oikocrysts are seen at the transition from underlying 

pyroxene gabbro I where they tend to enclose small euhedral plagioclase laths or smaller rounded olivine 

grains. Larger rounded clinopyroxene grains may represent late overgrowths on earlier cumulus crystals. 

Orthopyroxene is as abundant as clinopyroxene in most of the studied samples (see Figure III.1).  

Upper Group 

Upper Group inferred crystallization sequence is depicted in Figure III.11. Pyroxene gabbro II 

hosts type II mineralization and encompasses a wide range of rock-types; the main facies includes 

interbedded very coarse grained porphyry olivine gabbro (P levels) and fine-grained (ultra-)mafic levels 

(Figure III.1). 

The main facies is a fine-grained, equigranular olivine gabbro with abundant cumulus olivine and 

clinopyroxene. Plagioclase (subhedral to anhedral) is mostly an intercumulus phase and shows highly 

variable dimension, (locally reaching up to 5 mm). Olivine develops 3-4 mm anhedral rounded crystals, 

whereas clinopyroxene elliptical grains have smaller average dimension (1–2 mm) and often form strings 

along plagioclase edges; both minerals are partially enclosed by plagioclase, particularly clinopyroxene. 

The most fine-grained rocks display well developed mineral foliation evidenced by preferred orientation of 

plagioclase laths and clinopyroxene strings along its edges; additionally, clinopyroxene cumulus crystals 

show abundant twining at high angles relative to the mineral foliation (Figure III.12C). Besides 

plagioclase, intercumulus minerals consist of clinopyroxene larger grains with incipient poikilitic texture 

and orthopyroxene reaction coronas around olivine where secondary magnetite grains with myrmekite 

texture are often present.  

The porphyry character of olivine gabbro P levels is a consequence of the much larger dimension 

of intercumulus clinopyroxene grains (up to 20 mm), the relative crystallization order being essentially 

kept unchanged relatively to finer grained rocks. Small cumulus clinopyroxene grains are much less 

abundant, suggesting that overgrowth of early cumulus minerals may account for (at least some of) the 

large intercumulus clinopyroxene grains; the same applies to olivine, whose dimension (< 10 mm) is also 

larger than in the most common facies.  

The ultramafic levels found interbedded in pyroxene gabbro II are thin rhythms contained within 

thicker layers of olivine melagabbro and porphyry gabbro. Textural relationships indicate a crystallization 

order similar to that of the main facies. Within ultramafic rocks the main difference is the relative 

abundance of mineral species due to the stronger cumulate character (Figure III.1). Olivine and most of 
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clinopyroxene, along with accessory opaque minerals, make up the cumulus generation. Large olivine 

grains (or their aggregates) with rounded shape (<5 mm) are rimmed by thick coronas of poorly preserved 

orthopyroxene. Clinopyroxene has smaller dimensions (1–2 mm) and forms elliptical grains that cluster in 

compact aggregates or mineral strings partially included by plagioclase. Plagioclase crystal shape and 

dimensions are strongly conditioned by the available interstitial space left by cumulus minerals. Scarce 

clinopyroxenites represent transient rhythms within the ultramafic levels with typical adcumulus, and 

strongly annealed texture, displaying an average grain-size of 5 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure III.11- Schematic representation of inferred crystallization sequence for rocks included in ODV III Upper 
Group. Within the transitional domain, the coloured area represents the main shifts in mineral crystallization order 
which the study of detailed representative samples (referred in the inset to the right) allowed inferring as depicted in 
Figure II.17 (section II.4.3.3); the “common to all” portion of the diagram represents minerals that have similar 
textural relationships within the transitional domain. Abbreviations as in Figure III.2; Agg- aggregates. 
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In all rock types of pyroxene gabbro II facies, accessory minerals comprise brown hornblende (as 

rims around clinopyroxene or interstitial oxides), oxides and sulphides. Ilmenite/magnetite mixed grains 

(0.1 mm) are enclosed by intercumulus clinopyroxene, whereas larger grains (< 1 mm) are trapped 

interstitially and rimmed by brown hornblende. Spinel shows pinkish or greyish light colour, abundant 

pleonaste exsolutions and scarce ilmenite lamellae. Sulphides are usually more abundant than oxides 

and represent an early formed cumulus phase included in all intercumulus silicates. They have typical 

dimensions between 0.1 and 1 mm; larger aggregates are trapped interstitially including irregular wispy 

grains with up to 2 mm. In olivine gabbro, pyrrhotite blebs have much more abundant chalcopyrite 

(subhedral) grains/exsolutions than pentlandite. Sulphides enclosed in basal ultramafic layers have higher 

amount of pentlandite + chalcopyrite than pyrrhotite; pentlandite forms flame exsolutions but also larger 

subhedral patchy grains (Figure III.12D). Sulphides are often surrounded by magnetite alteration rims. 

Within the uppermost, thinner mafic layers, sulphides are coarser and most abundant near the transition 

from the “normal” gabbro immediately below. 

The transitional domain between pyroxene gabbro II and olivine leucogabbro III, (the uppermost 

facies; see Figure II.17, section II.4.3.3) begins with an anorthosite level that overlies pyroxene gabbro II 

facies. Cumulus clinopyroxene and olivine forming micro-rhythms represent remains of the underlying 

pyroxene gabbro II sequence. Although the anorthosite level marks plagioclase first appearance as a 

cumulus mineral in ODV III Upper Group, within the transitional domain  (Figure III.12F-H)plagioclase 

crystallization is preceded by clinopyroxene (small rounded grains) and (minor) olivine. Towards the top, 

(within one of the more mafic layer doublets), a sharp (millimetric) shift in crystallization sequence took 

place: clinopyroxene and, particularly, olivine, begin to crystallize again as cumulus phases, (as recorded 

by the increasing amount of rounded blebs included in plagioclase; Figure III.12H). Within the transitional 

domain, sulphide and oxide textures generally match those of pyroxene gabbro II. There is however an 

increase of sulphide modal proportion, dimension and pentlandite : chalcopyrite ratio immediately above 

the crystallization reversal. These combined features suggest that a transient magma replenishment took 

place before the onset of the crystallization of typical olivine leucogabbro III facies.  

Olivine leucogabbro III facies comprises medium-grained (3–5 mm) mostly equigranular rocks 

wherein plagioclase is pervasively a cumulus mineral. Subhedral to anhedral plagioclase laths are cotetic 

to slightly earlier than large rounded olivine grains. Clinopyroxene and orthopyroxene often occur in 

nearly equivalent proportions, the latter forming large oikocrysts that enclose olivine or clinopyroxene. 

Oxides are modally more important than sulphides (which are often absent), locally forming mildly 

enriched domains. Oxides are mostly interstitial and comprise ilmenite/magnetite mixed grains, the latter 

showing pinkish light colour and fine lamellae of pleonaste or ilmenite (pleonaste exsolutions prevail over 

ilmenite lamellae). 
 

Figure III.12- (right page)- Microphotographs of ODV III Series rocks. (A)- Simplectitic intergrowths of secondary Mgt 
in Opx coronas (Ol remobilizing Mgt from primary Mgt-Ilm) in ODV III Low G pyroxene gabbro I (#CVD-17D; RL PN); 
(B)- Large Ol grains in ODV III Low G olivine leucogabbro II (#CVD-16A; TL PN); (C)- Mineral foliation evidenced by 
preferred orientation of Pl laths and CpxCum strings (twinned at high angles relative to the foliation) in ODV III Upp G 
pyroxene gabbro main facies (#CV-31; TL XN); (D)- Po with subhedral (Ccp + Pn) in ODV III Upp G pyroxene gabbro 
II ultramafic levels (#CVD-12D; RL PN); (E)- Strong cataclasis in ODV III Upp G anorthosite (1st appearance of PlCum) 
and pyroxene gabbro II - olivine gabbro III transitional domain (#CVD-3; TL XN); (F)- Textural relationships between 
(Ol + Cpx)Cum and PlIntc within ODV III Upp G pyroxene gabbro II-olivine gabbro III transitional domain (#CVD-2A, TL 
XN); (G)- A few cms above (F), same sample showing  PlCum and (Ol + Cpx)Intc (#CVD-2A, TL XN); (H)- A few cms 
above (G), a crystallization reversal again took place with (Ol + Cpx)Cum and PlIntc. Abbreviations as in Figure III.3. 
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Figure III.13- Schematic depiction of ODV III Upper Group pyroxene gabbro II hydrothermal alteration features. 
Abbreviations as in Figure III.2. 

 

Alteration and deformation of ODV IIII rocks at micro scale 

Strong cataclastic deformation and hydrothermal alteration are superimposed to the anorthositic 

layers at the pyroxene gabbro II - olivine leucogabbro III facies transitional domain. Olivine and 

clinopyroxene are strongly altered and often pseudomorphically replaced by green hornblende ± 

chlorite/actinolite-tremolite ± chlorite, respectively. Deformation is preferentially accommodated along 

discrete shear-bands with 10 mm (Figure III.12E) within which strong sub-granulation with minor internal 

deformation affects plagioclase grains. Shear planes are underlined by a fine-grained mixture of 

carbonate, phyllosilicates and titanite, the latter also forming punctuations within amphibolitized 

clinopyroxene or sealing small fractures. Serpentine, chlorite prehnite and carbonate seal undeformed 

veinlets.  

Excluding the anorthosite layers at the pyroxene gabbro II - olivine leucogabbro III facies 

transitional domain, deformation within ODV III Series is mostly related with compaction, resulting in 

mechanical twinning and wavy extinction of plagioclase. Hydrothermal alteration is also incipient in most 

facies and compatible with deuteric circulation of late magmatic fluids, according with previously 

described patterns. Pyroxene gabbro II is an exception to this trend, for which alteration features are 

schematically reported in Figure III.13. The main facies, as well as the transitional domain to olivine 

leucogabbro III, are variably altered, whereas the basal mafic/ultramafic layers (including pyroxene 

porphyry gabbro) are pervasively altered, locally being fully replaced by secondary mineral assemblages. 

At least two main stages of hydrothermal alteration are recorded by these rocks. The mineral 

assemblages representative of each alteration stage are also observed individually in other LGS domains 

(e.g. ODV I Series). Their joint presence in these rocks is particularly useful to determine the conditions in 

which they progressed in order to tentatively interpret what is observed within other LGS domains.  

At the early steps of the first alteration stage, orthopyroxene is pseudomorphosed (type (ii); see 

Figure III.8B, section III.1.1.3). During this stage olivine can be replaced by yellow serpentine with 

formation of fine secondary pyrrhotite needles, which may include some pentlandite [type (i) 

pseudomorphic assemblage; e.g. Figure III.10E, section III.1.1.4]. Amphibolitization (clinopyroxene 

epitaxial replacement by actinolite/tremolite ± chlorite) and replacement of plagioclase by chlorite ± 

prehnite most likely took place during a second alteration stage. Replacement of plagioclase progresses 

inwards from surrounding serpentine  chlorite rims in type (ii) pseudomorphoses or transgranular 

veinlets (Figure III.15A, B). During the second alteration stage, the olivine type (ii) pseudomorphic 
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aggregates (developed during the first stage) are overprinted by type (iii) actinolite/tremolite ± talc  

chlorite aggregates (Figure III.15A, B), which strongly resemble those observed in ODV I Series as a 

result of direct (?) olivine replacement. Fine-grained magnetite aggregates (formed as a by-product of this 

second replacement process) are sited within the amphibole aggregates. Magnetite is, however, mostly 

remobilized into veinlets along with chlorite, which crisscross the matrix and overall enhance the bulk 

extent of alteration. The sulphide needles enclosed in the early formed type (i) pseudomorphic 

assemblage (olivine to yellow serpentine) are also replaced during this stage, either by the type (iii) 

pseudomorphic assemblage amphibole aggregates or by chlorite + magnetite veinlets (Figure III.15B, C). 

Magnetite rims surrounding primary sulphide blebs are likely contemporaneous of this stage. 

III.1.1.6. BRG I Series 

Schematic representation of inferred crystallization sequence for rocks included in BRG I Series 

is depicted in Figure III.14 (Lower Group) and Figure III.16 (Intermediate and Upper groups, see ahead). 

Lower Group 

Pyroxene gabbro I facies comprises mostly olivine gabbro and melagabbro (with minor troctolite 

rhythms), which differ on their modal mineral proportions due to heterogeneous accumulation processes 

(Figure III.1). All rock types comprise a matrix of hypidiomorphic cumulus plagioclase with variable 

dimension (2-6 mm), usually coarser within cumulate domains. Olivine rounded grains (2 mm) are 

enclosed by plagioclase or form partially included strings along plagioclase edges, often with mildly 

annealed texture. Within coarse-grained cumulate rocks, olivine may form spectacular oikocrysts with 20 

mm enclosing small plagioclase laths (Figure III.15D). Intercumulus minerals comprise incipient to very 

well developed (< 20 mm) clinopyroxene oikocrysts enclosing small euhedral plagioclase laths and 

variably textured orthopyroxene; this mineral may form thin reaction coronas around olivine or larger 

oikocrysts. Accessory oxides with small dimensions (<0.5 mm) are included in olivine and plagioclase or 

occur as interstitial grains; they comprise ilmenite/magnetite mixed grains, the latter showing mostly 

pleonaste lamellae. Sulphides are also accessory cumulus phases, usually in more significant amount 

(and dimension) within cumulate domains. They comprise a pyrrhotite matrix with abundant patchy 

subhedral pentlandite and subordinated flame exsolutions (Figure III.15E); chalcopyrite develops in large 

domains where incomplete exsolution occurred, thus forming filiform-like texture (Figure III.15E).  

Other rock types included in pyroxene gabbro I comprise (see additional features in Figure 

III.14): 

- Amphibolitic gabbro domains, occurring at the northern contact of pyroxene gabbro wherein textural 

relations displayed by large brown hornblende (Figure III.15H) and orthopyroxene oikocrysts 

(Figure III.15G; <20 mm) are similar to what is observed for clinopyroxene in common pyroxene 

gabbro rocks. Other noteworthy features include: (i) a strongly heterodimensional matrix of 

subhedral to anhedral cumulus plagioclase (locally forming very large zoned crystals 5 mm; 

Figure III.15F) which develop a foliation that contours early formed cumulus clinopyroxene grains 

with concurrent plastic deformation (Figure III.15F), and; (ii) the occurrence of small cumulus 

grains of olivine in equilibrium with amphibole oikocrysts (Figure III.15H).  

- Clinopyroxenites comprise a matrix of annealed clinopyroxene where intercumulus orthopyroxene 
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oikocrysts and oxides occur: well developed ilmenite (with hematite lamellae) and magnetite 

millimetric mixed grains (with tiny pleonaste exsolutions and cloth texture ulvöspinel rich domains- 

Figure III.17A); sulphides are absent in this rock type. Clinopyroxenites are found in the vicinity, 

and are locally in direct contact with microgabbro facies. Macroscopic observation of a sample 

representative of the contact, suggests that the clinopyroxenite domain is an enclave; however, 

under the microscope, there are no chilling or reaction rims, the contact being smooth and 

essentially marked by the sudden overgrowth of clinopyroxene grains over the microgabbro.  

- Paragenetic relations within the microgabbro facies match those observed for pyroxene gabbro I, (see 

Figure III.14) suggesting it may represent a textural variation of the main coarser-grained facies. 

The main distinctive feature of microgabbro is the intergranular texture (ca. 1 mm) with strong 

annealing (Figure III.17B). Despite the occurrence of accessory sulphide micro-blebs enclosed in 

plagioclase (pyrrhotite with mechanical twinning and relatively rare chalcopyrite or pentlandite 

exsolutions), intercumulus oxides are far more abundant and are usually rimmed by brown 

hornblende. Oxides comprise ilmenite/magnetite isolated or mixed grains, the latter showing 

pleonaste transgranular exsolutions or small inclusions along the contacts with ilmenite.  
 

Due to limitations imposed by deficient outcropping conditions, olivine leucogabbro I facies, is 

underrepresented; a single sample of anorthosite (3–4 mm), a common rock type within this facies, was 

studied. Typical adcumulate texture is shown by the plagioclase matrix in which large clinopyroxene 

oikocrysts are rimmed by brown hornblende. Ilmenite and poorly preserved magnetite (replaced by 

hematite/maghemite?) mixed grains are included in plagioclase or form interstitial aggregates.  

The olivine leucogabbro II most common facies comprises medium to coarse-grained 

equigranular rocks (4-6 mm). Plagioclase develops a matrix of mostly subhedral crystals in which 

interstitial olivine grains distribute along straight edges or are partially included by plagioclase laths, 

suggesting that both minerals are essentially cotetic. Clinopyroxene is relatively scarce and typically 

interstitial relatively to plagioclase. Orthopyroxene is more abundant than clinopyroxene and forms 

oikocrysts or rims around olivine and clinopyroxene; both are partially surrounded by thin rims of brown 

hornblende. Within the main facies, sulphides are very scarce (not observed in the studied thin-sections) 

and oxides occur in accessory amounts. Minute inclusions of ilmenite/magnetite mixed grains are sited in 

olivine or form small interstitial aggregates; the spinel shows light grey colour and small rods of pleonaste 

and ilmenite lamellae. Within olivine leucogabbro II specific heterogeneous domains (see section II.4.3.4) 

include significant amounts of pentlandite-rich sulphide; there is a clear tendency for pentlandite to 

develop subhedral aggregates instead of flame exsolutions as its modal proportion increases. The main 

petrographic characteristics of these domains are as follows. 

- Domains displaying macroscopic resemblance to the underlying pyroxene gabbro I (#SB-W3). 

Noteworthy features include well developed orientation of plagioclase laths, which partially 

enclose abundant small olivine elliptical grain strings along its edges (Figure III.17C). Sulphides 

are present mostly as intercumulus phases or millimetric blebs in plagioclase surrounded by 

radial microfractures. This feature suggests that sulphur saturation and immiscibility peaked after 

the development of cumulus olivine-plagioclase framework. Thick orthopyroxene coronas occur 

around sulphide grains and partially resorb early formed olivine, indicating that orthopyroxene 

development is contemporaneous of sulphur saturation. Sulphide aggregates comprise equal 
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proportion of pyrrhotite (with mechanical twining) and subhedral chalcopyrite + pentlandite 

(subhedral + flame exsolutions). Dark grey magnetite grains are mixed with sulphide aggregates. 

Incipient alteration of the sulphides to pyrite and marcasite is locally observed. 

- Domains displaying macroscopic resemblance to Intermediate Group pyroxene porphyry gabbro 

(#CNT-19; see Figure III.16 ahead). Noteworthy features include slightly higher abundance of 

orthopyroxene and sulphides. Orthopyroxene forms heterogeneous reaction rims in larger olivine 

grains, whereas tiny blebs of pyrrhotite + subhedral pentlandite + anhedral chalcopyrite are sited 

in clinopyroxene or plagioclase (the larger ones in orthopyroxene). Figure III.17D displays a 

clinopyroxene large rounded grain (<5 mm; locally including plagioclase microlithons) which 

account for the macroscopic porphyry character of this sub-facies (compare with Figure III.17F). 

- Cumulate domains located at the basal portion or at the transition to Intermediate Group (#CNT-17, 

CNT-15A) comprise a plagioclase fine-grained (2 mm) hypidiomorphic matrix where abundant 

olivine and clinopyroxene large oikocrysts (≤ 20 mm) enclose small euhedral plagioclase laths. 

This textural relationship suggests that olivine begun to crystallize as a cumulus mineral along 

with plagioclase, and then experienced significant overgrowth as an intercumulus phase (Figure 

III.17E). Coronitic texture is well-developed with thick rims of orthopyroxene wrapping olivine 

grains; plagioclase rich domains display annealed texture. Sulphides occur as disseminated blebs 

within plagioclase or larger interstitial grains. Comparison with pyroxene gabbro I sub-types (#SB-

W3) shows that sulphides are less abundant and have higher pyrrhotite : (pentlandite + 

chalcopyrite) and slightly lower pentlandite : chalcopyrite ratios; chalcopyrite develops filiform 

exsolutions except where it occurs as isolated grains. 

- Anorthosite layers adjoining cumulate domains at the transition to Intermediate Group have 

plagioclase (#CNT-15A) with annealed texture and tiny inclusions of an unidentified mineral, 

(apatite ?). Abundant blebs of sulphide, mostly pyrrhotite with chalcopyrite, are partially enclosed 

by plagioclase or trapped interstitially. Microfractures irradiate from the sulphide blebs and 

phlogopite ± brown hornblende ± chlorite aggregates enclose the interstitial sulphides. The 

transition from anorthosite to the surrounding gabbro (in which the cumulate character is not 

evident) is marked by a decrease of sulphide content. 

Intermediate Group 

The grain-size layering observed at mesoscale within pyroxene porphyry gabbro facies reflects 

differences in grain size but also variable contents of cumulus : intercumulus minerals. Rocks with higher 

cumulus : intercumulus proportion (40: 60) have abundant small rounded grains of olivine (0.5 mm) 

enclosed in the cumulus plagioclase (2 mm) matrix (or form strings partially enclosed at plagioclase 

edges). The olivine-plagioclase framework often displays significant annealing. Olivine continues to grow 

as an intercumulus mineral, developing oikocrysts as they grow larger in rocks with lower cumulus : 

intercumulus ratios. The main intercumulus mineral is clinopyroxene, which forms very large (50 mm) 

rounded oikocrysts enclosing small plagioclase laths and olivine (Figure III.17F); abundant oxide 

inclusions are present at the core of larger grains within cleavage plans. The rounded morphology of 

oikocrysts suggests they may have nucleated as cumulus crystals that experienced important overgrowth 

as intercumulus phases. Orthopyroxene and brown hornblende are relatively scarce and form coronas 
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around olivine or clinopyroxene. Oxides and sulphides are very scare and late-formed cumulus phases 

included by all intercumulus phases, (more rarely in plagioclase). Oxides comprise ilmenite/magnetite 

(with thin ilmenite lamellae) whereas sulphides consist of pyrrhotite blebs with subhedral pentlandite and 

chalcopyrite.  

Figure III.14- Schematic representation of inferred crystallization sequence and main alteration features for rocks 
included in BRG I Lower Group. Abbreviations as in Figure III.2; Agg- aggregates. 

 

The main facies of olivine leucogabbro III consists of olivine leucogabbro in which the coarse 

grained plagioclase hypidiomorphic matrix (< 5 mm) encloses variable proportions of (early-formed) 

olivine and clinopyroxene small grains with preferred rounded or elliptical shape. Olivine + clinopyroxene 

are important in the intercumulus generation where they occur as isolated grains (< 2 mm) or 

polymineralic aggregates trapping plagioclase microlithons. Oxides and sulphides are accessory phases 
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enclosed by intercumulus minerals/aggregates or trapped interstitially. Sulphides comprise pyrrhotite with 

pentlandite as flame exsolutions or subhedral grains and subhedral chalcopyrite. Oxides form isolated or 

mixed grains of magnetite and ilmenite. Spinel shows some pleonaste exsolutions and subhedral cubic 

inclusions, as well as ilmenite lamellae, whereas ilmenite presents hematite thin lamellae. All 

intercumulus minerals are mantled by orthopyroxene and later brown hornblende rims. Strong annealing 

affects most studied rocks.  

Detailed studies at the Serrabritas quarry allowed identifying several anorthosite levels with 

moderate thickness (< 1m) and olivine norite rhythms that host (one of the two) known occurrences of 

type III mineralization. Their main petrographic features are as follows:  

- Anorthosites are characterised by an adcumulate heterogranular plagioclase matrix with centimetric 

oikocrysts of intercumulus clinopyroxene rimmed by brown hornblende. Locally, actinolite and 

chlorite aggregates replace pseudomorphically cumulus olivine. Small oxide and sulphide 

inclusions (replaced by hematite and pyrite, respectively), occur in the core of plagioclase grains. 

Late intercumulus titanite constitutes an accessory phase.  

- Olivine norite rhythms comprise equigranular rocks (3-4 mm) in which the cumulus generation 

includes plagioclase and olivine. Clinopyroxene intercumulus grains are scarce and thin 

orthopyroxene rims mantle olivine and some sulphides. Although sulphides are mostly interstitial 

phases, rounded large blebs are found within olivine and plagioclase (Figure III.17G). When the 

sulphide phase builds up significantly, they can fully enclose orthopyroxene, mantling olivine 

grains (Figure III.17H) as well as the plagioclase laths. These textural relationships suggest that 

sulphur saturation occurred at a very early stage, likely cotetic to olivine and plagioclase 

fractionation. Coalescence of blebs to form larger blotches of sulphide gradually disrupted the 

silicate framework, giving rise to a typical net-textured (locally massive) ore in which silicates float 

isolated. Detailed description of the sulphides is performed in section IV.4.  

Upper Group 

Oxide olivine leucogabbro develops immediately above the sulphide-rich olivine norite rhythms 

that top Intermediate Group. Oxide olivine leucogabbro are medium to fine grained (2-4 mm; locally < 0.5 

mm) equigranular rocks where plagioclase is the main cumulus mineral, constituting a matrix of subhedral 

to anhedral crystals. Variable proportions of small rounded clinopyroxene grains (< 0.5 mm) are enclosed 

in the cores or edges of plagioclase laths, defining well-developed mineral foliation. Clinopyroxene and 

olivine also occur as intercumulus minerals, clinopyroxene locally forming elongated prismatic crystals; 

both minerals may occur as isolated grains or as intercumulus clusters wrapped by orthopyroxene and 

accessory brown hornblende.  
 

Figure III.15- (right page)- Microphotographs of ODV III and BRG I Series rocks. (A)- Stage II mineral assemblages 
in (ultra-)mafic levels interbedded with ODV III Upp G pyroxene gabbro II: replacement of Pl by Chl  Prh progressing 
from type (ii) pseudomorphoses Srp  Chl rims or transgranular veinlets and a type (iii) pseudomorphic aggregate 
(#PED-ODV-2; TL XN); (B, C)- Same as (A) overprint of stage I by stage II hydrothermal alteration: Relics of stage I 
type (i) Sulph bearing yellow Srp pseud after Ol overprinted by stage II type (iii) pseud. (Act/Tr  Tlc  Chl  Mg) + 
Srp + Mgt veinlets; Pl is fully replaced by Prh + Chl (#PED-ODV-2; TL left PN, right XN); (D)- Ol oikocrysts in BRG I 
Low G pyroxene gabbro I coarse-grained cumulate (#CNT-25-2; TL XN); (E)- Sulph aggregates in BRG I Low G 
pyroxene gabbro I cumulate: Po + patchy subhedral Pn + filiform Ccp (#CNT-25-2; RL PN); (F-H)- BRG I Low G 
amphibolitic gabbro (#PEROG; TL XN): heterodimensional matrix of cumulus Pl with large zoned crystals (F); Opx 
oikocrysts (G); (H)- HblBr oikocrysts including Ol. Abbreviations as in Figure III.3.                             
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Figure III.16- Schematic representation of inferred crystallization sequence and main alteration features for rocks 
included in BRG I Intermediate and Upper Groups. Abbreviations as in Figure III.2; Agg- aggregates. 
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 Oxides are abundant (Figure III.1), being sited within intercumulus minerals/aggregates also 

constituting important interstitial phases. Oxides comprise single or mixed grains of ilmenite and 

magnetite; magnetite displays pinkish colour and includes equal proportions of pleonaste rods and 

elongated ilmenite lamellae. Sulphides (pyrrhotite with chalcopyrite exsolutions or anhedral grains) are 

either absent or very scarce and form aggregates along with oxides. 

Oxide pyroxene gabbro corresponds to a variation of its underlying facies for which oxide 

enrichment is more erratic and plagioclase less abundant (Figure III.1). In accordance with the 

heterogeneity observed at mesoscale, two main types of textural relations can be defined. Fine-grained 

heterogranular facies comprises an hypidiomorphic matrix of cumulus plagioclase (5 mm) where 

(abundant, small rounded) clinopyroxene ± olivine grains (< 0.5 mm) are included by plagioclase (Figure 

III.18A) or form partially included strings at the edges of plagioclase laths. Locally, clinopyroxene cumulus 

grains experienced significant overgrowth and form large rounded grains surrounded by brown 

hornblende oikocrysts. The second textural type displays more homogenous grain-size (5 mm). 

Clinopyroxene and olivine are thus typically intercumulus phases that occur as single grains or 

polymineralic aggregates. Olivine locally forms oikocrysts that encloses cumulus minerals or smaller-

sized intercumulus phases. Oxides are also typically intercumulus and relatively coarse-grained 

surrounded by thin brown hornblende rims or very large orthopyroxene oikocrysts; both silicates may also 

enclose previously formed mineral phases. Ilmenite displays hematite exsolution lamellae, whereas 

magnetite has equal proportions of pleonaste and ilmenite exsolution lamellae. Small cumulus sulphide 

grains are sited within intercumulus minerals being more abundant than in the oxide olivine leucogabbro 

underlying facies; it is also noticeable the gradual reappearing of pentlandite within pyrrhotite blebs, both 

as flame exsolution or subhedral small grains.  

Alteration and deformation of BRG I rocks at micro-scale 

Within Lower Group pyroxene gabbro I, cumulate rocks are slightly more altered than the 

enclosing predominant facies. Pyroxenes show moderate uralitization; olivine is partially replaced by 

serpentine ± chlorite ± magnetite and strongly fractured (which affects adjoining plagioclase). Locally 

these fractures are sealed by actinolite/tremolite ± chlorite or serpentine ± chlorite  magnetite. The 

amphibolitic gabbro evidences moderate hydrothermal alteration: both pyroxenes display strong 

uralitization, olivine is partially or fully replaced by type II pseudomorphic aggregates  serpentine. 

Significant fracturing affects all minerals; veinlets are sealed by actinolite/tremolite ± chlorite or serpentine 

± chlorite±magnetite if adjoining altered olivine. All Lower Group sulphide-rich facies (cumulates included) 
 

Figure III.17 (right page)- Microphotographs of rocks BRG I Series rocks. (A)- Ilm (with HemE)- Mgt (with cloth 
textured UspE) in clinopyroxenite included in BRG I Low G pyroxene gabbro (RL PN); (B)- Hypidiomorphic texture 
with annealing in BRG I Low G microgabbro (#CNT-24; TL XN); (C)- Well-developed foliation in Sulph rich domains in 
BRG I Low G olivine leucogabbro II displaying macroscopic features similar to underlying pyroxene gabbro (#SB-W3; 
TL XN); (D)- Large rounded Cpx oikocrysts within distinct domain of BRG I Low G olivine leucogabbro II which 
account for similar macroscopic features to overlying Int G pyroxene porphyry gabbro (#CNT-19; TL XN); (E)- Large 
Ol crystals in BRG I Low G olivine leucogabbro II cumulate domains (#CNT-17; TL XN); (F)- Large rounded Cpx 
oikocrysts within BRG I Int G pyroxene porphyry gabbro (note the resemblance with #CNT-19 depicted in (D); #SB-
14A TL XN); (G)- Sulph included in Ol and Pl at olivine norite rhythms host of type III mineralization in BRG I Int G 
olivine leucogabbro III (SB-17C; TL XN); (H)- Large Sulph intercumulus blotches fully enclosing Ol in same context as 
(G; SB-17E; TL CN). Abbreviations as in Figure III.3. 
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display important hydrothermal alteration. Besides of pyroxene uralitization and partial replacement of 

olivine by type (i) pseudomorphoses, late-formed phlogopite interstitial aggregates (Figure III.18B) and 

carbonate infilled microcavities also occur. Plagioclase is fractured and turbid adjoining the most altered 

domains. The intensity of alteration and abundance of phlogopite aggregates increase towards the 

sulphide rich portion of the samples. Anorthosite domains adjoining cumulate rocks (at the transition to 

Intermediate Group) display important hydrothermal alteration. Clinopyroxene is strongly altered to a fine-

grained mixture of green hornblende ± chlorite ± prehnite and titanite (along cleavage plans); plagioclase 

shows mild saussuritization effects. 

Within Intermediate Group, the porphyry pyroxene gabbro facies is progressively more altered as 

intercumulus olivine proportion increases, (all rocks showing mild to moderate clinopyroxene uralitization). 

Accessory primary sulphides and oxides are oxidized to pyrite/marcasite and martite, respectively. Olivine 

is mainly replaced by type I pseudomorphic aggregates, although the grey serpentine variety with 

associated magnetite is also seen. Due to the intensity of serpentinization, strong fracturing affects these 

rocks, veinlets being sealed by the same mineral assemblage that replaces olivine. Late oxidation of 

secondary sulphides or oxides and abundant iddingsite precipitation along the fracture network account 

for severe staining and typical reddish brown colour in hand-sample. Few late veinlets are sealed by 

carbonates and oxides. 

Anorthosite levels within olivine leucogabbro III display hydrothermal alteration that is related to 

the proximity of late felsic and ATT suite dykes. Hydrothermal alteration assemblages comprises strong 

saussuritization of plagioclase and epitaxial replacement of intercumulus clinopyroxene by green 

hornblende and chlorite; veinlets and microcavities are sealed by prehnite and epidote. One striking 

feature related to the intrusion of late rocks is the development of albite rims around plagioclase crystals 

(Figure III.18C). Mineralized olivine norite included in olivine leucogabbro III, also records more extensive 

hydrothermal alteration relative to the main facies. Orthopyroxene rims are extensively replaced by brown 

hornblende that also precipitates around plagioclase or sulphide (Figure III.18E). Delicate myrmekite 

intergrowths of quartz and chlorite develop at the edges of (mildly serpentinized) olivine and plagioclase 

that are in direct contact with the sulphide, (similar to what is depicted in Figure III.6A; section III.1.1.1). 

Actinolite/tremolite ± chlorite aggregates (Figure III.18F) locally masks primary relations between the 

silicate and sulphide framework. Epitaxial replacement of silicates by carbonates and primary sulphides 

by pyrite-marcasite is locally seen (Figure III.18G). 

Both Upper Group facies are very well preserved, although they are rather sensitive to 

weathering due to the abundant oxide proportion. Samples collected at the uppermost section (#MB-5) 

exposed in the weathered “classic” outcrop of the Ferreira-Beringel national road (Silva et al., 1970) show 

important hydrothermal alteration that is related to the proximal intrusion of trondhjemitic rocks of the ATT 

suite (also referred by Santos, 1990); hydrothermal activity led to partial/complete epitaxial replacement 

of pyroxenes (mainly clinopyroxene) by green hornblende ± actinolite/tremolite ± chlorite and the 

development of myrmekite intergrowths of quartz and phyllosilicates (chlorite?) along plagioclase edges 

adjoining olivine, orthopyroxene and alteration-related amphibole.  

III.1.1.7. BRG II Series 

BRG II Series is a rather monotonous, typically rhythmic Series in which all Groups share 
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pyroxene gabbro topped by olivine leucogabbro facies; only the Upper Group additionally shows a 

pyroxene porphyry gabbro facies, which becomes leucogabbroic towards the top. Figure III.19 and 

Figure III.20 (see ahead) display the most important textural relationships for each Group, (as well as 

sub-facies that display distinctive features.  

Basal Group 

The basal pyroxene gabbro comprises a matrix of cumulus minerals with subhedral plagioclase 

(3-5 mm) enclosing abundant sub-millimetric olivine grains. Olivine also occurs as lens-shaped crystals, 

forming discontinuous strings partially included in plagioclase, and, more rarely as interstitial aggregates 

that show (weakly developed) poikilitic texture. Olivine grain- size gradually increases from the early blebs 

included in the plagioclase to the strings and interstitial grains, suggesting a continued crystallization path 

throughout intercumulus development. Clinopyroxene is the main intercumulus mineral; it forms well 

developed (≤ 5 mm) oikocrysts that include plagioclase euhedral laths. Abundant oxides occur in the core 

of larger clinopyroxene grains (similar to Figure III.3G), either forming alignments of sub-microscopic 

grains (along the cleavage plans) or tiny subhedral inclusions. Both clinopyroxene and intercumulus 

olivine are surrounded by orthopyroxene oikocrysts. Accessory oxides and sulphides are also cumulus 

phases. Small magnetite-ilmenite mixed grains (< 0.25 mm, the magnetite showing ilmenite transgranular 

lamellae exsolutions), occur included either in plagioclase or in clinopyroxene; oxides that were trapped 

interstitially are usually surrounded by orthopyroxene or brown hornblende. Sulphides are enclosed by 

plagioclase, although larger grains (< 1.5 mm) tend to occur interstitially; they consist of pyrrhotite quite 

rich in pentlandite and chalcopyrite exsolutions, even though pentlandite may form subhedral crystals. 

Basal olivine leucogabbro is composed of subhedral cumulus plagioclase (4-6 mm), partially 

enclosing small, rounded, early formed clinopyroxene grains. Intercumulus clinopyroxene and olivine are 

essentially cotetic and typically develop annealed aggregates (4-6 mm across) that, (along with 

plagioclase), result in a rather equigranular texture. Polymineralic aggregates nucleated on early cumulus 

phases, being subsequently wrapped by intercumulus minerals, particularly olivine and orthopyroxene, 

both developing oikocrysts. This textural overlap indicates that most of the plagioclase precipitated after a 

short fractionation period of clinopyroxene ± olivine, forcing all the late crystallization of olivine or 

clinopyroxene to develop interstitially. Sometimes, clinopyroxene forms very well developed prismatic 

crystals, which must have nucleated early on the crystallization sequence, continuing their growth 

subsequently. Sulphides are very rare, mostly consisting of pyrrhotite with chalcopyrite ± pentlandite 

exsolutions. Oxides are the first intercumulus phases to fractionate; they form typically well developed (up 

to 2 mm) magnetite-ilmenite aggregates in which the spinel often shows ilmenite oxy-exsolution lamellae 

and minor pleonaste exsolutions. 
 

Figure III.18- (right page)- Microphotographs of rocks from BRG I and II Series. (A)- Small Cpx inclusions in Pl, BRG 
I Upp G oxide pyroxene gabbro (#SB-S3; TL XN); (B)- Late Phl in Sulph rich cumulates, BRG I Int G olivine 
leucogabbro II (#CNT-17; TL XN); (C)- Ab rims in cumulus Pl cores in Anorth adjoining felsic and ATT suite dykes, 
BRG I Int G olivine leucogabbro III (#SB-S4; TL XN); (D)- (Cpx-Ol-Oxd)Agg wrapped by Opx + HblBr, BRG II Bs G 
olivine leucogabbro (#CNT-9; TL XN); (E-G)- Hydrothermal alteration in mineralized Ol norite in BRG I Int G olivine 
leucogabbro III: (E) HblBr rims replacing early Opx around Sulph (#SB-17E; TL XN); (F)- Act/Tr + Chl (#SB-17E2; TL 
XN); (G)- Carb rimmed by altered Sulph (#SB-17E2; TL XN); (H)- Ilm-Mgt mixed grains; Pleon alignments in Mgt, 
BRG II Low G olivine leucogabbro I (#CNT-11; TL XN); (I)- Kink bands in Ol mantled by Opx, BRG II Int G olivine 
leucogabbro III near BG (#MB-16; TL XN); (J;K)- Cpx “pseudo-oikocrysts” in uppermost Anorth of BRG II Upp G 
olivine leucogabbro III, locally with HblBr rims (#CNT-4; TL XN). Abbreviations as in Figure III.3. 
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Figure III.19- Schematic representation of inferred crystallization sequence for rocks included in BRG II Basal and 
Lower Group. Abbreviations as in Figure III.2; Agg- aggregates. 
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Lower Group 

Samples of Lower Group pyroxene gabbro I were collected along profile 1 (see sampling map 

and logs, Figure A.2; 3, APPENDIX A; Vol. II) and at the Figueirinha quarry; the latter includes the 

sulphide-rich type III mineralization samples. Common rock types are texturally and mineralogically 

equivalent to those belonging to the basal pyroxene gabbro facies. Samples of the main facies collected 

at the Figueirinha quarry show evidence of strong, late metasomatism, although the observed relics 

support its similarity with samples collected on profile 1 (#CNT-10); most samples enclose significant 

amounts of strongly altered interstitial sulphides where chalcopyrite is the best preserved phase. 

Clinopyroxenites comprise mostly cumulus rounded clinopyroxene crystals (with typical 

adcumulus texture) that show minute inclusions of oxides (magnetite?, also hosted in cleavage plans). 

Intercumulus minerals are, by order of abundance, coarse (< 20 mm) brown hornblende oikocrysts and 

lens-shaped crystals of ilmenite and orthopyroxene. The clinopyroxenite hosting type III mineralization 

(see Figure IV.16A, section IV.4.1.1 is significantly coarser and show heterogeneous grains size (3 - 7 

mm); plagioclase grains (altered to prehnite + chlorite) are included in clinopyroxene. Sulphide inclusions 

in clinopyroxene form graphic intergrowths; as the sulphide intercumulus fraction builds up, clinopyroxene 

can show important corrosion gulfs. The sulphide description will be performed on section in IV.4. 

Within the Lower Group olivine leucogabbro I facies, several sub-facies were recognized. The 

most common facies (collected in the intermediate domains) present variable grain size and a prevailing 

tendency to equigranular textures due to the development of intercumulus polymineralic aggregates; 

textural relationships are, therefore, similar to those described for basal olivine leucogabbro. Oxides are 

abundant in all studied samples; they precipitate along with the cumulus minerals, being included in 

plagioclase or in clinopyroxene-olivine-orthopyroxene aggregates. Whenever oxides grain size reaches 

higher dimensions (maximum 3 mm), they are entrapped interstitially and commonly surrounded by late 

orthopyroxene or hornblende. Oxides comprise ilmenite and magnetite either isolated or as mixed grains; 

magnetite shows abundant pleonaste exsolutions that often form well developed alignments (Figure 

III.18H). Sub facies with distinct features include:  

- Rocks of the basal domain display equigranular texture (3 – 4 mm) and well developed mineral 

foliation. Development of fine scale micro-rhythmic modal layering (instead of polymineralic 

aggregates) can be related to compositional shifting of the magmatic residual liquid. Micro-layers 

comprise alternating monomineralic cumulus plagioclase (with adcumulate texture) and 

plagioclase + olivine rhythms; olivine is cotetic to slightly later than plagioclase, as indicated by 

the abundant rounded microlithons of plagioclase included in olivine. Small mixed grains of 

magnetite and ilmenite occur within the early inter-cumulus minerals from lower to upper micro-

layers, orthopyroxene and clinopyroxene coronas become increasingly common and thicker; 

hornblende joins the orthopyroxene + clinopyroxene coronitic assemblage in the later formed 

micro-layers.  

- Oxide-rich rocks with unusual textural features (observed at an exploitation front of the Figueirinha 

quarry) comprise lenses of coarse-grained (3 - 6 mm) olivine leucogabbro (#FG-5) with about 10 

cm across, (easily put in evidence by the stronger response to weathering), wrapped by an outer 

envelope of fine-grained gabbronorite (0.5 mm; #FG-4). The olivine leucogabbro (#FG-5) core is 

texturally and mineralogically similar to other samples located in the intermediate portion of the 
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Lower Group olivine leucogabbro I facies. The gabbronorite envelope (#FG-4) also shows 

cumulus plagioclase enclosing small clinopyroxene crystals but rare intercumulus clinopyroxene. 

The absence of olivine is the most remarkable feature of this rock type, with orthopyroxene 

forming very abundant oikocrysts and including all the remaining mineral phases. Both olivine 

leucogabbro and gabbronorite show important early oxide enrichment (ca. 10%, see Figure III.1, 

of isolated or mixed ilmenite-magnetite grains) as suggested by the abundant pleonaste 

exsolutions in magnetite and their inclusion in all silicates phases. The observed mineralogical 

characteristics and textural relationships suggest that the olivine leucogabbro cores might 

correspond to primitive blocks that reacted incompletely with more evolved magma, thus 

generating the gabbronorite envelope. 

- Uppermost rocks (collected very near the contact with the overlying Intermediate Group pyroxene 

gabbro II facies) have olivine, clinopyroxene and orthopyroxene oikocrysts. Orthopyroxene is 

abundant and encloses profuse sulphides blebs with low chalcopyrite-pentlandite exsolution ratio 

and subhedral pentlandite patches. These features suggest that this transitional domain records 

modifications caused by a new magma pulse (involved in the generation of the overlying 

Intermediate Group). 
 

With the exception of the uppermost rock sub-facies (see above), sulphides are very scarce in 

olivine leucogabbro I; the observed small amounts of sulphide constitute small blebs within intercumulus 

minerals (or coupled with oxides), that formed during the cumulus-intercumulus transition. Sulphides 

consist of pyrrhotite with equal proportion of chalcopyrite and pentlandite in the form of exsolutions.  

Intermediate Group 

Within the Intermediate Group pyroxene gabbro II several facies sub types were observed; 

namely, olivine melagabbro belonging to cumulate (“P”) domains that range to more leucogabbroic types 

of olivine gabbro which locally display porphyry (instead of poikilitic) texture. The main difference between 

“P” cumulate facies and leucogabbroic facies is the decrease of the overall (clinopyroxene +olivine) : 

plagioclase ratio, which is usually accompanied by an increase of plagioclase grain size. Therefore, the 

basic textural and mineralogical features are similar to the remaining pyroxene gabbros. The amount of 

intercumulus olivine increases towards leucogabbroic and porphyry rocks, which also show some early-

formed (cumulus) clinopyroxene. Development of intercumulus minerals follows the usual order: 

orthopyroxene after clinopyroxene, both occurring as large oikocrysts (particularly clinopyroxene); 

orthopyroxene constitutes irregular coronas in leucogabbroic and porphyry sub-facies.  

Accessory amounts of sulphides and oxides are part of the cumulus assemblage. Sulphides are 

(more) abundant and precede oxides crystallisation. Oxides comprise magnetite-ilmenite mixed grains, 

devoid of oxy-exsolutions features. Pyrrhotite is the main sulphide, displaying equally abundant 

exsolutions of chalcopyrite and pentlandite, the latter also occurring as individual subhedral grains. In 

some of the most leucogabbroic rock types, chalcopyrite grains display filiform texture. 

Rocks transitional to clinopyroxenite (collected at the Figueirinha quarry; #FG-3) display distinct 

mineralogical and textural features when compared with the common pyroxene gabbro facies: (i) 

clinopyroxene oikocrysts are observed; (i) typical equigranular texture (3 mm), with clinopyroxene 

(besides of very rare pyrrhotite ± chalcopyrite ± pentlandite subhedral grains) being the earliest cumulus 
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mineral forming rounded grains that are partially or fully enclosed by plagioclase, as small blebs; (iii) 

higher cumulus : intercumulus ratio of clinopyroxene, coupled by an opposite tendency for olivine (which 

is very scarce and usually develops as interstitial incipient oikocrysts); (iv) relatively late and abundant 

oxide deposition (ca. 7%; Figure III.1), giving rise to interstitial ( 3 mm) magnetite-ilmenite mixed grains 

(magnetite rarely displays pleonaste exsolutions, but mild to moderate evidence for subsolidus oxy-

exsolution in the form of thin ilmenite lamellae). Oxides are frequently surrounded by orthopyroxene that 

also forms large (≤ 5 mm) intercumulus oikocrysts. Likewise most of the samples collected at the 

Figueirinha quarry, the primary mineral assemblage records effects of moderate metasomatism.  

The Intermediate Group olivine leucogabbro II are equigranular rocks with 3-4 mm grain-size that 

often display well develop mineral foliation. They comprise a matrix of subhedral cumulus plagioclase 

enclosing variable amounts of rounded clinopyroxene inclusions and sulphide blebs (pyrrhotite with 

pentlandite and chalcopyrite exsolutions). The intercumulus mineral assemblage comprises olivine and 

clinopyroxene, both minerals showing tendency to develop oikocrysts that include plagioclase 

microlithons. Orthopyroxene is scarce and usually forms incipient coronas around olivine. Oxides 

(ilmenite > magnetite) are also seldom observed and form interstitial grains surrounded by orthopyroxene. 

Few samples display micro-layers enriched in olivine + orthopyroxene rhythmically inter-bedded with 

plagioclase, which results in well developed lamination at mesoscale; samples collected at the vicinity of 

BG often display kink bands in olivine, suggestive of deformation under HT conditions (Figure III.18I).  

Upper Group 

The pyroxene gabbro III facies displays a matrix composed of plagioclase (often annealed) with 

abundant inclusions of rounded olivine grains; strings of elliptical olivine outlining plagioclase crystals (as 

often seen in other rocks of similar facies) are scarce. At least part of the observed clinopyroxene 

crystallised during an early stage of fractionation and subsequently developed overgrowth along with 

intercumulus clinopyroxene ± olivine (leading to aggregates  4 mm). Single clinopyroxene oikocrysts 

may attain up to 7 mm and are usually surrounded by orthopyroxene which can also form oikocrysts by 

itself. Cumulus-intercumulus clinopyroxene aggregates are particularly common in the porphyry sub-

facies. Oxides occur as minute inclusions (or cleavage-hosted alignments of sub-microscopic grains) in 

clinopyroxene. Sulphides constitute significant disseminations and comprise millimetric irregular blebs of 

pyrrhotite with abundant pentlandite, (the latter forming exsolutions or subhedral grains); most of the 

observed chalcopyrite displays filiform texture. 

All Upper Group olivine leucogabbro III samples display equigranular texture comprising cumulus 

plagioclase that, (in the most basal layers), includes small (0.5 - 1 mm) olivine, or clinopyroxene and 

sulphide blebs (pyrrhotite with pentlandite and chalcopyrite exsolutions). Intermediate and uppermost 

layers comprise intercumulus, heterogranular, clinopyroxene and olivine, filling the interstitial spaces of 

the plagioclase framework. Clinopyroxene develops large oikocrysts, whereas orthopyroxene forms either 

oikocrysts or coronas surrounding olivine and clinopyroxene.  

Samples collected at the transition from olivine leucogabbro III to the overlying pyroxene porphyry 

gabbro, allowed a detailed study of the uppermost portion of the anorthosite and the lowermost portion of 

the pyroxene porphyry gabbro:  
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Figure III.20- Schematic representation of inferred crystallization sequence for rocks included in BRG II Intermediate 
and Upper Group. Abbreviations as in Figure III.2; Agg- aggregates. 
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- The anorthosite portion comprises a matrix of coarse-grained (3 - 4 mm) plagioclase that is subhedral 

to anhedral (in the absence of contacts with other mineral phases), due to adcumulate growth. 

Oval shaped clinopyroxene grains show very incipient poikilitic texture, documenting a delicate 

development of peripheral branches from a massive core in what could be termed as “pseudo-

oikocrysts”. These clinopyroxene grains are surrounded by brown hornblende (that also forms 

oikocrysts in the matrix) and more rarely by orthopyroxene (Figure III.18J; K). Interstitial blebs of 

sulphide consist of pyrrhotite with chalcopyrite exsolutions. 

- Near the transition zone to the pyroxene porphyry gabbro facies there is a sudden increase of 

orthopyroxene abundance, followed by clinopyroxene and olivine. Higher orthopyroxene 

abundance is interpreted as a result of the reaction between olivine precipitated from the new 

magma pulse with evolved residual (anorthositic) melt 

- Further above, cumulus olivine reappears in the crystal sequence, probably due to lowering amelt
SiO2 by 

mixing with more primitive magma. Olivine occurs as coarser (4 mm) grains displaying incipient 

poikilitic texture (“pseudo-oikocrysts”) and development of orthopyroxene coronas, (whose 

thickness, again, decreases towards the top of the transition zone). 

 

Samples representing the basal portion of the Upper Group pyroxene porphyry gabbro were 

collected immediately above the aforementioned anorthositic layers belonging to the olivine leucogabbro 

III facies. There is a marked cumulate character in the lowest layers that gradually fades upwards. All 

samples comprise a matrix of cumulus, subhedral, plagioclase (2 - 4 mm) with inclusion assemblages of 

cumulus olivine -> olivine + clinopyroxene -> clinopyroxene occurring towards the top, (the most evolved 

samples showing no inclusions in plagioclase at all). Unlike clinopyroxene, olivine forms discontinuous 

strings along the plagioclase borders. Intercumulus olivine and clinopyroxene tend to develop oikocrysts 

(< 5 mm) that include abundant rounded or tabular microlithons of plagioclase, respectively. In these 

basal samples, most of the orthopyroxene coronas around olivine seem to have developed at expenses 

of peritetic reaction, as evidenced by the abundant inclusions of magnetite; the remaining orthopyroxene 

either surrounds clinopyroxene or forms late intercumulus oikocrysts. Fine-grained (< 0.5 mm) oxides and 

sulphides are very scarce. Ilmenite is the predominant oxide and occurs preferentially inside intercumulus 

clinopyroxene. Sulphides are sited within plagioclase and comprise pyrrhotite-chalcopyrite blebs coupled 

with rare pentlandite.  

Towards the top of the Upper Group pyroxene porphyry gabbro sequence, the cumulate 

character is more erratic, (although still clear in many samples). Some samples display features that are 

usually seen in the porphyry sub facies of pyroxene gabbro or in the olivine leucogabbro. These are, in 

general, characterized by early cumulus (olivine + clinopyroxene) mineral aggregates wrapped by 

identical intercumulus assemblages. The most leucocratic facies occurs at the top of the sequence being 

characterised by a coarse-grained (up to 6mm) plagioclase matrix. Olivine and clinopyroxene are typically 

intercumulus phases, occurring as individual grains or forming compact polymineralic aggregates. 

Clinopyroxene oikocrysts are scarce, contrasting with those of orthopyroxene and brown hornblende that 

can reach up to 20 mm. Interstitial sulphides and oxides are also very rare, showing mineralogical and 

textural features similar to those in the most basal gabbroic layers.  
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Alteration and deformation of BRG II rocks at micro-scale 

Most rocks collected at the Figueirinha quarry are extensively altered as expected from their 

location adjoining BG, at the confluence of several regional shear zones (see II.4.5.2). As noted in section 

II.4.3.4 correlation of the facies observed within the quarry with the BRG II sequence is render difficult by 

the strong tectono-magmatic disturbance of this domain. Hydrothermal alteration consists of 

pseudomorphic replacement of olivine and clinopyroxene by serpentine ± chlorite  magnetite and 

actinolite ± chlorite aggregates, respectively. Orthopyroxene rims around olivine are partially replaced by 

fine grained actinolite ± talc type (iii) pseudomorphoses and plagioclase displays variable saussuritization 

effects. Most primary sulphides are replaced by pyrite and marcasite (bird-eye structures), but 

chalcopyrite is usually preserved. Late veinlets of serpentine ± chlorite ± actinolite  prehnite are 

common. Deformation is usually evidenced by the absence of polysynthetic twinning in plagioclase, 

where irregular mechanical twining, wavy extinction and welded diffuse intergranular contacts are 

common. Highly deformed domains display dynamic recrystallization of plagioclase overprinted by 

cataclasis along discrete shear bands outlined by chlorite ± actinolite. 
 
 

III.1.1.8. Border group 

Textural features and inferred crystallization sequence for BG troctolite are identical to those 

described for SB I troctolite (see section III.1.1.1) and will not be repeated here. Textural and 

mineralogical features for dyke (variably deformed) rocks of the ATT suite and those rocks (other than BG 

troctolite) included in the border facies will be presented in this section.  
 

Border facies 

The fundamental feature of the studied samples belonging to the border facies and most 

deformed rocks of the ATT suite is the presence of a mortar texture plagioclase matrix. Plagioclase grains 

(of the non-gabbroic component) are zoned and comprise a subhedral to anhedral core (preserving 

polysynthetic twinning) heterogeneously rimmed by a non-twinned and more sodic border (see section 

III.2.2.1; Figure III.21A). These zoned grains are mantled by an envelope of small feldspar s.l. sub grains 

or recrystallized euhedral grains. Included in the mortar mantles are variable proportions of small 

anhedral Fe-augite, subhedral titanite, green amphibole and interstitial anhedral quartz micro-grains. In 

the most deformed examples, the outer rim may be fully obliterated with strong grain-size reduction within 

the mortar envelope (Figure III.21B). Rocks of the ATT suite may additionally show large green 

hornblende primocrysts, which are surrounded by euhedral grains of diopside (Figure III.21C). A border 

of corroded amphibole separates the relatively fresh amphibole core from the diopside shell suggesting 

that these minerals are not in equilibrium; small diopside euhedral grains are also found in the matrix or 

sealing short transgranular veinlets. Zircon grains with typical magmatic morphology (well developed 

oscillatory zoning and prismatic habit) are quite common as accessory minerals; however, large, 

subhedral, unzoned grains ( 0.5 mm) in few ATT suite rocks appear to have resulted from welding and 

annealing of metamorphic grains with cauliflower structure (Corfu et al., 2003); these grains further 

present corrosion gulfs that suggest they were resorbed by ATT suite melt. 

Depending on the amount of “gabbroic s.l.” incorporation by the anorthosite/trondhjemite melt and 
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the extent of deformation, variably altered features of the original gabbroic rock can be recognized, as 

follows: (i) plagioclase shows bended polysynthetic twins, (ii) clinopyroxene is replaced by heterogeneous 

aggregates of green amphibole and chlorite, although relics are preserved locally; Figure III.21D); (iii) 

ilmenite relics are commonly replaced by titanite (from border to core), being also hematitized along 

microfractures. Additionally, veinlets of prehnite ± Na-rich plagioclase (Figure III.21E) crisscross the 

whole mineral assemblage. 

III.1.2. BIC mesocratic rocks 

All petrographic descriptions in the diorites section concern exclusively rocks collected within the 

marginal diorites at the Odivelas and Ventoso sectors. No petrographic (or geochemical) studies were 

conducted on granodiorite rocks that intrude the N and S limit of LGS at the Ferreira Beringel sector. The 

main mineralogical and textural features of rocks included in the ATT suite are similar and were described 

in section III.1.1.8. In this section the less deformed, trondhjemite dyke-hosted rock types are described, 

which show less to null interaction with the hosting gabbroic rocks.  

III.1.2.1. Diorites 

Diorite and quartz diorite rocks have subophitic to intergranular texture with highly variable grain 

size, ranging from coarse grained (5 mm; Figure III.21F) to (<0.5 mm) microgranular types (Figure 

III.21G). The matrix comprises subhedral to anhedral, optically zoned plagioclase grains with strongly 

sericitized cores and preserved borders. Anhedral green hornblende oikocrysts partially enclose the 

plagioclase laths or form interstitial grains. The amphibole is usually strongly chloritized and presents 

abundant inclusions of subhedral ilmenite, titanite or zircon. Interstitial ilmenite grains are 

heterogeneously rimmed by titanite. Titanite may develop interstitial subhedral grains, infill small fractures 

or form complex aggregates with the green hornblende. Quartz diorite rocks have variable proportions of 

anhedral quartz aggregates filling interstitial spaces in the plagioclase–amphibole framework or occurring 

as inclusions in larger amphibole oikocrysts. Veinlets sealed by clinozoisite ± epidote ± apatite ± chlorite 

crosscut the whole assemblage. 

Granophyric equigranular tonalite rocks occur at the NE contact of the Odivelas sector. These 

rocks are essentially composed of a matrix of conspicuously zoned subhedral to euhedral plagioclase 

(with sericitized cores) that develop myrmekite intergrowths with interstitial quartz (Figure III.21H). 

Aggregates of chloritized anhedral biotite fill up the remaining interstitial space and are rimmed by titanite 

+ epidote microgranular aggregates (Figure III.21I). Abundant euhedral inclusions of partially oxidized 

ilmenite are sited within plagioclase grains, whereas euhedral zircon and apatite inclusions occur in 

biotite. Samples documenting the effects of multiple-intrusion include: 
 

Figure III.21- (right page)- Microphotographs of mesocratic rocks (A)- Zoned Pl grains mantled by Pl + Qz with 
mortar texture in rock included in border facies anorthosite (#MB-15; TL XN); (B)- Fine-grained mortar texture in ATT 
trondhjemite (#MB-3; TL XN); (C)- Large HbGr primocrysts separated of an outer shell of euhedral Di by a border of 
corroded HbGr in ATT trondhjemite (#MB-3; TL XN); (D)- Original Cpx crystal from a gabbroic rock intruded by border 
facies anorthosite replaced by HblGr  Chl (preserving the original late-magmatic HblBr; #MB-15; TL PN). (E)- Prh 
veinlets crossing large Pl core and mortar envelope in border facies anorthosite (#MB-15; TL XN); (F)- Coarse 
grained Qz-diorite with intergranular texture (#CVD-19; TL XN); (G)- Microgranular diorite with sub-ophitic texture 
(CVD-19B; TL XN); (H)- Pl-Qz myrmekite intergrowths in tonalite within Odivelas diorite (#OD-2; TL XN); (I)- Same as 
(H) showing late Ep and Ttn aggregates within Chl likely replacing original Bt (#OD-2; TL PN). Abbr. as in Figure 
III.3. 
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- Amphibolitic gabbro intruded by ATT suite tonalite (Figure II.20D; Odivelas sector) with primary 

(brown) hornblende occurring at the reaction zone with gabbro. The tonalite is affected by strong 

brecciation due to (auto?-) intrusion of a strongly reactive siliceous melt (Figure III.22A). 

Fracturing of the plagioclase framework is accompanied by sericitization of the tonalite and 

deposition of quartz ± actinolite ± prehnite (Figure III.22B) in most of the interstitial space and 

fractures. 

- Diorite breccia comprising clasts of microgranular diorite immersed and partially resorbed in a quartz-

diorite matrix (Figure III.22C; Ventoso sector). The clasts display intergranular texture, 

comprising euhedral/subhedral plagioclase, as well as abundant biotite and amphibole; the 

ferromagnesian minerals are both chloritized and the plagioclase is fully saussuritized. Titanite 

and secondary xenomorphic grains of epidote + carbonate ( quartz) resulting from plagioclase 

saussuritization are incorporated in the interstices of the matrix or along small veinlets that 

progress into the reaction rims. Amphibole polymineralic aggregates are common, and locally 

include subhedral diopside crystals with the same dimension (Figure III.22D). The internal 

reaction rim around the micro-diorite clasts has near tonalitic composition and comprises a 

plagioclase matrix where abundant quartz + oxides and few ferromagnesian silicates occur 

(Figure III.22E), whereas the outer rim of quartz-diorite composition is significantly more enriched 

in subhedral green hornblende and chloritized biotite (with purple anomalous interference 

colours); fluidal texture is commonly observed in plagioclase lath alignments around the micro-

diorite clasts of the outer rim (Figure III.22F). Abundant micro-inclusions of ilmenite are present in 

all minerals, whereas titanite inclusions or rims are commonly associated to biotite.  

 

III.1.2.2. Pegmatoids 

Microscopic observation of the contact between the pegmatoid and gabbroic host rock evidences 

replacement of olivine and orthopyroxene type (ii- serpentine ± actinolite ± chlorite ± magnetite) and (iii- 

fine-grained actinolite-tremolite ± talc ± chlorite) pseudomorphic aggregates, respectively. Clinopyroxene 

and brown hornblende are replaced by green hornblende ± fibrous actinolite-tremolite. Adjoining 

secondary mineral assemblages, rims of optically and compositionally distinct plagioclase (substantially 

more calcic, see III.2.1.3) are present, and locally, develop symplectic growths with quartz and 

phyllosilicates (chlorite?). Small prismatic grains of epidote locally overgrow plagioclase alteration 

aureoles (Figure III.22G).  

The pegmatoid is essentially composed of an interlocking framework of euhedral green 

hornblende (1 – 5 mm) and subhedral, strongly altered albite. Hornblende often includes corroded grains 

of titanite (Figure III.22H) and, occasionally, can be seen nucleating on clinopyroxene cores. Minor 

fibrous aggregates of actinolite (Figure III.22I) replace locally early formed hornblende crystals, whereas 

prehnite and calcite fill small late-stage vugs and micro fractures. 

 

III.1.2.3. ATT suite 

The later emplaced trondhjemite rocks, which represent the most evolved end-member of this 
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suite, show fine grained intergranular texture consisting of subhedral to euhedral zoned plagioclase 

crystals (ca. 2 mm) within an interlocking framework of much smaller quartz crystals. The cores of 

plagioclase are sericitized and the borders often seem corroded by interstitial quartz (Figure III.22J). 

Micro-aggregates of phyllosilicates (sericite?), titanite and altered oxides form accessory phases. 
 

III.1.2.4. Felsic rocks 

The felsic rocks in dykes observed at the Serrabritas quarry were studied. Many of these dykes 

present conspicuous internal structure coupled by compositional zoning (see section II.4.4.4). Although 

modal composition and grain size can be quite varied within a single dyke, most of the studied samples 

show coarse granophyric texture.  

Dykes without internal (visible) structure comprise large albite grains crosscut by channels infilled 

polycrystalline quartz. Strong sericitization predominantly affects the albite cores, suggesting incipient 

zoning. Accessory minerals are very scarce and comprise randomly oriented chloritized tabular biotite 

crystals, included either in albite or quartz.  

The borders of compositionally zoned dykes show intergranular texture and small (< 0.25 mm) 

subhedral albite develop incipient symplectic intergrowths with interstitial anhedral quartz. Accessory 

chloritized biotite aggregates and altered oxides are present in the interstices of the albite-quartz 

framework. The grain size of albite crystals increases towards the axis of dyke, where typical texture 

matches that described above for compositionally homogenous dykes. Albite grains show mesoperthitic 

exsolutions whereas in K-feldspar bearing rocks, this mineral displays cores with mesoperthitic exsolution 

rimmed by translucent borders (Figure III.22K), as well as rose intergrowths with quartz (Figure III.22L). 

Towards the axis of the dyke quartz, channels become increasingly wider and abundant, locally 

resembling tension-gashes infilled by interlocking small grains of quartz that display wavy extinction and 

irregular borders (Figure III.22M). Sub-granulation of quartz grains is evident adjoining the borders of the 

larger albite grains which still exhibit symplectic intergrowths with quartz. Within the core of the dykes, 

albite is strongly sericitized and quartz channels coalesce to form a monomineralic domain intensely 

deformed: recrystallized polygonal micro-aggregates with well defined edges are observed alongside with 

others displaying more diffuse borders which are crossed by strings of intensely subgrained quartz 

aggregates. Deformation effects at microscale in felsic rocks are exclusively observed at the quartz-rich 

domains, essentially along the axis of the dykes. As demonstrated by the preserved granophyric textures 

at the margins of the dykes, the observed deformation is not owed to tectonization but to syn to post 

magmatic deformation during the emplacement of a highly viscous, Si-rich magma. 

 
 

Figure III.22- (right page)- Microphotographs of mesocratic/felsic rocks. (A; B)- Brecciation effects of a late 
(exsolved?) Si-rich melt in a tonalite intruding amphibolitic gabbro at Odivelas, (#ODV-G-43; TL PN); (C-F)- 
Diorite/Qz diorite breccia (#CVD-19B; TL XN): (D)- (Amph-Cpx)Agg in micro-diorite clast; (E)- Pl-rich (tonalite) inner 
rim enclosing micro-diorite clasts; (F)- Fluidal texture of Pl in diorite outer rim enclosing micro-diorite clasts; (G)- 
Alteration rim in ODV III Upp G (porphyry) pyroxene gabbro II gabbro adjoining pegmatoid dyke (see text; #CVD-5; 
TL XN); (H, I)- Textural aspects of pegmatoid (#CVD-5): euhedral HblGr enclosing corroded Ttn (H) and later 
developed Act where interstitial space is occupied by Prh + Ab  Carb (I) (TL XN); (J)- Textural relationships in dyke 
hosted, undeformed trondhjemite from ATT suite crosscutting BRG I Series (#SB-D2; TL XN); (K, L)- Zoned dyke-
hosted felsic rock: mesoperthitic exsolutions in Ab (K) and Kfs-Qz intergrowths (L) in the middle zone of the dyke 
(#SB-D4 TL XN); (M)- Qz infilled channels, similar to tension gases crossing very large Ab grains with mesoperthitic 
exsolutions near the axis of a compositionally zoned felsic dyke (#SB-D1; TL XN). Abbreviations as in Figure III.3. 
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III.2. Mineral Chemistry  

III.2.1. Gabbroic Rocks 

This section reports on the major and (most relevant) minor element compositional ranges in 

gabbroic forming silicates and accessory oxides. The analysis of sulphide mineral chemistry will be 

reported in PART IV. Mineral chemistry of silicate and oxide phases allows establishing the fundamental 

geochemical architecture of LGS, providing a foundation on which other geochemical data can be 

interpreted. Hence, following the presentation of the basic geochemical features of the various silicate 

and oxide phases, a section is devoted to the integration of mineral chemistry data, with emphasis on 

stratigraphic compositional variations.  

III.2.1.1. Olivine 

Circa 500 olivine microprobe analyses were performed on 108 samples representative of all 

mapped Series (besides of BG troctolite). Original analytical data and mineral formulae calculated on the 

basis of 3 cations to 4 oxigens per formula unit are presented in Table C.1, Appendix C (Vol. II).  

General compositional variations 

Figure III.2315 displays Mn and Ni variations with Fo content for LGS olivines. Most LGS rock 

types include olivine as an early crystallizing phase (commonly following or cotetic with plagioclase, more 

rarely preceding it). In this context, anorthosite, clinopyroxenite and SB II Series gabbronorite rocks are 

exceptional since they are not saturated with olivine. Forsterite16 (Fo %) contents for LGS olivines show 

considerable variability, ranging from Fo88 to Fo54. These extreme compositions are not evenly distributed 

along LGS stratigraphy. Fo-rich olivines occur in SB I troctolite rocks (which are compositionally indistinct 

of BG troctolite), whereas the most evolved compositions are found in ODV I Upper Group olivine 

leucogabbro II facies. Olivine composition for the remaining LGS Series are bracketed by these two 

extremes, however never reaching similar compositions.  

ODV II (Fo77-68; Ni [1000-53] X17= 463 ppm) olivine have more primitive compositions than those 

in ODV III (Fo76-68; Ni [933-65] X= 362 ppm). Both Series include an evolved, overlapping sub-population 

of olivines (Fo72-70), which correspond to correlative facies at the top and bottom of ODV II and III Series, 

respectively (Figure III.23). The compositional range of olivines of BRG I (Fo78-67; Ni [1014-7] X= 450 

ppm) and BRG II Series (Fo78-66; Ni [1098-8] X= 470 ppm) is similar to that of ODV II and III Series 

(Figure III.23); however, both BRG I and II olivines show a wide compositional overlap with SB I Series 

due to the fact that a significant number of BRG II rocks include primitive olivine compositions; BRG II 

further presents a larger number of olivines with high Ni concentrations. 

Mn and Ni are the only analysed trace elements that are present in significant amounts in olivine, 

ranging between [5972-1004] ppm and [2218-7] ppm, respectively. Ca and Ti concentrations are usually 

                                                                 
15 To avoid over-populated charts, the NW sectors are usually plotted separately from the Ferreira-Beringel sector, however keeping 
in all plots data representative of LGS most primitive suites, namely SB I and BG troctolite for purposes of comparison. 
16 Forsterite (Fo) = 100*(Mg/Mg+Fe), calculated on the basis of atoms per formula unit - a.p.f.u. 
17 X=  arithmetic median 
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below 200 and 250 ppm, respectively, whereas Al and Cr are close/below EPMA detection limit ( 5 

ppm). Ca and Ti show no correlation with Fo, Mn or Ni as is common for plutonic slowly cooled rocks 

(Simkin & Smith, 1970; Brown, 1982b).  

As expectable from crystal chemical constrains, Ni and Mn contents are positively correlated with 

increase and decrease of Fo values, respectively (Figure III.23). Mn varies almost linearly with Fe 

content in the olivine, whereas for similar Fo compositions there is a much wider range of Ni 

concentrations, which drop swiftly with lowering Fo. Ni vs. Fo variation in LGS rocks grossly mimics the 

field of Simkin & Smith (1970) for olivines included in mafic/ultramafic layered intrusions. However, it is 

clear from Figure III.23 that for a given Fo value, LGS olivines are Ni-depleted when compared to most 

layered intrusions. Primitive olivine compositions display the widest range of Ni concentrations for a given 

Fo content (e.g. SB I troctolite Fo88-86, Ni [1753-714] ppm; wehrlite Fo85-84, Ni [2218-1292] ppm), covering 

the compositional span recorded for other LGS Series, usually less than 1100 ppm variation. 

 

Figure III.23- Compositional spectrum of olivines included in LGS rocks on the basis of Fo (%) versus Ni or Mn (ppm) 
contents; (A, C)- plots for SB I, Border Group (BG) troctolites, ODV I, ODV II and ODV III Series; (B, D)- SB I, Border 
Group (BG) troctolites, BRG I and BRG II Series. Shaded areas correspond to the compositional field of Simkin & 
Smith (1970) for olivines included in mafic/ultramafic layered intrusions. 

 

Discrete compositional variations 

Core-rim variations of Fo values in individual olivine grains (Fo) are less then 0.2% on average, 

(rarely exceeding 1%), even for grains with very large dimensions (15 mm). In view of the minimal 

character of compositional variations, LGS olivines can be considered unzoned within analytical 
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precision, regarding major elements. Fo variation recorded for each sample is slightly larger (rarely 

exceeding 4%) than intra-grain compositional variation, and can be ascribed to the coexistence of olivine 

grains crystallised in different stages of crystal fractionation. The few analysed olivine grains that exhibit 

core-rim variation greater than 1% (up to 4%) are observed adjoining Fe-Ti oxide grains in the most oxide 

rich rocks. Both normal (decreasing Fo towards grain rim) and reversed (increasing Fo towards grain rim) 

variations are observed, with marginally higher prevalence of the latter. This suggests that the high oxide 

: silicate ratio (up to 38% modal vol.) in these rocks must have facilitated the rate and extent of olivine Fe-

Mg exchange with Ti-rich spinel, according with reaction (III.1; Sack & Ghiorso, 1991b): 

 

                    (III.1) ½ Mg2SiO4 + ½ Fe2TiO4 = ½ Fe2SiO4 + ½ Mg2TiO4 

 

Inter-grain Fe-Mg exchange between olivine and oxides will drive spinel towards its ideal 

composition (reaction (III.1) progressing to the left) and olivine towards more Mg-rich compositions. This 

process, coupled with incomplete re-homogenization above blocking temperatures for olivine, lead to 

products that may be locally preserved explaining the mild Fe-Mg compositional zoning of olivine 

adjoining oxide phases.  

Trace element variation (Ni and Mn) within individual grains is much more conspicuous often 

being of the order of several hundreds ppm. In order to minimize the scatter effect and evaluate the range 

and nature of a given trace element i distribution within a single grain, the resulting core-rim amplitude 

(Xi) expressed in percentage, was normalized relatively to the median concentration (XCi
core-border) 

according to the expression (III.2): 

 

                                   (III.2) Xi = [100* (Ci core - C
i border)] / XCi

core-border]. 

 

Minor element distributions in olivine reflect the evolving character of the melt. Therefore, during 

fractional crystallization, decreasing Ni/Mn ratio from core to rim, or negative and positive values for XMn 

and XNi, respectively, are expectable The results of expression (III.2) applied to the available pairs of Ni 

and Mn core-rim variation in olivine grains are illustrated in Figure III.24. No distinct behaviour for olivines 

belonging to different LGS Series can be distinguished18 and, even tough Mn and Ni behaviour is rather 

erratic, a careful inspection of Figure III.24 puts in evidence a skewed distribution for XNi towards 

negative values, (which is not in accordance with the expected decrease in Ni concentration along a 

simple crystallization path). Mn values show less pronounced negative skewness, following the expected 

Mn increase towards grain rims, consistent with gradual increase of Mn contents in the melt.  

 

                                                                 
18 It should be noted that few available results available for olivines included in rocks belonging to ODV I Series because Ni 
concentrations are often below detection limits of 1 ppm; those near-null concentrations may either be pervasive in the grain or 
occur along with typical concentration for a given sample. 
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Figure III.24- Normalized core-border variations for Mn and Ni in olivine for all LGS Series. 

 

Two petrogenetic processes allow explaining the higher Ni contents in olivine grain borders. 

Firstly, reversed core-rim zonings in olivine may reflect magma-chamber replenishment by more primitive 

melts. Secondly, the strongly dependence of olivine-melt partition coefficient for Ni (kdNi
Ol-melt) on the melt 

composition (e.g. Hart & Davis, 1978): when olivine begins to crystallize, Mg and especially Ni 

concentration in the melt will decrease rapidly, leading to an expected increase of olivine kdNi in olivine. 

Considering that olivine is slightly earlier to cotetic of plagioclase, during crystallisation of melts, the onset 

of olivine saturation will coincide with the peak of Mg enrichment in the melt for all the subsequently 

crystallized mineral phases (pyroxenes, amphibole and oxides). Rapid Mg-decreasing in the melt will 

favour a more effective partition of Ni towards olivine rims due to quick increasing of kdNi. During olivine 

crystallization, the delicate balance between changing kdNi due to a sudden drop in Mg content of the melt 

and the simultaneous strong rate of Ni depletion in the liquid, should have constrained the coexisting 

positive and negative XNi with a slight tendency for the latter.  

III.2.1.2. Pyroxenes 

In order to characterize the compositional variability of LGS pyroxenes, 529 analyses of 

clinopyroxene (on 118 samples) and 280 analyses of orthopyroxene (on 99 samples) were performed. 

Following the recommendations of the subcommittee on pyroxenes of CNMMN-IMA19 (Morimoto et al., 

1988), analyses were re-calculated on the basis of 4 cations to 6 oxigens per formula unit, by adjusting 

Fe2+/Fe3+ ratios; cations were then allocated on ideal site occupancies in order to obtain a reasonable 

estimate of pyroxene mineral formulae. Original analytical data and calculated mineral formulae are 

presented in Tables C2 (clinopyroxene) and C3 (orthopyroxene) Appendix C (Vol. II). 

While addressing coupled substitutions (i.e. involving more than one cation replacing in different 

coordination positions) in strictly quadrilateral pyroxenes (as are those from LGS, see Figure III.25), the 

order of elements is given in accordance with the general pyroxene formula M2(R2+)M1(R2+)T2(2R4+)O6 in 

                                                                 
19 CNMMN - IMA- Commission on New Minerals and Mineral Names of the International Mineralogical Association.  



 
 
 

III – LGS GEOCHEMISTRY AND PETROGENESIS  

169 

which, T is the tetrahedral coordination site occupied by silicon, and M1 and M2 the two positions in 

octahedral coordination, typically filled with divalent (R2+) cations (Morimoto et al., 1988). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.25- Projection of the LGS pyroxenes Q-J discriminating diagram. 

 

General compositional variations- quadrilateral substitutions 

Most LGS rocks include abundant Ca-rich clinopyroxene and significantly lower modal amounts 

of Mg-Fe, Ca-poor orthopyroxene. Rocks primarily devoid of orthopyroxene occur in ODV I Lower Group 

oxide-rich cumulate sub-facies, as well as some of the most mafic pyroxene gabbro (typically 

clinopyroxene rich olivine melagabbros) in BRG II Series. Olivine free clinopyroxenite sub-facies included 

either in BRG I or II Series, often bear accessory amounts of orthopyroxene. Series with a clear macro-

rhythmic character such as ODV II or BRG II, show a noticeable tendency for leucogabbroic rock types to 

have clinopyroxene as part of the cumulus generation (earlier to cotetic of olivine + plagioclase), whereas 

in (melano-)gabbroic rock types, clinopyroxene develops conspicuous intercumulus oikocrysts. 

Orthopyroxene is invariably the later precipitated anhydrous silicate; it usually forms discontinuous 

oikocrysts in the matrix and displays a striking tendency to develop variably thick coronas around early 

ferro-magnesian minerals. Olivine is the most ubiquitous phase mantled by orthopyroxene, suggesting 

that its origin is owed to partial resorption by peritetic reaction with intercumulus siliceous melt according 

with (III.3); Carmichael et al., 1970; Arculus, 1979: 

 

(III.3) (Mg, Fe)2SiO4 (Ol) + SiO2 (melt) = (Mg, Fe)2Si2O6 (Opx) 

 

Whenever oxidation potential is locally raised during final consolidation stages (Ashworth & 

Chambers, 2000), reaction (III.4) accounts for the development of accessory amounts of magnetite, often 

observed as symplectite intergrowths in the orthopyroxene coronas: 

 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

170 

(III.4) 6Fe2SiO4 (Ol) + O2 = 3FeSi2O6 (En) + 2Fe2+Fe3+
2O4 (Mgt) 

 

The relation of olivine with liquid, denoted by the occurrence of Ca-poor pyroxene (III.3) is a 

hallmark of the tholeiitic series, for which silica activity (relatively higher than alkaline series) is buffered 

by the equilibrium coexistence of the enstatite - olivine assemblage over a wide range of temperature 

(Carmichael et al., 1970).  

Projection of LGS pyroxenes in the discriminating Q-J diagram (Q=Ca+Mg+Fe2+; J=2Na; 

Morimoto et al., 1988) shows that all analyzed minerals have Ca-Mg-Fe as major components, thus 

belonging to the “quadrilateral” chemical group (Figure III.25). For classification purposes and evaluation 

of the main compositional ranges of both pyroxene types, the relative amounts of solid solution end-

members20 of LGS pyroxenes are projected on the quadrilateral Mg2Si2O6 (enstatite- En) - Fe2
2+Si2O6 

(ferrosilite- Fs) – CaMgSi2O6 (diopside- Di) – CaFe2+Si2O6 (hedenbergite- Hd) system (Figure II.26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.26- Projection of LGS pyroxenes in the quadrilateral Mg2Si2O6 (enstatite- En) - Fe2
2+Si2O6 (ferrosilite- Fs) – 

CaMgSi2O6 (diopside- Di) – CaFe2+Si2O6 (hedenbergite- Hd) system. 

 

Different LGS Series record a gradual shift of clinopyroxene compositions from diopside to augite, 

with increasingly higher Fs contents towards the hedenbergite end-member. Diopside compositions are 

                                                                 
20 Following CNMMN-IMA recommendations (Morimoto et al., 1988), solid solution end-members for Ca-Mg-Fe quadrilateral 
pyroxenes are expressed in mole % of enstatite (En% = 100Mg/Ca+Mg+Fe), ferrosilite (Fs% = 100Fe / Ca + Mg + Fe) and 
wollastonite (Wo% = 100Ca/Ca+Mg+Fe) where  Fe = Fe2++ Fe3+ + Mn. 
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typical, but not exclusive of most primitive Series (such as SB I and BG troctolite) and almost all Series 

enclose at least some clinopyroxenes with Wo ≥ 45%. The abundance of diopside in each Series (other 

than SB I) follows the order: BRG II > BRG I > ODV III > ODV II > ODV I, and is coupled with the increase 

of clinopyroxene compositions with lower En and higher Fs contents. LGS clinopyroxenes cover a 

relatively limited compositional spectrum compared to other layered intrusions (e.g. Bushveld and the 

Skaergaard, respectively; e.g. McBirney, 1989b; Deer et al., 1966). Notwithstanding, different Series 

show well delimited compositional fields which variably overlap each other: SB I (En49-42Wo48-42Fs11-5), SB 

II (En42-41Wo45-43Fs16-14), ODV I (En45-32Wo49-37Fs21-12), ODV II (En45-41Wo47-41Fs15-11), ODV III (En47-42Wo47-

39Fs15-9), BRG I (En50-41Wo49-36Fs15-9), BRG II (En51-40Wo48-35Fs16-9). BG troctolite clinopyroxene is within 

range of the SB I most primitive troctolite and wehrlite rocks (En48-46Wo49-46Fs6-5). 

Concurrently with the increasing degree of fractionation, Wo decreases slightly faster than En, the 

difference being compensated by a gradual increase of Fs. As a consequence of this limited iron 

enrichment, each Series has a more limited range of En relative to Wo, and even more restricted Fs 

variation. Compositions of orthopyroxene coexisting with clinopyroxene are limited to the enstatite field. 

Within each Series, there is a gradual increase of Fs relatively to En, coupled with a very limited increase 

of Wo (seldom exceeding 2.5 %, but being ≤ 1% for most primitive rocks, ≤ 1.5% for the remaining). In the 

following presentation, #Mg instead of molar components such as En or Fs will be used.  

Minor element variation- non-quadrilateral substitutions 

Both LGS pyroxenes incorporate significant amounts of elements not considered in quadrilateral 

substitutions. Among the analyzed minor elements in orthopyroxene divalent cations (such as Mn2+) are 

favoured relatively to cations with other valences (Ti4+, Al3+, Fe3+, Cr3+ and Na+); the latter being 

preferentially included in clinopyroxene. This tendency reflects crystal-chemical constraints, because Ca-

rich clinopyroxene has M2 sites almost completely filled with large Ca cations and only M1 sites are 

available for smaller cations, whereas orthopyroxene has two identycal M sites (M1 and M2) available for 

substitution (Huebner, 1980). Non-quadrilateral substitutions of non-divalent minor elements often involve 

more than one crystallographic site in order to accomplish bulk charge balance (e.g. Schweitzer, 1979). 

This section is devoted to assess the range in which these elements are included in both pyroxenes, 

while briefly referring to the substitution mechanisms that account for their incorporation.  

Al2O3 concentrations for LGS pyroxenes are globally low, as it is typical for tholeiitic low-pressure 

suites (e.g. MORB; BVSP21, 1981). Nevertheless, with the exception of clinopyroxene included in SB I/BG 

troctolite and ODV I Series and according to CNMMN-IMA classification, all the analysed clinopyroxenes 

are aluminian (≥ 0.1 a.p.f.u., Morimoto et al., 1988). Orthopyroxene has significantly lower Al2O3 median 

concentrations (X=1.29 wt% [2.35 - 0.63]) relatively to clinopyroxene (X=2.76 wt% [4.36 - 0.50]). The 

incorporation of Al in pyroxene structure is strongly dependent on its Si contents and increases with 

decreasing silica activity of the melt according with reaction (III.5; Carmichael et al., 1970): 

 

(III.5) CaAlAlSiO6 (Ca-Tschermak's in pyroxene) + SiO2 (melt) = CaAl2Si2O8 (Anorthite- An) 

 

                                                                 
21 BVSP- Basalt Volcanism Study Project. 
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Al coupled substitution Aliv(T)-Alvi(M1) is referred as the Tschermak component, whereas Ca-

Tschermak (CaAlAlSiO6) accounts for the synchronous introduction of Ca in the M2 site (Robinson, 1980; 

Morimoto et al., 1988). Other substitutions addressed below also involve the Tschermak coupled 

substitution with incorporation of Ti, Fe3+ or Cr in the M1 site, Aliv in T and divalent cations in M2 site. 

These substitutions lead to more extensive incorporation of Al in the tetrahedral (Aliv) relatively to the 

octahedral position (Alvi). Accordingly, monitoring of Aliv or of Al/Si ratio variation with #Mg for pyroxenes 

in different rocks belonging to a given suite allows assessing the extent of non-quadrilateral substitutions 

throughout crystal fractionation. As evidenced in Figure III.27 there is no straightforward correlation 

between #Mg decrease and Si enrichment for both pyroxenes.  

The most magnesian pyroxenes included in primitive rocks of SB I Series show considerably high 

Si and low Al contents (Si > 1.94 or 1.96 a.p.f.u. for clinopyroxene and orthopyroxene, respectively), 

similar to those of #Mg-poorer pyroxenes included in ODV I Series. Pyroxenes included in rocks of other 

Series show much more restricted Al/Si ratio and #Mg variation, with distinctively lower Si contents for 

both pyroxenes (< 1.95 and ≈1.97 a.p.f.u. for clinopyroxene and orthopyroxene, respectively) and, 

accordingly, higher Al, concentrations; #Mg variation is bracketed between SB I and ODV I Series. Both 

pyroxenes representative of BG troctolite show consistently higher Al/Si ratios than those included in SB I 

rocks with equivalent #Mg number, falling within the upper range of BRG II Series clinopyroxenes, which 

display the highest Al/Si of all LGS Series. 

 

Figure III.27- Variation of #Mg versus Al/Si in clinopyroxenes included in rocks of diferent LGS Series. 

 

Al/Si ratios for ODV I Series clinopyroxene allow distinguishing two sub-populations outlining a 

main trend (ODV IA-B): a smaller one with slightly higher #Mg and Al at lower Si concentrations (ODV IA); 

and a larger one, which evolves towards lower #Mg and Al/Si ratio and plotting alongside with SB II 

Series (ODV IB). Additionally, a rough trend (SB II-ODV IB) towards lower #Mg and higher Al/Si can be 

identified between ODV I and SB II clinopyroxenes, reinforcing a relationship between both Series, where 

SB II represents the primitive end-member.  

Ti and Fe3+ in clinopyroxene display a strong positive correlation with Aliv in accordance with a 

Tschermak-type substitution (R2+
1.5Ti4+

0.5Si2O6 and R2+Fe3+AlSiO6; Figure III.28).  
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Figure III.28- Variation of Aliv versus Fe3+ (A, B), Cr (C, D) Ti (E, F) and in LGS clinopyroxenes evidencing that a 
Tschermak-type substitution can account for the incorporation of these elements in clinopyroxene structure. 
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A Tschermak-type coupled substitution should account for the incorporation of Cr3+ 

(R2+Cr3+AlSiO6); however, the lower concentrations of this element in clinopyroxene prevent obtaining a 

good correlation with Aliv. Among all these three elements, Fe3+ is the only one showing no relation with 

#Mg, or other minor elements than Al, the same applying to the few orthopyroxene grains displaying more 

than vestigial amounts of Fe3+. For both pyroxenes, Fe3+ contents estimated on the basis of mineral 

stoichiometry only become significant for minerals with Aliv≥ 0.4 a.p.f.u. This feature suggests that the 

incorporation of minor amounts of ferric iron can be chiefly ascribed to compensation of bulk charge 

imbalance resulting from substitutions that involve non-divalent cations and Aliv. Accordingly, 

orthopyroxene displays much lower Fe3+ concentrations. 

Cr concentrates in clinopyroxene in much lower amounts than Fe3+, yet it shows a well 

developed, exponential-type distribution with #Mg (Figure III.29A and B) which allows a good distinction 

between different Series. SB I/BG troctolite, BRG II, ODV III, BRG I and ODV II show increasingly lower 

bulk Cr concentrations, as well as abundance of chromian clinopyroxene s.s. (Cr > 0.01 a.p.f.u. ≈ 2500 

ppm, Morimoto et al., 1988); the latter are mostly associated to diopside, more rarely (high-Mg) augite. 

Clinopyroxenes included in ODV I and SB I Series are consistently depleted in Cr, never exceeding 0.03 

a.p.f.u.  

 

 

Figure III.29- Variation of Cr (A, B) and Ti (C, D) with #Mg for LGS clinopyroxenes. 
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TiO2 concentrations in clinopyroxene are generally low [0.07-1.46 wt%], as it is typical of tholeiitic 

magmatic series, compared to the alkaline series (Schweitzer et al., 1979; BVSP, 1981). Figure III.29C 

and D show the variation of Ti concentration in clinopyroxene relative to #Mg. In accordance with the 

expected relative increase of Ti in the melt at progressively higher degrees of crystal fractionation, Ti 

concentration in clinopyroxene generally increases with decreasing #Mg. ODV I Series clinopyroxenes 

are an exception to this trend, particularly those included in the lower #Mg sub-population given their 

lower Ti concentrations relatively to other Series. The secondary trend observed between the low #Mg 

ODV I sub-population and SB II Series (SB II-ODV IB, evident for Al/Si ratios variation relatively to #Mg), 

is also observed for Ti. The low Ti contents in pyroxenes of both Series can be ascribed to the depletion 

of Ti in the melt, following the early oxide precipitation, which started in BRG II Series and progressed 

throughout ODV I Series.  

Na2O contents are vestigial in orthopyroxene and relatively low in clinopyroxene, being 

systematically below 0.64 wt%. Na in clinopyroxene shows no correlation with Alvi which allows excluding 

a NaAlSi2O6 substitution type (jadeite end-member in Na-rich pyroxenes; Morimoto et al., 1988) in LGS 

clinopyroxenes. Among minor elements (Al included), Na only correlates with Ti, both elements showing a 

smooth increase in concentration and suggesting that Na is incorporated in clinopyroxene structure 

according with a NaR2+
0.5Ti4+

0.5Si2O6 type substitution (Figure III.30A, B).  

 

Figure III.30- Na versus Ti (A, B) concentrations (a.p.f.u.) and #Mg (C, D) in LGS clinopyroxene. 
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On the basis of the Ti-Aliv positive correlation demonstrated above, complex Tschermak type 

[(R2+)M2(Ti4+,R3+)M1(Al,Si)2O6] substitution also account for Ti incorporation in clinopyroxene. Figure III.30 

(C and D) further puts in evidence a very limited increase of Na with decreasing #Mg in clinopyroxene. SB 

I Series and BG clinopyroxenes show slightly lower Na contents in accordance with their more primitive 

character (higher #Mg). 

Mn is the only divalent cation involved in non-quadrilateral substitutions; therefore, not requiring a 

coupled substitution mechanism. Cation-site distribution of recalculated analyses resulted in assignment 

of Mn mostly to M2 site, where Na and other major divalent cations are also incorporated. Figure III.31 

puts in evidence the strong positive correlation between Mn and decreasing #Mg, similar to that observed 

between Mn and Fa in olivine. With the exception of BRG I Series, almost all Series include mostly 

manganoan orthopyroxene in which Mn > 0.01 a.p.f.u. (ca. > 1300 ppm Mn; Morimoto et al., 1988). The 

occurrence of manganoan clinopyroxene is restricted to the low #Mg sub-population of ODV I Series and 

a few clinopyroxenes of SB II Series. 

 

Figure III.31- Mn (a.p.f.u.) variation with #Mg for clinopyroxene. 

 

 

Discrete compositional variations 

Because diffusion in clinopyroxene is a very slow process (e.g. Brady & McCallister, 1983), there 

is a high probability that compositional zoning developed during crystal fractionation is preserved. Given 

the textural features displayed by orthopyroxene (mostly as intercumulus oikocrysts or thin rims around 

other minerals) it is not relevant to evaluate the presence of compositional zoning in this mineral. Figure 

III.32 shows several Series indiscriminate plots comparing intra-grain variation (= Ccore-Crim) of En, Fs 

and Wo contents for clinopyroxene.  

En and Fs show limited intra-grain variation with maxima of 8.4% and 4.7%, respectively, 

although both are typically below 2%. En versus Fs variation is relatively symmetric, showing a low r22 

value (0.2766). A slight predominance of positive En values indicates a slight tendency for Fe/Mg to 

                                                                 
22 r- correlation factor obtained by graphic regression analysis. 
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increase from core to rim. Wo contents show a wider and more consistent variation, which can reach up 

to 10%. Both plots involving Wo show a marked asymmetry towards negative Wo values indicating a 

more pervasive tendency for Ca to increase from core to rim. Wo correlates better with En (r = 0.8627) 

than with Fs (r = 0.7245).  

 

Figure III.32- Core-rim variations for En, Fs and Wo in LGS clinopyroxenes. 

 

The variation displayed by clinopyroxene with increasing crystal fractionation is consistent with a 

decrease in Wo and En (the latter more incipiently) and a Fs increase. Compositional zoning, however, 

show an increase of Wo contents towards grain borders, compatible with exsolution of low-Ca pyroxene 

from clinopyroxene; this process will be discussed on the basis of intensive variable estimate in section 

III.5.1. 
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III.2.1.3. Plagioclase 

In order to characterize the compositional variability of plagioclase included in LGS rocks, a total 

of 649 microprobe analyses on 128 samples were performed. Analyses were recalculated on the basis of 

20 cations to 32 oxigens per formula unit, assuming all iron as ferric. Original analytical data and 

calculated mineral formulae are presented in Table C.4, Appendix C (Vol. II). 

General compositional variations 

Plagioclase is almost exclusively a cumulus phase in LSG rocks. It is also the mineral evidencing 

the highest degree of post-magmatic textural modification by subsolidus grain boundary readjustment. 

Accordingly, even in polymineralic rocks (i.e. other than anorthosites), plagioclase displays anhedral and 

hetero-dimensional grain shapes, often contacting at irregular triple point junctions. Equant, subhedral or 

euhedral laths are mostly observed as small grains trapped in large clinopyroxene or olivine oikocrysts.  

Anorthite23 (An %) molecular contents in plagioclase show a wide range of variation An89-45, 

whereas ortose24 contents are always below 4.06%, (mean values being significantly lower; ca. 0.6%), in 

accordance with the low alkalinity of LGS magmas (Jesus, 2002). Individual Series range, and average 

An and Or contents are reported in Table III.1. SB I/BG troctolite rocks include the most anorthitic 

plagioclase, whereas ODV I/SB II display more sodic compositions (often below An50); Or contents follow 

an inverse relationship with An. Such variations are in accordance with these Series representing the 

most primitive and evolved fractionation end-members within LGS, respectively.  

Plagioclase included in SB II Series shows rather unique features, comprising two texturally and 

compositionally distinct mineral generations, which consist of: (i) small subhedral to anhedral, often 

annealed low-An crystals included in the fine-grained matrix and; (ii) euhedral to subhedral, usually much 

larger high An porphyry crystals (<2 mm) displaying conspicuous optical and chemical zoning (Table 

III.1). The An contents of large, zoned porphyry grains decrease steadily from core to rim and nearly 

encompass the full compositional range of LGS rocks. As evidenced in Figure III.33, An core contents of 

porphyry crystals are within range of average SB I Series plagioclase, being closer to the more evolved 

olivine leucogabbro. Towards the rims of porphyry plagioclase grains, An contents gradually approach the 

composition of matrix-plagioclase, which are identical to those of ODV I Series. Variation of K 

concentrations correlates negatively with An. There is a sharp increase in K concentrations within zoned 

porphyry grains; matrix-forming plagioclases have considerably higher K concentrations than those of 

ODV I Series.  

Plagioclases from ODV I Series, especially those with An50 (chiefly corresponding to plagioclase 

included in oxide-rich rocks, An50-45), display a wide range of K concentrations (0.02-0.07 a.p.f.u.) which 

are nonetheless within the range of other Series (Figure III.34). ODV II, III and BRG I, II Series have 

similar median An contents, BRG I and II being distinct with respect to their upper range An contents 

(An<88). Median K concentrations are very similar for all these Series, showing a smooth but well 

developed positive correlation with decreasing of An contents. 

 

                                                                 
23 An=Ca/(Ca+Na+K), in a.p.f.u.. 
24 Or= K/(Ca+Na+K), in a.p.f.u.. 



 
 
 

III – LGS GEOCHEMISTRY AND PETROGENESIS  

179 

Table III.1- An and Or compositional ranges (median, maximum, minimum) for LGS plagioclases included in the 
various LGS Series 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.33- An versus K (a.p.f.u.) core-border variation in porphyry and matrix plagiocalse crystals included in SB II 
rocks. Median An values for ODV I Series and troctolite/werhlite rocks of SB I Series are plotted for comparision (see 
text for discussion). 

Figure III.34- An (%) versus K (a.p.f.u.) concentrations for plagioclase; SB II analyses are presented 
indiscriminantively, given the smooth variation of An from core to border of zoned porphyry crystals (relatively to the 
matrix their distinction is straightforward). 
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The substitution of iron in plagioclase (MT4O8) occurs both in tetrahedral sites (Fe3+ and Fe2+ 

replacing Al and Si, respectively) and in M sites (Fe2+) (Ribbe, 1983). Experimentally determined partition 

coefficients for iron in calcic plagioclase (An>65; Phinney, 1992; Aigner-Torres et al., 2007) clearly 

demonstrate that the amount of iron in plagioclase increases greatly with the oxidation state, because 

plagioclase more readily incorporates Fe3+ than Fe2+. Hofmeister & Rossman (1984) further suggested a 

positive correlation of Fe2+/Fe3+ ratio with An content of the plagioclase, where the ferrous iron state 

(Fe2+) prevails only in anorthite (An>90). Experimental data on iron partioning coefficients are not available 

for intermediate and sodic rich plagioclase compositions; however, natural data (Smith, 1983) show that 

iron correlates inversely with An content.  

Distinct LGS rocks show different degrees of Fe25 enrichment in plagioclase with decreasing An 

contents, (i.e. towards increasing differentiation; Figure III.35). Plagioclase included in Series from the 

northern sectors shows a bulk increase of Fe with An content, individual trends for each Series displaying 

a much less conspicuous relation. Low iron contents in plagioclase with An>80 can be related with the 

preference of Fe2+ for minerals with composition approaching anorthite composition. Given the low Fe/Mg 

of those rocks, most of the available Fe2+ will be partitioned into ferro-magnesian silicates, especially 

olivine, which is cotetic of plagioclase. 

Plagioclase included in ODV I + SB II oxide-rich rocks has conspicuously lower iron 

concentrations than its An-rich peers from ODV I or other Series. This feature reflects a noticeable 

inversion of the bulk iron enrichment trend for rocks of the northern sectors (with plagioclase 

compositions below ≈An55).  As noted by Hofmeister & Rossman (1984), iron is most likely present as 

ferric iron for low An plagioclase compositions. Accordingly, the significant depletion of plagioclase iron 

content (as Fe3+) in ODV I and SB II oxide rich rocks can be ascribed to a decrease in the bulk oxidation 

state, leading to an Fe2+/Fe3+ increase in the melt (which should follow oxide deposition).  

BRG I and II Series display a mild decrease in iron contents for plagioclase with lower An 

contents. These low Fe contents for plagioclase with An65 cannot be explained by contemporaneous 

oxide deposition since few of these correspond to oxide-bearing facies. Nevertheless, none of the oxide 

bearing rocks in BRG I or II Series display a comparable degree of enrichment as that recorded in ODV I 

Series. As it is evident from Figure III.35A and B, there is a decrease in bulk Fe contents for low An 

plagioclase towards the upper stratigraphic levels (from ODV II to ODV III, BRG I and BRG II).  

 

                                                                 
25 As stated in the beginning of this section, plagioclase analysis were calculated assuming FeT=Fe3+. Given the nature of the 
discussion, while addressing analysed iron in LGS plagioclases it is simply referred to as Fe. 
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Figure III.35- Fe (a.p.f.u.) concentration versus An (%) in plagioclase. 

 

As inferred from olivine and clinopyroxene compositional variations, only the melts related to ODV 

I and SB II Series experienced significant iron enrichment. Accordingly, (except for ODV I and SB II 

Series), the iron enrichment should have never be sufficient to overcome the constraints imposed by the 

redox conditions of the melt (see Toplis & Carrol, 1996; Tegner, 1997 and McBirney 1998a). Considering 

that mean compositions for plagioclase in Series with intermediate degree of differentiation (i.e other than 

SB I /BG and ODV I/ SB II) fall within the range An61  X  An68, the measured iron concentrations should 

mostly correspond to Fe3+ (Hofmeister & Rossman, 1984). Consequentially, the observed trend of 

decreasing iron throughout LGS stratigraphic height should reflect a gradual decrease in Fe3+ availability 

to enter plagioclase structure for the successive magma batches throughout time. Considering that 

plagioclase is commonly the earliest cumulus mineral, it is unlikely that the decreasing availability of Fe3+ 

reflects distinct post-emplacement fractionation paths within each Series (e.g. variable residual 

enrichment in Fe3+). The lower iron concentrations in plagioclase must therefore record a decrease in 

ferric iron availability in the initial stages of fractionation from which it is concluded that towards the top of 

LGS stratigraphic sequence, the new magmas batches were gradually more reduced. 

Discrete compositional variations 

As observed for minor element distributions in olivine, the nature of compositional zoning in 

plagioclase involving minor cations such as Fe or K becomes increasingly erratic as the concentration of 

these elements decreases. Only Fe shows a consistent behaviour for concentrations above ≈ 0.06 a.p.f.u. 

with grain rims showing much higher iron concentration than grain cores. This tendency is consistent with 

a Fe2+/Fe3+ ratio decreasing in the melt towards the final stages of crystal fractionation. 

The most relevant intra-grain compositional zoning in plagioclase concerns An variation. Even 

though optical zoning is exclusively observed in porphyry crystals of SB II Series, mild to moderate 

variations in An in content are relatively common. As shown in Figure III.36, both normal and reversed 

zoning occur [-14%>An>+9%] the first being far more common and presenting the widest compositional 

ranges. Normal zoning in plagioclase is most conspicuous in anorthosites (An=+5%), where only few 

analysed grains record reversed zoning (An>-3%). In other rock types, mild to moderate negative zoning 

(An>-10%) is observed whenever cumulus plagioclase grains contact with intercumulus ferromagnesian 
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minerals, such as clinopyroxene, Fe-Ti oxides, brown amphibole (pargasite and Mg-hastingsite) or 

orthopyroxene; late intercumulus plagioclase grains also display moderate inverse zoning (An>-5%). 

The most conspicuous reversed zoning is observed in plagioclase grains heterogeneously 

rimmed by myrmekite intergrowths with chlorite (?) and quartz. This mineral assemblage is common in 

rocks which record the effects of late hydrothermal alteration processes, namely: (i) fluid circulation 

adjoining late magmatic rocks such as trondhjemite of the ATT suite or pegmatoid dykes (see section 

III.1.2.2); (ii) post-mineralization circulation of late-magmatic fluids along plagioclase-sulphide grain 

boundaries in sulphide-bearing rocks (e.g. type II mineralization at the Serrabritas quarry); and (iii) 

hydrothermal alteration at relatively high temperature, most likely related to percolation of exsolved late-

magmatic fluids, as recorded in a substantial section of ODV III Upper Group exposed at the Ventoso 

quarry (see section III.1.1.5). Calculated An values normalised against the mean of An compositions in 

each sample, are usually below -18 %, whereas An values for individual grains may reach values as low 

as -22%. In either case, the recorded increase of An content is substantial and An contents for myrmekite 

rims are very near to the lower limit of anorthite s.s. compositional field (An82-89). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.36- An (AnCore – AnRim) variation relative to average An content of the grain (XAn %). 

 

The decrease of An towards grain rims is an expectable compositional trend in a normal crystal 

fractionation path. Plagioclase with reversed zoning (high An rims) is, however, much more abundant in 

LGS rocks and, likewise the most extreme case of myrmekite-rimed grains, their origin requires a proper 

explanation. Several mechanisms have been proposed to explain the origin of high-An rims in plagioclase 

of layered igneous intrusions covering a range of processes that occur from early to late magmatic or 

postcumulus stages; the main features of these processes and their applicability to LGS are briefly 

discussed below.  

Reversed zoning in plagioclase from Bushveld was ascribed to a primary process by lowering the 

anorthite liquidus temperature through an increase of the water partial pressure during the late stages of 

crystallization (Wager & Brown, 1967). This hypothesis seems unlikely for LGS rocks given the 
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predominant, though not exclusive, character of reversed relative to normal zoning in plagioclase.  

Strong reversed zoning in plagioclase from the Kiglapait intrusion (An>-32%) is thought to have 

resulted of primary growth from intercumulus liquid with an high augitic component that allowed 

increasing the partition coefficient of Ca between plagioclase and liquid (Morse & Nolan, 1984); the 

trapped liquid from which the high An-rims grew, resulted of an An-rich boundary layer generated by 

solute rejection during adcumulus growth. This hypothesis was later on corroborated by Higgins (1998), 

which on the basis of CSD26 analysis postulated that the An-rich cores of smaller plagioclase grains 

dissolved during textural coarsening (i.e. Ostwald ripening through grain boundary readjustment, see 

section II.5.1.) progressively fed an added An-rich component to the residual magma, thus increasing the 

An content of the outer portion of larger crystals during their growth. Evidence for textural readjustment in 

LGS plagioclase bearing rocks is much more widespread than the occurrence of reversed zoning in 

plagioclase. A careful inspection of textural relations of high-An rims plagioclase grains does not evidence 

an increased efficiency of the Ostwald ripening process. Instead, strongly annealed plagioclase grains 

display normal compositional zoning, as is the case of anorthosites. As suggested by the low modal 

abundance of intercumulus minerals in anorthosites, the effectiveness of grain boundary readjustment by 

adcumulus mineral growth should result in the expelling of nearly all trapped melt fraction of which a 

negligible amount crystallizes in situ. This strongly suggests that the effect of trapped liquid fraction is 

much more important than textural coarsening in the development of reversed An rims. Such 

interpretation agrees with the preferred occurrence of reversed zoning in plagioclase grains adjoining 

intercumulus minerals, strongly suggesting that scattered pockets of intercumulus liquid could have 

influenced the early development of reversed compositional zoning in plagioclase. Nonetheless, the most 

conspicuous reversed zoning, in particular those involving the development of myrmekite rims in 

association with hydrous mineral phases, cannot be explained exclusively by such process. 

Czamanske & Scheidlle (1985) proposed that the high An-rims on Stillwater anorthosites are a 

relatively late feature developed during compaction due to pressure induced dissolution and re-

precipitation along grain boundaries, effectively concentrating the anorthite component. Meurer & 

Boudreau (1996) favour late-stage “liquid-fluid” flow through the largely consolidated cumulated pile 

instead of compaction induced stress as a cause for the dissolution and reprecipitation mechanism along 

grain boundaries. Abundant evidence for compaction operating in LGS was presented in section II.4.5, 

the most relevant being provided precisely by plagioclase, which often displays wavy extinction, 

incomplete wedged or crossed polysynthetic twining. Solution and reprecipitation may also contribute to 

the development of widespread mild reversed compositional zoning. However, given the common 

evidence for compaction and the rarity of myrmekite rimmed crystals it is not reasonable to admit that, per 

se, accounts for the strong compositional reversed zoning adjoining in those grains. The association of 

strong compositional zoning adjoining myrmekitic intergrowths with mineral assemblages that clearly 

record the imprint of a fluid phase, strongly suggests that fluid assisted late-magmatic processes (as 

proposed by Meurer & Boudreau, 1996), play a major role on their development.  

Adams (1968) describes a set of experiments [500º-800ºC; 2 kbar] in which the albitic component 

                                                                 
26 CSD- crystal size distributions; an increasing amount of published work in recent years (e.g. Higgins, 1998; Boorman et al., 2004 
and references therein) has shown that quantitative textural studies are powerful tool to decipher crystallization history, magma 
chamber processes, and textural evolution of igneous systems as preserved in the solid rock.  
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of plagioclase with composition between An50-100 is removed by dissolution while the anorthitic component 

remains as a relatively “insoluble residue” in plagioclase (III.6): 

 

(III.6) 2Na0.5Ca0.5Al1.5Si2.5O8 (Pl An50) + 6H2O =  

CaAl2Si2O8 (Pg An100) + Na+ (aq) + AlO2
- (aq) + 3H4SiO4 (aq) 

 

The selective solution of the albitic component leads to the development of an intricate network of 

interconnecting channel ways (and consequent volume deficiency) that is consistent with the occurrence 

of the most conspicuous zoning in optically modified, myrmekite rimmed plagioclase grains, as well as 

their association to hydrous mineral assemblages. As shown by reaction (III.7; Schiffries, 1982), cation 

exchange between plagioclase and chloride rich solutions may produce the An-rich rims, further 

accounting for the association of quartz in the assemblage.  

 

(III.7) 2Na0.5Ca0.5Al1.5Si2.5O8 (Pl An50) + CaCl2 (aq) =  

CaAl2Si2O8 (Pl An100) + 2NaCl (aq) + 4SiO2 (aq) 

 

The temperature conditions in which this reaction is allowed to proceed (ca. 700°C) are within the 

range of reaction (III.6) and thus consistent with a late-magmatic evolutionary stage (Schiffries, 1982), 

during which chlorite may precipitate in association with quartz. In addition to previously mentioned 

processes, selective dissolution of the albitic component at plagioclase grain borders during late-

magmatic stage may also contribute to the development of mild reversed zoning in LGS plagioclase. In 

this situation, the removal of a relatively small amount of the albitic component would have a negligible 

optical effect.  

In conclusion, the following steps may be envisaged as accounting for the development of all 

negative compositional zoning in plagioclase:  

(i) Early reaction with intercumulus trapped liquid leads to increased partition of Ca component 

and resulted in the development of ubiquitous reversed zoning in plagioclase below An ≤ -10%. 

(ii) As consolidation proceeded, exsolved aqueous late-magmatic fluids reaching supercritical 

conditions locally mix with isolated pockets of trapped intercumulus liquid further enhancing reversed 

zoning by allowing dissolution and precipitation along grain boundaries of plagioclase. The actual role of 

an assisting fluid phase in this process can be indirectly assessed by the widespread occurrence of 

accessory amounts of late magmatic amphibole, as well as evidence for mild deuteric alteration in most 

rocks. This stage is, perhaps, best illustrated by plagioclase grains with the widest compositional zoning 

(An ≈ -10%) which (albeit not displaying myrmekite rims) are sometimes accompanied by mild optical 

modification at grain borders. This feature further evidences a continuum between the various processes. 

(iii) As testified by the widespread and polyphasic hydrothermal alteration of gabbroic rocks, the 

percolation of chloride-rich brines at relatively high temperature promoted near-complete selective 

dissolution of the plagioclase albitic component. The residuum left behind is an An-rich plagioclase border 

with a typical spongy, myrmekitic texture coupled by quartz  chlorite precipitation. 
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III.2.1.4. Amphiboles 

A total of 135 analyses were performed on 71 samples in order to characterize the compositional 

variability of magmatic amphiboles included in LGS rocks.  

Following the recommendations of the CNMMN-IMA subcommittee on amphiboles (Leake et al., 

1997): (i) the analyses were re-calculated on an anhydrous formula basis of 23 oxygens for which the 

sum of cations is allowed to vary between 15 and 16, depending on A-site occupancy; (ii) on the basis of 

site occupancies and stoichiometric limits, empirical estimates for median ferric contents were performed 

for each individual analysis (i.e. lying between minimum and maximum ferric estimates); (iii) following 

recast of the normalized cationic contents, cations were then re-allocated on ideal site occupancies in 

order to obtain a reasonable estimate of amphibole mineral formulae. Original analytical data and 

calculated mineral formulae are presented in Table C.5, Appendix C (Vol. II). 

While addressing coupled substitutions in amphibole, i.e. those involving more than one cation 

entering in different coordination positions, element order is given in accordance with the general 

amphibole formulae AB2C5
viT8

ivO22(OH)2 (Leake et al., 1997) 

General compositional variations 

This section concerns the chemical variability of those amphiboles that can be ascribed to 

magmatic paragenesis of LGS rocks.  

Brown amphibole is a common accessory mineral in almost all the studied rocks, as coronas 

around early minerals (such as intercumulus clinopyroxene and orthopyroxene), and more rarely as 

oikocrysts in the plagioclase matrix. Brown amphibole is also an important part of coronitic structures 

around olivine (along with orthopyroxene and/or clinopyroxene in SB I troctolite) and around Fe-Ti oxides, 

(where it usually displays darker coloration; often with anomalous brown interference colours).  

Green amphibole is mostly associated to late hydrothermal alteration. However, a few rocks, 

namely in ODV I Series, include green amphibole, which can be ascribed to the percolation of very late 

magmatic fluids; therefore their analysis is included in this section. Green amphibole forms coronas 

surrounding earlier brown amphibole, more often continuous grains sealing veinlets that locally 

anastomose into the plagioclase matrix to form intercumulus amoeboid crystals. Also included in this 

group are a few brown amphiboles displaying slightly altered compositional and optical features. 

Both amphibole types belong to the calcic group ([(Ca+Na)B>=1.0 a.p.f.u) and display relatively 

invariant Mg/(Mg+Fe2+) or #Mg ratios, that essentially reflect the degree of fractionation of their host 

rocks. Accordingly, SB I and ODV I include the most primitive and evolved amphibole compositions, 

respectively. Brown amphibole, mostly pargasite (Alvi ≥ Fe3+), displays little variation of #Mg with silica 

content (Figure III.37). A few brown amphiboles (Alvi ≤ Fe3+) are magnesiohastingsite. Except where 

associated to sulphides, there is no particular textural context distinguishing magnesiohastingsite from the 

most common pargasite.  

Green amphibole shows a much wider range of silica content at given #Mg, therefore spanning 

along the actinolite, magnesiohornblende and tschermakite compositional fields. 
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Figure III.37- Amphibole classification diagrams, according with Leake et al. (1997); (A)- Brown amphibole with Alvi  
Fe3+; (B)- Brown amphibole with Alvi< Fe3+; (C)- Green and brown amphiboles, the latter displaying slightly altered 
optical and chemical features. 

 

As demonstrated by experimental data (Gilbert et al., 1982), the higher (although relatively 

invariant) A site alkali content in the brown versus green amphibole group (Figure III.38) should reflect 

decreasing precipitation temperatures. Due to the strong coupling between A-site occupancy and Aliv, the 

higher alkali content of brown amphiboles is accompanied by significant lowering of silica contents 

(Figure III.38) and, accordingly, higher Al/Si ratios relatively to alkali-poor green amphiboles. For a given 

#Mg (typical of each Series), green amphiboles show a variably displaced composition towards lower 

Al/Si ratio relatively to coexisting brown amphibole, reflecting their increasingly lower A-site alkali content. 

Distinct Al/Si ratios between both amphibole groups also correlate with higher TiO2 concentrations in 

brown (4.32 – 0.23 wt%) relatively to green amphibole (2.76 - 0.22 wt%). High Ti contents in some green 

amphiboles should be inherited from the precursor brown amphiboles. As suggested by the positive 

correlation between Ti and Aliv (eliminating the effect from the pargasite substitution, see caption of 

Figure III.39A), Ti-Tschermak substitution (III.8) can account for Ti incorporation in both amphiboles, 

which becomes increasingly important for those formed at higher temperature, i.e. brown relatively to 

green amphiboles.  
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(III.8) (Al2 Si-2)
iv(Ti Mg-1)

vi (Ti- Tschermak- Ti-Ts) 

 

Figure III.38- (Na + K)A versus Si (a.p.f.u.) for LGS amphiboles; Pr, Ed, Ts, Hbl, Tr, stand for ideal composition of the 
end-members pargasite, edenite, tschermakite, hornblende (s.s.) and tremolite, respectively; inset of the square 
compositional field. 

 

Figure III.39- Ti variation in LGS amphiboles: (A)- Ti versus [Aliv-2(Na+K)A] (to eliminate the effects of the pargarsite 
substitution depicted in Figure III.38) showing a positive correlation in accordance with a Ti- Tschermak type 
substitution and; (B)- Variation of Ti contents with #Mg.  

 

Brown amphiboles show increasingly higher Ti concentration with decreasing #Mg, following a 

typical crystal fractionation path towards iron and titanium enrichment. Ti enrichment ceases at #Mg ≈ 

0.6, a value which corresponds to the amphibole coronas surrounding oxide minerals enclosed in ODV I 

+ SB II oxide rich samples. The relative decrease in Ti contents for brown amphibole included in oxide-

rich samples is more pronounced than for coexisting clinopyroxene (see Figure III.29; however note 

different Ti concentration scales), in accordance with the significantly higher partition coefficients for Ti in 

hornblende s.l. (kdHbl/melt
Ti≈1.0) relative to clinopyroxene (kdCpx/melt

Ti≈0.3; in Bédard, 1994), or empirical 

TiHbl/TiCpx ratios [1.3 – 8.6] for pairs of coexisting minerals (Gilbert et al., 1982).  

Ti concentration in the melt increases towards late fractionation stages and should peak just prior 
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oxide fractionation, which should lead to significant Ti depletion in the latest formed silicates such as 

amphibole. However, median TiO2 concentrations for brown amphibole associated to oxides (X=3.10 

wt%) are actually higher than those associated to silicates (X=2.73 wt %), and substantially lower in 

amphibole associated to sulphides (X=0.45 wt%). The absence of significant Ti depletion in brown 

amphibole that rims oxides strongly suggest that during oxide fractionation and peak of Ti enrichment in 

the melt, a thin boundary layer of water-rich residual melt enveloped the oxide minerals. This trapped melt 

was enriched in incompatible elements such as alkalis and Ti, and likely reached the solidus before the 

oxides scavenging all the available Ti, therefore allowing brown amphibole coronas to remain Ti-rich.  

Median ferric iron contents are below 0.25 for both brown and green amphiboles (Figure III.40). 

In spite of the poor correlation between Aliv and Fe3+, the importance of the ferri- Tschermak substitution 

as a mechanism for Fe3+ introduction in amphibole (III.9) cannot ruled out for either amphibole type.  

 

(III.9) (Al Si-1)
iv(Fe3+Mg-1)

vi (ferri- Tschermak- Fe-Ts) 

 

Figure III.40- Fe3+ versus [Aliv-2(Na+K)A] (see Figure III.39 caption) (A) and Fe3+/Fe2+ versus #Mg (B) for LGS 
amphiboles; symbols as in previous figures. 

 

The prominent character of Ti-Tschermak substitution and the generally low Fe3+ contents tend to 

obscure its correlation with Aliv in brown amphibole. This may be inferred by the closer distribution of Ti- 

poor, green amphibole relatively to the line representing the Fe-Ts ideal substitution as well the 

increasing proximity of brown amphibole that are richer in Fe3+. Alternative mechanisms for Fe3+ 

introduction would be the riebeckite substitution (III.10), far more common in sodic-calcic amphiboles 

included in peralkaline rocks (Deer et al., 1966; Gilbert et al., 1982; Woner & Gilbert, 1982). Nevertheless, 

the co-variation of high NaB and Fe3+ concentrations in some LGS amphiboles (Figure III.41) suggests 

that the influence of the activity of a riebeckite substitution cannot be ruled out at some point of crystal 

fractionation. 

 

(III.10) (Na)B(Fe3+)vi (riebeckite) 
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Figure III.41- NaB versus Fe3+ for LGS amphiboles; symbols as in previous figures. 

 

Mn and Cr concentrations show a negative and positive correlation with #Mg (Figure III.42), 

respectively in accordance with the sympathetic behaviour of Mn with Fe2+ and Cr relatively to Mg during 

crystal fractionation.  

 

Figure III.42- Mn (A) and Cr (B) concentrations (a.p.f.u.) versus #Mg for LGS amphiboles. 

 

The highest Cr contents are recorded by amphiboles included in rocks which also display Cr-rich 

clinopyroxenes, mostly those of SB I Series and a few from BRG II Series; the highest Cr content (1.48 

Cr2O3 wt%) is recorded by a pargasite corona surrounding a chromite grain in SB I Series. Despite the 

incorporation of Mn in all the ferro-magnesian silicates (olivine and pyroxenes) and Fe-Ti oxides, it is 

clear that this metal is still available for incorporating the latest formed green amphiboles of ODV I Series; 

this reinforces the remarkably high bulk Mn contents in rocks of ODV I Series.  

III.2.1.5. Oxides 

As stated previously, oxide mineral chemistry is included in PART III due to their potential 

usefulness as fundamental petrogenetic indicators (e. g.: Sack & Ghiorso, 1991a, b; Ballhaus et al., 1991; 
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Arai, 1994; Roeder, 1994; Barnes & Roeder, 2001; Buddington & Lindsley, 1964; Frost & Lindsley, 1991, 

1992). Although oxides are usually minor or accessory components in most LGS rocks, they may reach 

rock-forming modal abundances in several domains such as ODV I or BRG I Series. Ultimately, massive 

Fe-Ti oxide accumulations (type I mineralization) such as those occurring in ODV I Lower Group, have 

developed. Severe crystal chemical modification leading to full oxidation (maghemitization) of the original 

spinel affected ODV I hosted type I mineralization and precludes their use as petrological tools. Although 

the composition of ODV I ores may be occasionally called upon, their mineral chemistry characterization 

will be performed in PART IV.  

Excluding the particular case of ODV I hosted type I mineralization, the three main types of 

oxides present in LGS rocks may be systematized as follows: 

(i) Chromian spinels (Cr2O3  8 wt%) are documented only in SB I and BG troctolite. Samples 

devoid of ilmenite usually display minute anhedral chromite grains within olivine or plagioclase. As grain 

size increases, and ilmenite joins Cr-spinel in the sequence, oxides are more commonly observed at 

multiple grain contacts, often enclosed by brown amphibole rims. 

(ii) Fe-Ti spinels show great textural variety concerning both their intragrain micro-textures, and 

as their relative position in the crystallization sequence. Fe-Ti spinels commonly constitute accessory 

phases that occur as small interstitial grains (single or mixed with ilmenite) developed throughout the 

crystallization sequence. When magnetite ( ilmenite) becomes modally more significant and/or coarser, 

its paragenetic position appears to be placed at increasingly later stages of the crystal sequence, leading 

to the development of an interstitial framework. As discussed in section III.1. the interstitial occurrence of 

oxides is thought to result of subsolidus readjustment. Short or transgranular ilmenite lamellae and tiny 

rods, inclusions or lamellae of pleonaste, are a widespread feature in LGS Ti magnetite.  

(iii) Ilmenite occurs individually or as mixed grains with both spinel types. Subsolidus oxy-

exsolution of Ti-magnetite throughout cooling results in the development of secondary ilmenite (see 

further details ahead) in the form of intragranular {111} lamellae hosted in Fe-Ti spinel or externally 

exsolved discrete granules (Buddington & Lindsley, 1964).  
 

In order to characterize the compositional variability of oxides included in LGS rocks, a total of 

223 microprobe analyses of spinel and 168 of ilmenite (40 samples) were performed. Spinel analyses 

were recalculated on the basis of 24 cations to 32 oxigens per formula unit; estimation of Fe3+ was 

performed by iteration on the basis of the expression Fe3+ = 16 (1- 2Ti/8 – R3+). Cations were then 

allocated to their ideal site occupancies in order to obtain a reasonable estimate of spinel mineral 

formulae. Ilmenite analyses were recalculated on the basis of 4 cations to 6 oxygens assuming full solid 

solution with hematite. The original analytical oxide data and calculated mineral formulae are presented in 

Tables C6 (chromite), C.7 (ilmenite) and C.8 (magnetite and pleonaste), Appendix C (Vol. II). 

Chromian spinel 

General compositional variations  

As shown in Figure III.43, LGS chromian spinel displays a wide compositional variation within the 

Al - Fe3+ - Cr space (data for Fe-Ti spinels are also plotted for comparison). Median and range values for 

the most important oxide components of chromian spinel, (including useful compositional ratios; e.g. #Cr), 
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are displayed in Table III.2.  

The compositional variation of LGS spinels can be further evaluated on the basis of Figure III.44, 

where key compositional ratios are plotted along with the compositional fields for several petrotectonic 

settings (Barnes & Roeder, 2001). Most compositional fields depicted in Figure III.44 evidence a data 

density minimum (or actually two discrete sub-fields, commonly labelled as the “spinel gap”) which results 

from the combination of two factors: (i) an extensive solvus in the solid solution between minerals of the 

spinel s.s. – chromite relative to those of the magnetite – ulvöspinel series (Sack & Ghiorso, 1991a; 

Roeder, 1994); and (ii) the effect of Cr depletion in the melt due to the onset of Cr bearing clinopyroxene 

fractionation. As a consequence of these relationships, crystallization of spinels of the spinel (s.s.) - 

chromite series usually ceases before the onset of magnetite crystallization. Even though the field 

concerning phases of the ulvöspinel-magnetite series is well individualized for LGS, the transition from 

members of the spinel s.s. - chromite series is fairly continuous. This feature leads to an inconspicuous 

“spinel gap”, in opposition to the typical bimodal distribution observed in most layered mafic/ultramafic 

intrusions. Despite the relative scarcity of intermediate compositions may be due to incomplete analytical 

representatively of SB I Series rocks, a number of evolved chromian spinels (high #Cr and #Fe2+), 

showing high Fe3+ and Ti contents, account for considerable overlap between both series. The 

petrogenetic implications for the inconspicuous spinel gap in LGS spinels will be discussed further ahead. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.43- Al-Fe3+-Ti (a.p.f.u.) variation for LGS chromian spinels; the ternary plot represents the projection onto 
the end face of the spinel prism, where normal spinels27 plot (see text for details on end-member composition. Spl- 
spinel s.s.; Chr- chromite; Mgt- Magnetite. Significance of the trends: Cr-Al trend- Spinel equilibrating with olivine 
with constant composition in mantle rocks (xenoliths, ophiolites, abyssal peridotites) shows variable Cr/(Cr+Al) at 
generally low #Fe2+ (=Fe2+/(Fe2++ Mg)) with a tendency for increasing Cr/(Cr+Al). Fe-Ti trend- Spinels included in 
most basalts and (ultra-)mafic igneous bodies (e.g. layered intrusions) display a trend of increasing Fe3+ and #Fe2+ 
towards magnetite. Rum trend- Described by Henderson (1975) for chromian spinel of the Rum layered intrusion 
(Scotland) is typical, and chiefly restricted of very slowly cooled layered intrusions (see text).  

 

                                                                 
27 Considering the basic spinel formula [A]iv[B2]

viO4 in which A and B refer to tetrahedral (iv) and octahedral (vi) coordination 
positions, respectively, normal spinels (e.g. spinel s.s., chromite) will have R2+ and R3+ cations, respectively, occupying tetrahedral 
and octahedral coordination positions while in inverse spinels (e.g. magnetite, ulvöspinel) R2+ and R3+ cations split between both 
coordination positions (Haggerty, 1991a; Waychunas, 1991)  
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Table III.2- Median and range (minimum and maximum) values for most important constituents of Cr-spinel, including 
the following compositional parameters: #Mg = Mg/(Mg + Fe2+); #Cr = Cr/(Cr + Al + Fe3. 

 

 

 

 

 

 

 

 

 

 

Figure III.44- Plotting of the most relevant chemical parameters (A- 28#Fe2+ versus #Fe3+; B- #Fe2+ versus #Cr; C- 
#Fe3+ versus TiO2) for chromian spinel, with superimposition of the contours which result of the data-density plots for 

                                                                 
28 #Fe3+= Fe3+/(Fe3++Al+Cr) 
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a wide data base (30 000 analysis) concerning spinel compositions in terrestrial mafic and ultramafic rocks, 
compiled by Barnes & Roeder (2001)29. Brief description of fields: Mantle xenoliths: mantle or lower crustal material 
carried to the surface as xenoliths or nodules in deep-seated ultramafic magmas (alkali basalts and kimberlites); 
Ophiolite ultramafic rocks: Plutonic ultramafic (± mafic) cumulate rocks of oceanic affinity, including tectonically 
emplaced HP-HT “Alpine” suites of probable ophiolitic affinity in orogenic belts (excluding chromitites); Alaskian 
(zoned ultramafic) Complexes; Tholeiitic basalts: including MORB30, OIB, CFB, boninites and upper ophiolite 
(crustal) sections. 

 

Nature and extent of post crystallization modification of chromian spinel 

In contrast with chromitite accumulations, spinels that occur in accessory amounts, as in the case 

of LGS, are buffered by the silicate assemblage. In these circumstances, spinel undergoes several 

exchange reactions with the melt, as well as ferromagnesian silicates, which lead to a bulk increase in 

Fe2+, Fe3+ and TiO2 relatively to its original composition (Henderson, 1975; Roeder & Campbell, 1985; 

Scowen et al., 1991; Barnes, 1998). Fe-Mg exchange between spinel and olivine is ruled by reaction 

(III.11), which progresses to the left during cooling. The temperature dependence of this reaction makes it 

a fundamental petrogenetic indicator and, therefore, the basis of the calibration of the olivine-spinel 

geothermometer (e.g. Sack & Ghiorso, 1991a). 

 

(III.11) ½ Mg2SiO4 (Fo in Ol) + FeAl2O4 (Hc) = ½ Fe2SiO4 (Fa in Ol) + MgAl2O4 (Spl s.s.) 

 

LGS chromian spinels show a smooth compositional variation towards higher #Cr, #Fe2+ and 

TiO2, coupled with an increase of #Fe3+, that generally follows the typical “Fe-Ti” enrichment trend 

displayed by spinels included in layered mafic intrusions (Barnes & Roeder, 2001). The displacement of 

BG spinels towards the Al apex (Figure III.43), together with the Al rich spinels included in SB I Series 

troctolite, defines an initial crystallization stage which may be reminiscent of equilibrium conditions 

between spinel and olivine at LGS mantle source (Cr-Al trend). However, given the cumulate nature of 

LGS rocks, there is the possibility that BG chromian spinel has been modified. As noted by Henderson 

(1975), decreasing of Cr/Al and #Fe3+ in chromite, may occur by interaction with intercumulus liquid, 

(olivine + plagioclase) according with reaction (III.12); under those conditions, spinel will become more 

enriched in Al at relatively constant #Fe2+. 
 
 

(III.12) 2CaAl2Si2O8 (Pl) + (Mg, Fe)2SiO4 + 2(Mg, Fe2+)(Fe0.5
3+Cr0.9Al0.6)O4 = 

4(Mg,Fe)(Fe0.25
3+Cr0.45Al1.3)O4 + Ca2Si5O12 (melt) 

 

Considering that: (i) BG troctolite represents cognate xenoliths that were brought to higher levels 

during the ascension and emplacement of border facies, their delayed extraction allowed them to 

experience a most prolonged cooling period at low levels of the magmatic chamber(s?); (ii) BG troctolite 

have higher plagioclase : olivine ratio relatively to those included in SB I; and (iii) during their final 

emplacement, there will be a (re) opening of the system due to the heating effect of border facies melts. 

These features open the possibility of extended Al exchange between chromite and plagioclase and, 

                                                                 
29 Fields are plotted based on the last updated version of the database (January 2005) available at 
http://www.csiro.au/science/ps26x.html.  
30 MORB- Mid Ocean Ridge Basalts; OIB- Ocean Island Basalts; CFB- Continental Flood Basalts. 
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therefore, the higher Al/Cr and lower #Fe3+ in BG troctolite spinel define a secondary Rum type trend 

(Henderson, 1975). Relationships between spinel-#Cr and plagioclase An contents for chromian spinels 

included in BG troctolite, provide additional support for the existence of a secondary Rum trend. 

Nevertheless, chromian spinel shows a smooth increase of #Fe2+ with decreasing Fo values in olivine, 

consistent with decreasing Fe/Mg of the melt (Figure III.45).  

 

 

Figure III.45- Variation of chromian spinel (A)- #Cr with plagioclase An content (%) (B)- (#Fe2 with olivine Fo content 
(%); all values represent Xsample).  

 

In addition to the inferred Rum trend for BG spinels (Figure III.43, 45), it is fundamental to 

establish the extent in which other post crystallization processes (e.g. by equilibration with 

silicates/interstitial melt, but also by intra-grain exsolution or reaction with late/post magmatic hydrous 

fluids) may have modified LGS chromian spinels. Figure III.46 displays the effect of differing mineral 

assemblages on elemental (ratio) variations of primitive LGS Cr-spinels; a careful inspection shows that: 

(i) for a given sample, #Fe2+ and TiO2 display the most significant variation for spinels occurring in distinct 

textural and mineralogical contexts, whereas Fe3+ varies less, and #Cr appears to remain constant; (ii) the 

raise in TiO2, #Fe2+
  Fe3+ for chromian spinel increases in magnitude for minerals included/associated to 

olivine > plagioclase > intercumulus framework  amphibole; (iii) the behaviour of TiO2 when amphibole is 

involved is less clear given that chromite enclosed by amphibole (#RS-6) has lower TiO2 relatively to 

those trapped in the intercumulus framework, suggesting that Ti may have been locally partitioned into 

amphibole.  

Roeder & Campbell (1985) suggested that chromites in the Jimberlana intrusion were able to 

become Ti-enriched even when enclosed in olivine, through interaction with intercumulus melt percolating 

along microfractures of olivine grains. In the case of LGS, it appears that chromite grains that were 

trapped in the interstitial framework (and/or expelled from the silicate structure during textural maturation), 

and later on surrounded by brown amphibole (pargasite), were more extensively modified than those that 

were enclosed by plagioclase or olivine. This does not invalidate the possibility of plagioclase or olivine 

underwent Fe-Mg or Al cation exchange with chromian spinel. It seems clear however, that reaction with 

intercumulus trapped melt (ultimately crystallizing as amphibole) had a greater capability to modify the 

original Fe/Mg ratio and TiO2  Fe3+ composition of chromite. In contrast, chromite grains that were 

enclosed in olivine and plagioclase appear to have been more effectively shielded from the effects of 
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reaction with intercumulus melt. In conclusion, the compositional variability recorded by spinels in similar 

textural frameworks overcomes the compositional modification that may result of silicate melt/spinel 

equilibrium. Therefore, the composition of LGS spinels may be envisaged as representative of the spinel 

primary features. 

Figure III.46- Analysis of differing mineral assemblages on elemental (ratio) variations of primitive LGS Cr-spinels: 
(A) #Fe2+ vs. #Cr; (B)- Fe3+ vs. TiO2. 

 

LGS chromite is devoid of optical zoning or exsolution features which allows excluding significant 

intra-grain textural modification during cooling. Compositional zoning for Mg-Al-Cr-Fe2+-Fe3+-Ti were 

sought but, when present, are very mild and almost without exception below 2 wt% in oxide proportion 

(e.g. < 1 wt% for TiO2). This value falls both within analytical uncertainty as well as the compositional 

variation recorded by each sample. The most significant indication for substantial reequilibrium in LGS 

chromian spinels lies in the unusually high Mn contents (MnO < 5.09 wt%) displayed by some minerals 

included in SB I Series (Figure III.47); few Cr- spinels included in BG troctolite display intermediate Mn 

contents within the high Mn-group.  

Mn + Zn + Co enrichment in chromian spinels has been reported as a consequence of 

serpentinization of olivine in peridotites of ophiolite rocks (Paraskevopoulos & Economou, 1981, Frost, 

1991c; Gahlan & Arai, 2007) and their derived Fe–Ni-laterite occurrences (Economou-Eliopolous, 2003 

and references therein) or komatiites metamorphosed in greenschist/amphibolitic facies conditions 

(Barnes, 2000). Such enrichments have been ascribed to: (i) reaction with trapped intercumulus melt in 

komatiite lava flows (Barnes, 1998); (ii) remobilization from secondary ferritchromite  magnetite rims 

around preserved chromite cores during hydrothermal alteration and/or serpentinization of peridotite from 

ophiolites (Paraskevopoulos & Economou; 1981); (iii) decomposition of organic matter during digenesis 

and redeposition of weathered serpentinite from ophiolites as Fe–Ni-laterite (Economou-Eliopolous; 

2003); (iv) remobilization from serpentinized olivine during post-obduction serpentinization of peridotite in 

ophiolites (Gahlan & Arai, 2007).  

The tendency for MnO to increase significantly (Mn ≤ 106%) towards grain borders in LGS 

chromites clearly suggests that Mn enrichment is a secondary acquired feature. Because Mn-rich 

chromite is exclusively observed in rocks displaying moderate (e.g. troctolite #RS-6; #FA-4) to strong 
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(e.g. wehrlite #RS-8) serpentinization, it is clear that the secondary enrichment is not due to reaction with 

trapped intercumulus melt but rather related to metasomatic replacement during serpentinization. Olivine 

and orthopyroxene are the most obvious candidates to supply the required Mn; however, spinels included 

in SB I or BG troctolite display the lowest Mn contents relative to other LGS spinels in more evolved 

rocks. Simple mass balance calculations (Figure III.48) show that the amount of Mn released from olivine 

during serpentinization is enough to enrich (a part) of co-existing, modally subordinate, chromite up to the 

MnO levels measured by EPMA. 

 

Figure III.47- Mn contents for LGS chromian spinel vs.. (A)- #Cr; (B)- #Fe2+; (C)- Fe3+; (D)- Ti. 

 

The negative correlation between Mn and #Fe2+ indicates that Mn essentially replaces Fe2+, 

(more limitedly Mg), and shows no other relation with other major or minor elements (Figure III.47). It 

thus appears that, in spite the high Mn contents recorded by some minerals, its incorporation has a minor 

effect on chromite element ratios (e.g. #Fe2+ varying as much as 0.1) and should not significantly displace 

LGS chromite in Figure III.46 discriminant fields. Nonetheless, additional care was taken when 

performing modelling of intensive variables in section III.5.1. 
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Figure III.48- Simplified mass balance calculations demonstrating the relation between MnO supplied by 
serpentinized olivine and Mn-enriched chromite. 

 

Petrogenetic constrains inferred from chromian spinel chemistry  

Cr-spinels with the lowest #Fe2+ (0.495) and #Cr (0.278) ought to represent the earliest 

crystallization products. These spinels are included in BG and SB I troctolite with the lowest (plagioclase 

+ olivine) : clinopyroxene ratio and forsteritic olivine (Fo88-86). As shown in Figure III.49 A and B, early 

formed chromite displays a trend towards lower Al/Cr and higher Fe2+/Mg ratios. Those chromite plot 

close to, or along the lines that represent the spinel (s.s.) - chromite solid solution where [Al+Cr] and [Fe2+ 

+ Mg] account for the near saturation of octahedral and tetrahedral coordination positions, respectively. 

Minor deviations from the solid solution lines are due to incorporation of trace amounts of Fe3+ (2.4 -1.02 

a.p.f.u.), Ti (0.29 - 0.01 a.p.f.u.), and less so due to late Mn enrichment (1.06 – 0.06 a.p.f.u.). Despite the 

relatively restricted compositional range for the primitive chromite compositions, they are found in any of 

the four possible textural contexts described above: included in olivine or plagioclase, interstitial, with or 

without amphibole rims. This relationship reinforces the assumption that grain boundary readjustment 

contributes to the spread of textural contexts in which Cr- spinel occurs. The low #Fe2+ and #Cr of early-

formed Cr-spinel is consistent with their precipitation prior to plagioclase and olivine crystallisation.  

The onset of olivine  plagioclase fractionation reflects the noticeable compositional shift (Figure 

III.43, Figure III.49A and B) that corresponds to the departure from the line that defines the spinel (s.s.) - 

chromite solid solution. From that point onwards, Cr-spinel plots at increasingly higher Fe2+/Mg ratios (or 

#Fe2+), TiO2 and Fe3+, at decreasingly lower Cr and Al bulk contents. The progressively higher Fe2+/Mg 

ratio in Cr-spinel is consistent with the ongoing fractionation of forsteritic olivine leading to an increase of 

Fe/Mg in the melt. Crystallization of An-rich plagioclase and Cr-bearing clinopyroxene, account for the 
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progressively lower Al and Cr contents, (although at relatively constant Al/Cr ratios). Accordingly, the 

lower threshold for Cr-spinel fractionation is recorded in (olivine gabbro) SB I rocks where spinel is 

included in large clinopyroxene oikocrysts.  

Figure III.49- Plots that enable assessing the major substitution mechanisms in chromian-spinels (A)- Al versus Cr; 
(B)- Fe2+ versus Mg; (C)- [Cr+Al] vs. [Ti + Fe3+]. All plots in a.p.f.u.; solid lines in A and B represents the totally filled 
octahedral or tetrahedral sites, respectively for spinels strictly lying along the Chr – Spl solid solution line, while in C 
the solid solution line represents the saturation of octahedral positions for spinels which may belong to distinct end-
member joins. 

 

As shown in Figure III.49C, the decrease of R3+ (i.e. Al+Cr) cations leads to a higher number of 

available octahedral coordination positions, thus favouring the incorporation of Fe3+ and Ti in the spinel 

structure. The increase of Ti and Fe3+ in chromite can be related with the expected relative enrichment of 

these elements in the melt, which are not included in the early crystallising silicate assemblage. 

Fe-Ti Spinel 

In this section, spinels belonging to the solid solution magnetite ([Fe3+]iv[Fe3+ Fe2+]viO4)-ulvöspinel 

([Fe2+]iv[Fe2+Ti]viO4) are analysed.  

Nature and extent of post crystallization modification of Fe-Ti spinel 

As discussed previously, the processes that may modify the primary composition of spinel (s.l.) 

must be taken in account while discussing their chemical and compositional features. Silicate-spinel-melt 
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interaction may extensively modify the original composition of spinel, especially when it occurs in 

accessory modal proportions relative to silicates. Fe-Ti spinel tends to crystallize later in the sequence 

compared to minerals of the spinel s.s. – chromite series, which should reduce its chance to interact with 

trapped melt. Cation exchange with silicates should also be somewhat less extensive given the much 

coarser grain-size of Fe-Ti spinel; the buffering effect exerted by the silicate assemblage should further 

decrease as the oxide modal proportion increases.  

A) Ilmenite exsolution 

The foremost cause for post crystallization modification in Fe-Ti spinel is due to its tendency to 

promptly experience intra-grain compositional reequilibrium during cooling. Additionally, inter-grain 

exchange with associated ilmenite, will occur according with the coupled substitution Fe2+ + Ti4+ Fe3+
-2; as 

defined by reactions (III.13) (Buddington & Lindsley, 1964; Haggerty, 1991b) and (III.14) (Rumble, 1970 in 

Frost et al., 1988; Frost, 1991b).  

 

(III.13) 6Fe2TiO4 (Usp in Mgt) + O2 = 6FeTiO3 (Ilm) + 2Fe3O4 (Mgt) 
 

(III.14) Fe2TiO4 (Usp in Mgt) + Fe2O3 (Hem in Ilm) = FeTiO3 (Ilm) + Fe3O4 (Mgt) 

 

Fe3+-Ti exchange between magnetite and ilmenite takes place at high temperatures and, as 

shown by reaction (III.14), will enrich magnetite (s.s.) and ilmenite (s.s.) in Fe3O4 and FeTiO3, 

respectively. Intra-grain exsolution, termed “oxy-exsolution” (III.13) after Buddington & Lindsley (1964), 

requires a source of oxygen in the rock and will operate during cooling at intermediate to relatively low 

temperatures (T  600ºC). Oxy-exsolution will also lower the Fe2TiO4 (ulvöspinel) component of magnetite 

through exsolution of discrete ilmenite lamellae, as “trellis” lamellae hosted in its structure (Buddington & 

Lindsley, 1964; Haggerty, 1991b). In contrast to silicate-spinel-melt or inter-grain reequilibrium with 

ilmenite (which do not produce petrographic evidence), the extent of intra-grain reequilibrium in Fe-Ti 

spinel may be easily assessed by the degree of textural modification of the grains, i.e. the abundance and 

coarseness of the ilmenite (more rarely ulvöspinel) lamellae. External exsolution of ilmenite granules 

requires higher diffusion rates and, therefore, is inferred to occur at higher temperature than the 

exsolution of magnetite-hosted ilmenite lamellae (von Gruenewaldt et al., 1985). Externally exsolved 

ilmenite granules may form mixed grains with magnetite or be resorbed by pre-existing primary ilmenite; 

in both instances the externally exsolved granules are optically indistinct from primary precipitated 

ilmenite (Buddington and Lindsley, 1964; Frost & Lindsley, 1991). Further considerations and analysis of 

ilmenite lamellae will be performed in the proper section. 

B) Pleonaste exsolution 

A significant part of Al and Mg originally included in Fe-Ti spinel structure (that was not 

exchanged with the surrounding silicates) is exsolved in the form of spinels with an important pleonaste 

component which lie in the spinel s.s. – hercynite join. The solvus for the spinel s.s. – hercynite pleonaste 

join takes place at considerably higher temperature (T 800 ºC) than the magnetite s.s. – ulvöspinel 

titanian magnetite join (Lindsley, 1991). For this reason, even Fe-Ti spinels devoid of Ti oxy-exsolution 

lamellae may display abundant Al-, Mg-rich exsolutions. EPM analysis of these discrete mineral phases is 
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render difficult by their minute size. However, a few representative analysis of thicker lamellae, rods, or 

small cubic inclusions (?) were possible to obtain (Figure III.50).  

Figure III.50- Pleonaste s.l. exsolutions in LGS Fe-Ti spinel: (A)- Al vs. Mg showing the spinel s.s.- hercynite (Hc) 
pleonaste join and the magnetite (Mgt)- spinel s.s.-(Spl s.s.); (B)- Fe2+ vs. Ti showing the magnetite- ulvöspinel (Usp) 
join; (C)- V vs. Mn; all in a.p.f.u.. 

 

Although all pleonaste s.l. exsolutions consistently present higher [Al + Mg] concentrations 

relative to common LGS Fe-Ti spinel, most of them do not lie strictly in the pleonaste join and may further 

incorporate significant amounts of Ti and Fe3+. According with their major constituents, the analysed 

pleonaste exsolutions (s.l.) may be systematized follows: (i) brownish grey trans-granular lamellae or rods 

with tapered terminations of Al-, Mg- rich titanian magnetite developed along {111} planes of the 

magnetite host; (ii) thin exsolutions of pinkish brown Al-, Mg-rich ulvöspinel developed along {100} planes 

of the magnetite host; and (iii) rods, or inclusion (?) alignments (developed along {111} planes ?) of grey 

aluminian pleonaste s.s (Figure III.50). Based on petrographic observation, type (i) exsolutions are 

clearly more abundant than the remaining ones. 

Among the three types of exsolutions, type (i) display a composition closer to the common Fe-Ti 

spinel and, therefore, should be representative of incomplete exsolution of Al and Mg towards 

compositions that are strictly defined by the pleonaste join. Accordingly, despite the conspicuous 

deviation relative to the magnetite – ulvöspinel join, type (i) exsolutions include significant amounts of 

Fe3+ and Ti in solid solution; in contrast, type (iii) exsolutions display aluminian pleonaste compositions 
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[(Spl-Hc)ss]. Both type (i) and (iii) exsolutions show higher Al/Mg relatively to spinel s.s. (Al/Mg > 2), as 

recorded by their plotting below the spinel s.s. – magnetite join; this tendency is also shown by most LGS 

Fe-Ti spinels, and suggests initially higher Al contents relatively to Mg and/or preferential Mg loss into 

silicates. In contrast, some type (ii) ulvöspinel exsolutions (Usp57-80) present Al/Mg < 2 and high Ti/Fe3+, 

suggesting an important qandilite (Mg2TiO4) component in solid solution. 

According with the high solvus of the pleonaste join, exsolution types (i) and (iii) should document 

the early and higher temperature processes which gradually lead Fe-Ti spinel towards the ideal magnetite 

composition (stable at lower temperatures). The presence of type (ii) ulvöspinel exsolutions, however, 

warrants further explanation in order to justify their preservation.  

Buddington & Lindsley (1964) conclude in their work that Ti in titanian magnetite should be 

primarily present as ulvöspinel (Fe2TiO4) instead of ilmenite (FeTiO3). During slow cooling, relatively high 

oxidation conditions are favoured by the admixing and circulation of late magmatic, water-rich fluids which 

commonly led to oxidation and exsolution of ilmenite (hence oxy-exsolution) as thick sandwich or fine 

meshed trellis lamellae along {111} planes of the magnetite host. In the absence of rapid cooling, 

reducing conditions such as those resulting from hydrogen or sulphur in the interstitial late magmatic 

fluids are required to maintain Ti in the reduced mineral species (ulvöspinel) until the magnetite- 

ulvöspinel solvus are reached to mechanically exsolve the ulvöspinel component along the magnetite 

{100} planes. Such conditions imply that true exsolution instead of oxidation induced exsolution has 

occurred. Type (ii) exsolutions are present in rocks that include mixed grains of Fe-Ti spinel ( ilmenite) 

with sulphide blebs, or abundant intercumulus sulphide. Non negligible amounts of sulphur at the timing 

of magnetite formation may, therefore, account for low oxidation conditions allowing the preservation and 

subsequent exsolution of (Mg-, Al- rich) ulvöspinel in some LGS rocks. Type (ii) ulvöspinel exsolutions 

often occur along with the most common ilmenite sandwich or trellis lamellae which, according to 

Buddington & Lindsley (1964), may develop together under intermediate oxygen partial pressures. The 

high Mg and Al contents of type (ii) ulvöspinel exsolutions suggests that they should predate the lower 

temperature ilmenite oxy-exsolved lamellae, (albeit at slightly lower oxidation conditions). 

General compositional variations in Fe-Ti spinel 

In accordance with the relations described above (and petrographic observations), as oxide 

modal proportion increases in LGS rocks, Fe-Ti spinel tends to exhibit milder effects of oxy-exsolution 

process; thus, providing a more accurate approach to its original composition. In order to incorporate 

these complex constraints in the evaluation of Fe-Ti spinel chemistry, (besides of the usually criterion that 

considers the stratigraphic position of the host rocks), the data presented here further discriminate 

between oxides occurring in low ( 5 %) versus high ( 5%) modal proportion. In both categories, oxides 

included in the adjoining rocks of ODV I type I mineralization, or the “proximal suite” (either cumulate or 

olivine leucogabbro), are further individualized. The occurrence of oxides in lower modal proportion in 

some of the ODV I proximal suite rocks is envisaged, (at least in some extent), as consequence of their 

physical separation by means of segregation into type I mineralization massive accumulations. This 

section provides a mean to test this possibility by comparing the chemical signature of high versus low 

modal proportion spinels from ODV I proximal suite. 

Fe2+ - Ti - Fe3+ concentrations displayed in the ternary diagram of Figure III.51 allow to 
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distinguish between rocks with high (A) versus low (B) oxide modal content: the higher efficacy of the 

oxy-exsolution processes in the latter is reflected by their lower Usp (%) contents31 relative to spinels 

occurring in high modal proportion. For both groups, Fe-Ti spinels included in ODV I proximal rocks, 

(followed by ODV I as a whole), display higher Usp contents, suggesting that these spinels may have 

been originally more Ti-rich; it should be noted that magnetite included in other oxide-rich rocks of other 

Series (e.g. BRG I Upper Group olivine leucogabbro) systematically display lower Ti contents compared 

to those included in ODV I Series. Ti contents of spinels in ODV I proximal suite remain relatively higher, 

even in rocks with low oxide modal content where textural evidence for oxy-exsolution is significant. Ti 

concentrations become vanishingly low only in spinels included in rocks that preserve evidence of 

extensive hydrothermal alteration related to the amphibolitic gabbro rim (see below).  

Figure III.51- Fe2+ - Ti- Fe3+ (a.p.f.u.) variation for Fe-Ti spinels occurring in high (A) and low (B) modal proportion; 
the solid line corresponds to the magnetite (Mgt) – ulvöspinel (Usp) solid solution join.  

 

Fe-Ti spinels included in ODV I proximal amphibolitic gabbro and SB II gabbronorite display low 

Usp contents, notwithstanding their occurrence in very significant modal proportions. 

SB II cumulus Fe-Ti spinel have low Ti and relatively high Cr contents (see below); the spinel 

grains are sited in low Ti-clinopyroxene (compared to other clinopyroxenes with  #Mg) suggesting that 

the low Ti contents in spinel are a primary feature, not related to magnetite-clinopyroxene Ti exchange. 

Thus, taking into account the stratigraphic position of SB II Series, it is concluded that the melt was still 

undergoing Ti residual enrichment, which should have peaked within ODV I proximal suite. 

Magnetite from proximal amphibolitic gabbro is often enclosed by new-formed brown amphibole 

and displays normal optical properties without evidence of oxy-exsolution; occasionally, magnetite fulfils 

small fractures/veinlets along with secondary minerals (chlorite, actinolite, titanite etc). Despite the low Ti 

contents of this magnetite, V-values are within typical ranges of ODV I Series; a significant number of 

(optically normal) coarse grained Fe-Ti spinel display anomalously high Si contents (up to 14 wt% SiO2, 

not plotted in Figure III.51 to 54). These features strongly suggest that the proximal amphibolitic gabbro 

magnetite was chemically modified and texturally reworked during the hydrothermal event; coexisting 
                                                                 
31 Usp (%) = 100*[(Fe2+ + Ti/2)/(Al + Mg + Mn + V+ Ti/2+ Zn + Ni + Fe2+ + Fe3++ Cr)] (a.p.u.f.) 
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ilmenite remained comparatively stable throughout this process, as discussed in the following section.  

Minor elements variations  

Minor elements analyzed in LGS Fe-Ti spinel, by order of decreasing concentration are: Al, Mg, V 

and Mn; reference values are displayed in Table III.3. 

LGS Fe-Ti spinels show higher MgO concentrations in oxide-rich rocks, (as expected due to less 

extensive reequilibration with silicates), which are within the range documented for other layered 

intrusions (Table III.4). Alumina concentrations for most LGS Fe-Ti spinels, (particularly those included in 

oxide-rich rocks), are high, when compared to those of magnetite in both tholeiitic lavas (Al2O3 1-2 wt; 

Frost & Lindsley, 1992), and oxide-rich rocks from other, tholeiitic or calcalkaline layered intrusions. 
 

Table III.3- Median and range values for minor element and TiO2 concentrations (wt %) in LGS Fe-Ti spinel. 

 

MnO and V2O3 are within the range of concentrations for spinels found in either plutonic or 

extrusive tholeiitic suites [0.5 – 1 wt%] (Frost & Lindsley, 1991). Vanadium concentrations in magnetite 

included in most LGS facies are high compared to other layered intrusions. Magnetite included in ODV I 

proximal oxide-rich rocks is clearly anomalous regarding V2O3 concentrations, falling within the range of 

those included in the oxide layers of the Bushveld Complex, one of the most important (magmatic hosted) 

vanadium deposits in the world. Cr may occasionally reach significant concentrations in some ODV II or 

BRG II rocks (≤ 4.6 wt% Cr2O3); however, it is usually well below 0.5 wt% (Cr2O3), as it is common for Fe-

Ti spinels in tholeiitic suites and layered intrusions.  

The deviation from the line representing the magnetite – ulvöspinel join in the ternary plot (Figure 

III.51) towards slightly lower Fe3+ /Fe2+ than ideality may be explained by minor element relationships. 

Firstly, as it is apparent from Table III.4, the bulk concentration of trace elements other than Cr, is higher 

in minerals which experienced less subsolidus reequilibrium and, therefore, higher for Ti-rich magnetite. 

For that reason, all minor elements correlate negatively with Fe3+/Fe2+ (with the exception of Cr; see 

ahead Figure III.53) since the incorporation of Ti in magnetite structure is coupled by replacement of Fe3+ 

by Fe2+ (III.15); thus, leading to minerals with lower Fe3+/Fe2+ ratios, closer to the ulvöspinel end-member: 
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Table III.4- Median and range values for minor element and TiO2 concentrations (wt %) in Fe-Ti spinel from other 
layered intrusions. References: [1] Vincent & Philips (1954); [2] Klemm et al. (1985); [3] Pang et al. (2008b); [4] 
Mathison (1975). With the exception of Bushveld for which only graphical data are available, V2O3 concentrations in 
the other intrusions are often below detection limits, computed median values from published analyses therefore 
exclude those values. 

 

 

 

 

 

 

 

 

 
 

(III.15) 2Fe3+ = Fe2+ + Ti4+ 

 
 

Elemental ratio variations of minor elements in LGS Fe-Ti spinels (see above), are largely 

dominated by trivalent cations relative enrichment (R3+/R2+ >>1) (Figure III.52). Notwithstanding this 

general relationship, Fe-Ti spinels from different rocks or Series show distinct minor element abundances 

or inter-elemental relations with Ti and Fe3+/Fe2+, which should reflect their crystallization conditions, i.e. 

the nature of the melt plus intensive variable variation as well as their distinct subsolidus evolution.  

Al/Mg and V/Mn elemental ratios are significantly higher for “low modal proportion” spinel (Figure 

III.52). V/Mn further evidences an exponential growth with Fe3+/Fe2+ due to near-null Mn concentration in 

spinels that are close to magnetite ideal composition (Figure III.53E, F). Since ODV I proximal suite 

includes low and high modal proportion spinels, this suite allows evaluating if high V/Mn ratios are related 

to post crystallization processes, or alternatively, represent a primary spinel feature. The higher V/Mn for 

low modal proportion spinel suggests that, while V was retained in the spinel structure, Mn was likely lost 

to the exsolved ilmenite lamellae or external granules during oxy-exsolution (compare lower domains of 

Figure III.53F and I). Fe-Ti spinels belonging to other rocks (i.e. not ODV I Series) with high modal oxide 

proportion, display decreasingly lower Mn contents, consistent with their decreasing Ti content: BRG I > 

ODV II / III > SB II. These relationships suggest that Mn is primarily incorporated in spinel structure with 

Ti, as well as loss with it during oxy-exsolution of ilmenite lamellae.  

Al and Mg show a behaviour that is similar to V and Mn (Figure III.53A to D), respectively in what 

concerns their increase with Fe3+/Fe2+ ratio. Al and Mg correlate negatively with Fe3+/Fe2+ values, 

suggesting that the high oxide : silicate ratio favoured primary incorporation of both metals (Figure III.53 

A-D). Despite the high Al (1.7 - 0.8 a.p.f.u.) and Mg (0.7- 0.2 a.p.f.u.) contents of magnetite in oxide-rich 

rocks, there are no distinctive variation patterns among minerals with different Ti contents and, therefore, 

Fe3+/Fe2+ ratios. Considering the prevailing aluminian chemistry of the three pleonaste (s.l.) exsolution 

types, and the behaviour of oxide-rich rocks spinels, the high Al/Mg chemical signature of all LGS Fe-Ti 

spinels is ascribed to a primary feature of the magma and preferential Mg loss to silicates during 

subsolidus reequilibration. Among oxide rich-rocks, only magnetite from SB II Series displays significantly 

lower Al and (especially) Mg concentrations. This feature can be ascribed to extensive reequilibrium with 
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their enclosing silicate hosts, namely clinopyroxene and plagioclase. Other oxide-rich rocks spinels 

displaying low Al and Mg concentrations represent domains analysed physically closer to pleonaste 

exsolutions; low Al and Mg contents of spinels from oxide-poor rocks within ODV I proximal, may be 

further related to superimposed hydrothermal alteration, which often accounts for oxides being replaced 

by hydrous silicates.  

 

Figure III.52- R3+/R2+ elemental ratios for minor elements in Fe-Ti spinel structure combined according to the order of 
abundance versus Fe3+/Fe2+: Al/Mg vs. Fe3+/Fe2+ for oxide-rich (A) and oxide-poor rocks (B), V/Mn vs. Fe3+ / Fe2+ for 
oxide-rich (C) and oxide-poor rocks (D). 

 

Al/Mg and V/Mn variations (Figure III.52) suggest that divalent cations are more likely to be loss 

during sub-solidus equilibrium, (either to ilmenite- Ti, Mn, Mg, or to the surrounding silicates- Mg), 

whereas trivalent cations (Cr included) are more easily retained because they are fundamental in 

stabilizing spinel structure following the loss of octahedral Ti. The comparatively less significant loss of V 

and Cr relatively to Al in “low modal proportion” spinels can be ascribed to the easier incorporation of the 

Al in silicate structures, namely those formed at the end of the magmatic sequence (e.g. amphibole). In 

order to demonstrate that V and Cr concentrations may remain fairly close to those in the original spinel 

composition, (regardless the extent of subsequent reequilibrium processes), data for fully oxidized 

(titanian-)maghemite of type I mineralization were included in the Cr vs. V diagrams shown in Figure 

III.54. Cr and V contents further allow assessing the relationships between SB I, SB II and ODV I Series 
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for which there is a near continuous record for spinel chemistry. Accordingly, data are arranged to favour 

comparison between spinels included in these Series, the remaining Series being plotted separately. 

Fe-Ti spinels from each rock suites (Figure III.54A) show a well individualized array of Cr and V 

concentrations, with consistently decreasing Cr/V ratios: magnetite from SB II Series displays the highest 

Cr/V ratios, followed by those of ODV I Series proximal suite (for rocks with either high or low oxide 

mode). Spinels from type I mineralization show Cr/V ratios that overlap those of spinels in ODV I proximal 

suite, although as expectable, closer to those of high modal proportion spinels. Considering that Cr and V 

behave antipathetically during crystal fractionation, the observed decreasingly lower Cr/V ratios suggests 

that SB II Series and the lower domain of ODV I Series can be related to a continuous crystal 

fractionation path: SB II spinels with the highest Cr/V ratio should represent early formed phases, while 

those subsequently precipitated within ODV I proximal suite (representing the peak of Fe-Ti oxide 

deposition), reveal a gradual compositional shift towards lower Cr/V due to Cr depletion and the end of V- 

residual enrichment in the melt  

Given the apparently unmodified character of spinel Cr/V ratios, further inferences can be drawn 

for the proximal domain and type I mineralization at the base of ODV I Series. Maghemitized spinels in 

ODV I type I mineralization display Cr/V ratios that fall between oxide-rich and oxide-poor rocks of the 

proximal domain. This feature suggests that the oxide masses incorporating spinels were originally 

enclosed in rocks now displaying lower oxide modal proportion; thus, physical segregation may indeed 

contribute for the current lower oxide modal abundance in some rocks of the proximal suite, as may be 

inferred on the basis of field and petrographic criteria.  

Other spinels included in ODV I Series plot in two distinct fields: (i) Those with high Cr/V ratios 

(similar to those of SB II spinels), are included in rocks either from Lower Group olivine leucogabbro or 

Intermediate Group leucogabbro (both stratigraphically above the proximal suite and displaying the most 

primitive silicate mineralogy within ODV I Series); and (ii) Those plotting leftwards of the main 

differentiation trend (i.e. with similar Cr but comparatively lower V contents relative to the proximal suite), 

reflecting the depletion of V in the melt due to ongoing and profuse oxide deposition, (as illustrated by the 

arrow lines depicted in Figure III.54A). The occurrence of spinel type I mineralization within this set 

suggests that the beginning of V-depletion in the melt took place at the final stages of the oxide ore 

deposition main peak.  

Cr concentrations in magnetite included in other LGS Series rocks are, with few exceptions (see 

below), within the range of SB II and ODV I. It is noteworthy that none of those suites record the 

pronounced V enrichment observed in ODV I proximal rocks; thus, confirming the exceptional character 

of ODV I suite. Oxide deposition in the remaining Series is much more discontinuous and, (unfortunately), 

not so well monitored down the stratigraphic sequence. 

 

 

Figure III.53 (right page)- Minor elements variation with Fe3+/Fe2+ in LGS Fe-Ti spinel according with bulk oxide 
modal proportion in host rocks. (A)- Mg vs. Fe3+/Fe2+ for spinels occurring with high and low oxide modal content (B); 
(C)- Al vs. Fe3+/Fe2+ for spinels occurring with high and low oxide modal content (D); (E)- Mn vs. Fe3+/Fe2+ for spinels 
occurring with high and low oxide modal content (F); (G)- V vs. Fe3+/Fe2+ for spinels occurring with high and low oxide 
modal content (H); (I)- Cr vs. Fe3+/Fe2+ for spinels occurring with high and low oxide modal content (J). 
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Figure III.54- Cr vs. V for Fe-Ti spinels in Series: (A)- SB I-SB II-ODV I including data for type I mineralization 
(titanian-)maghemite; (B)- ODV II – ODV III – BRG I and– BRG II. 

 

In rocks where oxides are a minor accessory phase, (such as those belonging to ODV II and III 

Series), magnetite display variable Cr/V ratios that reflect its textural sites, magnetite being a cumulus, or 

more significantly, intercumulus phase. The lowest Cr/V ratio is recorded by intercumulus magnetite 

occurring in oxide-rich rocks at the transition from ODV I to ODV II Series. Above this transitional domain, 

Cr/V in cumulus magnetite increases throughout ODV II Series. Rocks of the middle-upper portion (olivine 

gabbro II) of ODV II Series enclose cumulus magnetite with primitive composition (or higher Cr/V ratios; 

Cr2O3  4.56 wt%) that decreases as spinel becomes an intercumulus phase (towards the uppermost 

portion of the Series, olivine leucogabbro III). Cumulus magnetite included in olivine leucogabbro I rocks 

from ODV III Lower Group show similar Cr/V to that observed for correlative rocks of ODV II Series. As 

spinel gradually becomes part of the intercumulus generation in ODV III Lower group rocks, Cr/V shows a 

pronounced decrease, (notwithstanding the higher #Mg recorded by silicate mineralogy at uppermost 

olivine leucogabbro II). The best example of the relation between magnetite textural site and chemistry is 

provided by the high Cr/V (4.67) of cumulus magnetite in ODV II olivine gabbro II that contrasts with much 

lower Cr/V (0.43) in intercumulus magnetite included in correlative ODV III Lower Group pyroxene gabbro 

I. This difference is ascribed to early clinopyroxene crystallisation, leading to Cr depletion in the melt from 

which intercumulus magnetite precipitates. The high Cr/V ratios of magnetite in the uppermost domains of 

ODV III oxide-rich olivine leucogabbro III are mostly due to low V concentrations: V depletion at the higher 

levels of this facies can be understood as a consequence of abundant oxide fractionation that starts lower 

in the sequence, at the transition from pyroxene gabbro II.  

Fe-Ti spinel sampling in BRG I Series is not representative of a continuous stratigraphic section 

and includes Lower Group oxide rich clinopyroxenite (pyroxene gabbro) and Upper Group oxide-rich 

olivine leucogabbro. The relatively high V concentration in spinel incorporated in clinopyroxenite rocks is 

compatible with the origin envisaged for these rocks, as (filter-pressed) segregations of relatively evolved 

intercumulus trapped liquid (see section II.5). Magnetite in the oxide-rich facies of Upper Group displays 

moderately high V concentrations and very low Cr; a displacement towards lower V at equivalent Cr 

concentrations indicates that V depletion was quickly reached in the melt, which suggests that initial V 

contents were less significant than those of ODV I Series.  
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Fe-Ti spinel data from BRG II Series are representative of a continuous stratigraphic section of 

Lower Group sampled at the Figueirinha quarry. Magnetite with high Cr/V is enclosed in clinopyroxenite 

facies, hosting type II Ni-Cu sulphide mineralization (pyroxene gabbro I). Magnetite included in the 

overlying olivine leucogabbro I oxide-rich facies shows a shift towards low Cr/V; these magnetites enclose 

type (iii) aluminian pleonaste exsolutions, indicating primary higher Al and Mg contents in the hosting 

spinel. 

Ilmenite 

Primary versus secondary ilmenite 

Ilmenite forming mixed grains with magnetite may correspond to a liquidus phase, or have a 

variable contribution of externally exsolved granules from Ti-rich magnetite; ultimately, it is possible to 

ilmenite develop exclusively by external exsolution from Ti-rich magnetite. As previously discussed, it is 

not possible to optically distinguish between liquidus and externally exsolved ilmenite resulting from oxy-

exsolution. Maximum TiO2 contents of 24 wt% in LGS magnetite occur in ODV I oxide-rich proximal rocks, 

which correspond to ca. 0.75 Usp content. These rocks have a magnetite : ilmenite ratio of ca. 2.5, and 

bear no evidence for oxy-exsolution of ilmenite as trellis lamellae in magnetite. Instead, ilmenite develops 

coarse grains, both single and mixed with magnetite. Thus, it seems plausible that most ilmenite in oxide-

rich rocks represent a liquidus phase. In rocks where Usp contents in magnetite are significantly lower 

and oxides occur as accessory phases, ilmenite possibly bears some (significant?) contribution from 

external exsolution, (however attempting its quantification would be speculative). Given the uncertainties, 

ilmenite occurring as mixed or single grains is hereafter referred to as “primary” in opposition to that 

occurring as lamellae hosted in magnetite which is of certain “secondary” origin. 

Primary ilmenite occurs in most rocks along with chromian or Fe-Ti spinel, being noticeably 

absent in SB I and BG troctolite which enclose the most Al-rich chromite (#Cr  0.60). Ilmenite modal 

proportion is usually subordinated to spinel, with spinel : ilmenite ratios increasing substantially with 

increasing oxide bulk modal proportion. The modal abundance of secondary ilmenite (i.e. oxy-exsolution 

lamellae hosted by Fe-Ti spinel), was not quantified but becomes more significant with decreasing oxide 

bulk modal content in the rock. Most analytical data on ilmenite lamellae correspond to the “sandwich” 

type (Haggerty, 1991b), which are considerably thicker relative to fine-grained trellis type and therefore 

more amenable for EPM analysis; ilmenite sandwich lamellae occur as one or few sets along {111} 

planes of the spinel host.  

Major compositional variations 

When plotted in the Fe2+-Ti-Fe3+ space (Figure III.55), it is evident that LGS ilmenite is poor in 

ferric iron, showing a maximum hematite molecular content (Hem %) of  Hem14 and much lower median 

values of ca. Hem6.  

Hematite contents in ilmenite for LGS rocks are well within typical range for ilmenite in mafic 

plutons, for which maximum Hem20 is recorded, though rarely exceeding Hem10 (Frost & Lindsley, 1991). 

Lowering original Fe3+ in ilmenite may be accomplished both by high temperature reequilibration with 

coexisting Fe-Ti spinel (as shown in reaction (III.14)) or low temperature ( 650ºC; Lindsley, 1991) 

exsolution of hematite lamellae. Hematite lamellae in ilmenite are rarely observed, suggesting that for 
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most LGS rocks, the preferred T-fO2 path followed high temperature reequilibrium with Fe-Ti spinel. 

Exceptional well developed hematite lamellae are observed in oxide-rich rocks of ODV I proximal suite, 

where oxy-exsolution features in Ti-rich magnetite are nearly absent. Accordingly, the ferric content of 

ilmenite in these rocks was lowered by mechanical exsolution upon crossing the temperature of the 

ilmenite-hematite solvus, instead of high temperature exchange with the spinel phase. Nevertheless, 

ilmenite lamellae hosted by magnetite in most LGS rocks should result of oxidation induced exsolution, 

instead of simple mechanical exsolution.  

 

Figure III.55- Fe2+-Ti-Fe3+ ternary plot for ilmenite enclosed in rocks of the (A)- SB I (with chromian or Fe-Ti spinel), 
SB II and ODV I Series; (B)- ODV II, III and BRG I and II Series; the solid line represents the solid solution between 
ilmenite s.s. (Fe2+TiO3) and hematite (Fe3+

2O3). 

 

Minor element variations 

Significant amounts of Mg and Mn in ilmenite account for the deviation observed relatively to the 

line that represents the solid solution between ilmenite s.s. (Fe2+TiO3) and hematite (Fe3+
2O3) (Figure 

III.55; Table III.5). Mg and Mn result of extensive, although incomplete solid solution between ilmenite 

and geikielite (MgTiO3) or pyrophanite (MnTiO3), respectively. Disregarding SB I rocks, which display the 

highest MgO concentration ( 7.75 wt%), most ilmenite from LGS rocks typically has 2 - 3 wt% MgO, well 

within the upper threshold typically found in plutonic mafic rocks; the same is true for ilmenite MnO 

contents (0.5 – 1.5 wt%; Frost & Lindsley, 1991).  

As shown in Figure III.56, Mg is incorporated in ilmenite at the expense of ferrous iron. Mn shows 

a strongly sympathetic relation with Fe2+; therefore, ilmenite analyses that deviate rightwards from the 

main trend, (especially the group showing the highest contents;  0.1 a.p.f.u. Mn), should bear additional 

meaning. None of the two elements correlate with ilmenite ferric iron contents or Ti. Ilmenite Mg and Mn 

contents display a somewhat less consistent variation with the host rock bulk oxide modal abundance 

than that observed for Fe-Ti spinel (see Figure III.57). Such relationships indicate substantially different 

partition coefficients for both oxides and that different processes rule minor element and Fe3+/Fe2 

readjustments during cooling. 
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Table III.5- Median and range values for minor element concentration in LGS ilmenite mixed or single grains (A) and 
lamellae (B). * Refers to samples that display moderate to strong hydrothermal alteration, i.e. that are included in 
distal and proximal amphibolitic gabbro. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The decoupling between ferric iron contents and minor element (especially Mg and Mn) 

abundances of ilmenite compared to those of magnetite can be ascribed to two fundamental issues. 

Firstly, Hem contents in ilmenite shows a weaker temperature dependence compared to that of Usp 

content in magnetite; this can be inferred from the much steeper slope of magnetite relatively to ilmenite 

isopleths in the O2 - T space (Buddington & Lindsley, 1964; Frost et al., 1988). On the other hand, 

according with experimental data (see Lindsley, 1991, and references therein) and natural compositions, 

both Mg and Mn are enriched in ilmenite relative to coexisting Fe-Ti spinel, (the difference becoming 

more pronounced with decreasing temperature). Thus, Mg and Mn concentrations in ilmenite are strongly 

dependent on temperature whereas Hem contents mostly reflect oxygen fugacity during crystallization. In 

view of these relationships, observing mutual variation of minor element should allow a better 

understanding of the relationships between rock groups, as displayed in Figure III.57. 

Mg concentration in ilmenite has a negative correlation with Mn; this feature becomes more 

obvious for ilmenites enclosed in rocks with oxides in accessory amounts, but particularly in rocks with 

superimposed hydrothermal alteration. The cluster of ilmenite compositions with very low Mg/Mn 

represents ilmenites that ceased to equilibrate at lower temperatures and lost a significant amount of its 

original Mg content to the surrounding silicates. That is the case of ilmenite included in SB II Series, 

which is sited within clinopyroxene. Low Mg/Mn ratios are seen in many (although not all, see below) 

rocks with accessory oxides but particularly in rocks: (i) affected by the strong hydrothermal halo related 
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to amphibolitic gabbro, regardless of their oxide content; and (ii) a few oxide-poor rocks proximal to type I 

mineralization that record a distinct alteration assemblage (see section III.1.1.3). As noted in the previous 

section, magnetite in those rocks invariably displays lower Ti contents (as well as low Mg and Al), 

whereas the associated ilmenite lamellae or mixed grains show the higher Mn enrichment (up to 6.0 wt% 

MnO). The strong hydrothermal alteration recorded by these rocks should be contemporaneous, and 

most likely, the driving force leading to extreme oxy-exsolution in magnetite and associated Mn-Ti 

enrichment in ilmenite. These observations are in agreement with experimental results, demonstrating 

that aqueous oxidizing fluids play a major role in promoting highly effective oxy-exsolution, as reproduced 

in the work of Buddington & Lindsley (1964; see details in previous section). 

Amphibolitic gabbro sub-facies s.s., where textural features indicate some reworking of the oxide 

assemblage, also includes low Mg/Mn ilmenite that coexists with nearly pure magnetite, (often with 

abundant contamination by silicon). Reworked oxides of type I mineralization include fully oxidized 

titanian maghemite which coexists with high Mg, structurally pristine ilmenite (Jesus et al., 2003b; see 

PART IV, section IV.3.2.). All these features suggest that, albeit the strong variations in Mg and Mn 

contents, ilmenite remains structurally stable under the most extreme alteration conditions. 

 

 

 

Figure III.56- Minor element variation in relation to ferrous iron content for LGS ilmenite: (A)- Mg vs. Fe2+; (B)- Mn vs. 
Fe2+; (C)- V vs. Fe2+. 
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Figure III.57- Minor elements variation in LGS ilmenite according with bulk oxide modal proportion in their host rocks. 
(A)- Mg vs. Mn for ilmenites occurring with high and low oxide modal content (B); (C)- Mg vs. V for ilmenites occurring 
with high and low oxide modal content (D). 

 

Ilmenite sandwich lamellae have marginally higher Mn contents compared to those of primary 

grains in the same sample ( 1 : 1.3); the difference becomes substantial ( 1 : 4) with increasing bulk Mn 

contents for both textural associations. High Mn contents have been used to distinguish secondary from 

liquidus ilmenite. However, as noted by Frost & Lindsley (1991), several oxide occurrences do not display 

consistent relations that support the use of Mn as a universal discriminant between primary and 

secondary ilmenite. In the particular case of sandwich lamellae hosted along magnetite {111} planes, 

such distinction is critical because according with Haggerty (1991b), the absence of tapered terminations 

and their sharply defined contacts make unclear if they resulted from (oxy-)exsolution processes or 

represent primary crystallized intergrowths. Because the results obtained are most consistent at high bulk 

Mn concentrations, they support the hypothesis that sandwich ilmenite lamellae are also related to oxy-

exsolution. 

Other noteworthy cases of ilmenite with very high Mg/Mn ratios include (i) SB I ilmenite bearing 

rutile xenomorphic inclusions; and (ii) ilmenite included in clinopyroxenite rocks that host SB II type III Ni-

Cu sulphide mineralization. Even though rutile inclusions in ilmenite have been related to mantelic 

metasomatic processes (e.g. Haggerty 1991a, b) their occurrence in association with Mn enriched 

chromian spinel in rocks with moderate to strong hydrothermal alteration rather suggests an origin related 

to post-emplacement, late-magmatic processes. Ilmenite in type III sulphide mineralization has a much 
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higher modal abundance than coexisting chromian magnetite; both minerals are commonly enclosed by 

the sulphide framework. The high Mn contents (1.4–3.7 wt% MnO) of ilmenite should result of extensive 

interaction with the sulphide melt which cannot accommodate Mn, thus leaving ilmenite abnormally 

enriched in this element with decreasing temperature. The effect may have been further enhanced by 

post mineralization percolating fluids. 

Excluding ilmenite that fall in any of the low Mg/Mn groups described above, most LGS ilmenites 

typically cluster between 0.1 and 0.3 a.p.f.u. Mg ( 1.4–4.0 wt% MgO), regardless of their modal 

abundance. However, ilmenite in rocks with accessory amounts of oxides from ODV II and III Series, 

have higher Mg concentrations than ilmenite in rocks with high oxide modal proportion of ODV I proximal 

suite. Such relationship is hard to reconcile with the expectable stronger loss of Mg from ilmenite into the 

surrounding silicates in rocks with low modal proportion of oxides, as documented for coexisting 

magnetite (see previous section). In order to allow overcoming the unavoidable reequilibrium that lowered 

Mg from ilmenite, the ilmenite included in ODV II and III Series must have had initially much higher Mg 

contents than those included in ODV I Series. The trend of Mg enrichment in ilmenite for ODV II and III 

Series follows that of silicates, which have more, Mg rich compositions compared to those of ODV I 

Series. Similar decrease of MgO content in ilmenite with differentiation has also been found in the Telnes 

ilmenite deposit (Charlier et al., 2007), the Skaergaard (Jang & Naslund, 2003) or Somerset Damn 

intrusions (Mathison, 1975). Additional explanations may involve the temperature of oxide crystallization 

and re-equilibrium: at decreasingly lower temperatures of oxide deposition there is an increase of 

ilmenite/magnetite Mg partition coefficient. The cumulus nature, high Ti contents of magnetite and rare 

oxy-exsolution features of the oxide assemblage included in ODV I proximal suite are consistent with a 

high temperature of oxide deposition (as well as closure for subsolidus reequilibrium); oxides in ODV II 

and III Series vary between cumulus to intercumulus, suggesting an extended period of crystallization for 

the oxide assemblage; oxide fractionation at progressively lower temperatures would reinforce the 

preferential Mg incorporation in ilmenite relatively to magnetite. 

The relative and heterogeneous V-enrichment suggests that V2O3 concentrations correlate 

negatively with oxide abundance in the host rock. Since magnetite in oxide-rich rocks is modally dominant 

over ilmenite by a factor of 2, the higher partition coefficients for magnetite would expectably cause a 

larger relative V-depletion in coexisting ilmenite, compared to rocks where there is a lower oxide bulk 

content. In the latter situation, this happens because both magnetite and ilmenite have much higher 

partition coefficients relatively to most silicates with the exception of clinopyroxene (kdV
Cpx/melt = 8.0, Hart 

& Dunn, 1993; [3.76/9.18-0.27/0.37] in phosphorous -bearing/free systems, along NNO [-0.7 +2.6], Toplis 

& Corgne, 2002) both oxides becoming the “sink” for vanadium in melt.  

III.2.1.6. Discussion 

In this section the mineral chemistry data are combined to establish a fundamental framework for 

subsequent geochemical analysis. This represents a first step in unravelling the petrogenetic evolution of 

LGS. Among all primary silicates included in LGS rocks, olivine should most accurately reflect the 

evolution of the magmatic liquid, its Ni contents measuring the degree of magma primitiveness. As 
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demonstrated by Roeder & Emslie (1970), olivine Fe/Mg ratio reflects that of the liquid by an exchange 

coefficient32 which is nearly invariant over a wide range of temperatures and melt compositions. The 

analysis of olivine Fo and Ni variations along LGS stratigraphy will be used to identify the replenishment 

events and fractional crystallization paths and combined with other mineral information whenever 

pertinent.  

Stratigraphic variations: a base model for LGS primary geochemical features 

Figure III.58 shows that the most relevant geochemical parameters for LGS primary minerals 

display similar co-variation along stratigraphic height. Olivine Fo and Ni contents and clinopyroxene #Mg 

in particular, show relatively smooth variations compared to Cr and Wo contents in clinopyroxene, or An 

in plagioclase, which encompass much wider compositional ranges and strongly spiked patterns. 

SB I-SB II-ODV I: a continuous suite? 

Troctolite and wehrlite pods occurring at S of Soberanas Series together with correlative BG 

troctolite show the most primitive composition for all minerals, supporting their use as proxy for LGS 

parental magmas. SB I cumulate pods and the enclosing olivine leucogabbro facies define a steep 

fractionation trend towards N within a relatively narrow outcropping domain (Fo88-73; Ni [2218-42] X=715 

ppm; An89-62; Cpx #Mg0.91-0.79, Cr [7963-36] X=2272 ppm). No regular trends can be devised within SB I 

olivine leucogabbro facies and minor compositional fluctuations (often with no apparent correlation 

between Fo and Ni contents) may be ascribed to the juxtaposition of differently evolved rocks due to 

tectonic disturbance along anastamosed shear-zones (as discussed in section II.5.2.2.).  

SB I more evolved olivine compositions form a relatively continuous trend that marginally 

overlaps the ODV II and III compositional field. Mean plagioclase compositions are similar for ODV II, III 

and BRG I, II Series; BRG I and II are distinct with respect to their upper range An contents (<An88). 

However, SB II (devoid of olivine) and ODV I Series are those that succeeded SB I in LGS stratigraphic 

reconstruction, implying a compositional gap between SB I and SB II/ODV I Series. The origin of this 

compositional gap may be ascribed to independent or combined effects related to tectonic delamination 

(postdating the SB I Series emplacement) and extension of the Cenozoic sedimentary cover that 

obliterates part of LGS in the Soberanas to Odivelas sectors. The compositional gap between SB I and 

SB II/ODV I Series is prominent because all minerals included in ODV I Lower Group oxide-rich cumulate 

rocks, noticeably olivine, are more evolved (Fo64-55; An50-45; Cpx #Mg0.74-0.69) and Ni or Cr depleted (Ol Ni 

[265-15]; Cpx Cr [406-12] X=144 ppm) than those in the enclosing (Lower Group) olivine leucogabbro 

(Fo69-59 Ni [530-29] ppm; An61-45; Cpx #Mg0.79-0.64 Cr [688-36] X=227 ppm).  

The degree of iron (and Ti) enrichment observed at the base of ODV I Lower Group is not seen 

elsewhere in the surveyed portion of LGS and strongly suggests that those magmas experienced 

previous extensive crystal fractionation. The unusually steep fractionation path recorded within SB I, the 

abundance of cumulus oxides in SB II and the extensive fractionation degree that characterizes ODV I 
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Series support a continuous fractionation path from SB I, to SB II and ODV I Series. Such possibility 

implies that: (i) during the crystallization of SB II Series, the magma left olivine stability field; and (ii) 

significant changes must took place in order to allow the melt re-entering the olivine compositional field, 

and precipitate massive amounts of Fe-Ti oxides.  

Plagioclase chemistry of SB II Series shows that high An (low K) grains, likely suspended from 

SB I residual magma, were incorporated by a magma batch of much more evolved composition. The 

microgranular texture of SB II rocks and the preservation of optical and chemical zoning in plagioclase 

indicate a rapid period of cooling. These features and the stratigraphic position of SB II Series, suggest 

that these rocks may be the closest representative of chilled margins within LGS. 

The steep nature of the SB I-SB II- ODV I fractionation path suggest that the compositional 

change preserved in SB II marginal rocks may result from a contamination event, for which additional 

geochemical evidence must be sought. Contamination due to assimilation of country rocks at the margin 

of the magmatic chamber (or their derived partial melts and fluids), could explain the compositional “jump” 

recorded by SB II Series, as well as supply the oxygen needed to trigger the ore forming event that led to 

abundant oxide deposition. 

Above the proximal mineralized domain at ODV I Series Lower Group, there is an increase in 

olivine Fo an Ni contents that peaks within Lower Group olivine leucogabbro and decrease throughout 

Intermediate and Upper Group rocks (Fo57-54 Ni [172-81] ppm). The gentle reversal towards more 

primitive mineral compositions, most significantly the higher Ni contents in olivine suggest that a transient 

magma replenishment took place, followed by a normal crystallizing path towards the Upper Group. 

Notwithstanding, there is a noticeable compositional gap between olivine composition in oxide 

rich rocks of ODV I proximal (Fo<64) domain and the other ODV I facies (Upper group excluded). A less 

conspicuous compositional gap is also recorded by plagioclase and clinopyroxene chemistry (An<48; Cpx 

#Mg<0.72). This indicates that the olivine gap is not an artefact, although may be enhanced due to olivine 

alteration in rocks affected by the hydrothermal halo (distal amphibolitic gabbro) surrounding (proximal) 

amphibolitic gabbro to the E. This enhanced compositional hiatus for olivine is further supported by the 

absence of a gap in Mn concentrations in clinopyroxene (see Figure III.31, section III.2.1.2), which is 

remarkably clear for olivine with Fo<64 (Figure III.23, section III.2.1.1); this and further considerations on 

the effects caused by intense oxide deposition in silicate chemistry of ODV I (and other) oxide rich rocks 

are issued ahead. 

ODV II and ODV III 

Even though the transition from ODV I to ODV II is often difficult to follow in the field, it is clearly 

marked by a shift towards more primitive mineral compositions (Fo77-68; Ni [1000-53] X= 463 ppm; An78-56; 

Cpx #Mg0.80-0.76 Cr [2937-127] X=716 ppm in ODV II). The most primitive olivine composition within ODV 

II Series occurs at the sulphide-rich olivine norite levels at the basis of olivine leucogabbro I, whereas 

oxide-rich samples (within the same facies) bear considerately more evolved mineral compositions. From 

that point upwards, (despite some fluctuations in Ni contents), olivine Fo values remain remarkably 

constant (Fo71-72), only decreasing at the uppermost levels of ODV II within olivine leucogabbro III facies. 

 
 

Figure III.58 (right page)- Mineral composition variations along LGS stratigraphic sequence.  
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Figure III.59- Mineral composition variations along the various sampling profiles of the Ferreira Beringel sector. 

 



 
 
 

III – LGS GEOCHEMISTRY AND PETROGENESIS  

219 

 As proposed by Jesus (2002), the strong compositional reversal tracing the ODV I – ODV II 

transition indicates that ODV II Series developed from a new, more mafic magma batch that experienced 

a smooth crystal fractionation path towards the top of the sequence. The compositional variation recorded 

at the basal domain of ODV II Series is interpreted as the result of heterogeneous mixing with ODV I 

resident residual magma, giving rise to stronger compositional variations: local iron enrichment and oxide 

+ lower Fo olivine precipitation in some domains, and Ni-Cu sulphide deposition + Fo-rich olivine in others  

Olivine Ni contents in ODV III (Ventoso) facies are slightly higher than those of top units in ODV 

II; this feature, coupled with the gradual shifting towards more magnesian compositions in olivine and 

clinopyroxene within ODV III olivine leucogabbro II, suggests a new transient magma replenishment 

tracing the transition to ODV III Upper Group; the effect of this replenishment event is recorded 

throughout Upper Group pyroxene gabbro II. Further indications provided by mineral chemistry may be 

extracted from detailed sampling profiles within the transitional domain of ODV III Upper Group (pyroxene 

gabbro II - olivine leucogabbro III; see Figure II.17 and section III.1.1.5) which are synthesized in Figure 

III.60. Above the transitional domain and throughout the uppermost olivine leucogabbro III, input of fresh 

magma appears to have ceased, and fractional crystallization became the dominant magma 

differentiation process. Figure III.60 additionally raises two questions: one being the relation between 

olivine Ni contents and the fractionation of Ni-Cu sulphides; the other concerns the variation of Cr 

contents in clinopyroxene, which do not always follow the path of compositional reversals and appear to 

depend on the plagioclase : clinopyroxene ratio (see below).  

Figure III.60- Mineral chemistry variations along the section ODV III Series Upper Group, exposed and sampled in 
detail at the Ventoso quarry. 

Ferreira Beringel Sector 

The analysis of mineral compositions within the Ferreira-Beringel sector is more complex due to 

the existence of lateral facies variations. Indeed, a first inspection of Figure III.59 puts in evidence a 

tendency for mineral compositions in both BRG I and II Series to become progressively more primitive 

from sampling profile P0 to P3 i.e., from W to E.  

The heterogeneity of lithologically complex BRG I Series is reflected on olivine composition that 

records several contrasts among different facies. Primitive mineral compositions occur within Lower 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

220 

Group pyroxene gabbro cumulate domains at E (P3- Fo78 Ni [876-596] X=732 ppm; An81-73; Cpx #Mg0.84-

0.81 Cr [2261-796] X=1692). Despite of the influence of an evolved melt/fluid (?) phase that led to 

abundant hornblende precipitation, mineral compositions of amphibolitic gabbro at the N contact of LGS 

(Fo70-68 Ni [750-145] X= 541; An75-68; Cpx #Mg0.82 Cr [2602-1352] X=1977 ppm) fall within the most 

primitive mineral compositions of the enclosing pyroxene gabbro facies. The other rock types display 

more evolved mineral compositions which reach minimum Fo, An and clinopyroxene #Mg values at the 

microgabbro domain adjoining cumulate rocks at E (Fo71-67 Ni [591-119] X= 222; An66-57; Cpx #Mg0.78 Cr 

[1349-178] X=647 ppm). The microgabbro domain appears to represent a significantly more fractionated 

end-member (and not merely a textural variation of the enclosing pyroxene gabbro), whose petrogenetic 

significance will discussed further. The composition of olivines in Lower Group olivine leucogabbro II 

facies is slightly more evolved, however still within the compositional range of pyroxene gabbro I; within 

olivine leucogabbro II, primitive compositions are found in circumscribed cumulate domains, occurring 

near the basal zone (P3- Fo76-73, Ni [700-95] X=320 ppm; An88-72; Cpx #Mg0.80 Cr [3442-1000] X=1576 

ppm), and (less so) in pyroxene porphyry sub-facies.  

Intermediate Group pyroxene porphyry gabbro shows a remarkable lateral consistency when 

compared to most BRG I facies (Fo75-71, Ni [794-214] X=510 ppm; An83-69; Cpx #Mg0.82-0.79 Cr [3056-387] 

X=1021); this characteristic reflects the tight stratigraphic control enabled by the conspicuous 

macroscopic lithological features shown by this facies and supports the trend of increasingly more 

primitive olivine compositions towards E. The remaining section of BRG I facies was thoroughly sampled 

along P3 at the Serrabritas quarry. Intermediate Group olivine leucogabbro III facies (Fo77-71, Ni [1014-7] 

X=356 ppm; An78-60; Cpx #Mg0.83-0.76 Cr [1669-64] X=713) records an increase of olivine Fo values relative 

to pyroxene porphyry gabbro, which is decoupled from variations in Ni concentrations; olivines in type III 

mineralization (olivine norite levels) show a striking drop of Ni concentrations (down to values; <10 ppm), 

particularly where olivine grains adjoin, or are immersed in interstitial sulphides. Within samples devoid of 

sulphides, clinopyroxene reappears in the sequence and less magnesian olivine grains (Fo73-72) show a 

gradual recovery of Ni contents. Low Fo olivine compositions (with a relative recovery of Ni contents) 

persist, and become more conspicuous within Upper Group oxide-rich olivine leucogabbro where Ni-

depleted olivines and evolved mineral compositions occur (Fo71-67, Ni [479-20] X=288 ppm; An69-56; Cpx 

#Mg0.78 Cr [521-38] X=170 ppm). Within oxide-rich pyroxene gabbro there is a reversal towards more 

primitive mineral compositions (Fo75-68, Ni [798-184] X=483 ppm; An74-52; Cpx #Mg0.82-0.76 Cr [616-26] 

X=333). 

The interpretation of critical compositional variations within BRG I Series suggests the following 

sequence of events: (i) Lower Group facies (correlative of ODV III), consistently recording the input of 

primitive magma within BRG I pyroxene gabbro, follow a dominant crystallization path throughout olivine 

leucogabbro I and II (as supported by the widespread occurrence of oxide-rich and anorthositic domains); 

(ii) the gentle, but steady, increase of Fo and Ni contents towards olivine leucogabbro III is consistent with 

an important magma replenishment at the Lower to Intermediate Group transition, peaking within olivine 

norite rhythms hosting type III mineralization; (iii) after sulphide deposition, the conspicuously steep 

fractionation path within oxide-rich olivine leucogabbro III precedes a gradual reversal within oxide-rich 

pyroxene gabbro, continuing throughout BRG II Basal Group and tracing the BRG I - BRG II transition. 

The compositional reversal recorded in BRG I Upper Group oxide-rich pyroxene gabbro 



 
 
 

III – LGS GEOCHEMISTRY AND PETROGENESIS  

221 

continues throughout BRG II Basal Group and, therefore, traces the BRG I – BRG II transition. Hence, the 

BRG I - BRG II transition is traced by a noticeable lithological marker (Basal Group pyroxene gabbro), but 

subtle compositional changes (in contrast with the ODV I – ODV II transition, where the compositional 

shifting is not followed by conspicuous lithological tracers). The remarkably pervasive lithological features 

of Basal Group pyroxene gabbro reflect almost invariant mineral compositions throughout the three 

sampling profiles (Fo72-71; An68-58; Cpx #Mg0.80-0.78 Cr [3554-497] X=1467). Maximum olivine Ni 

concentrations are similar along all profiles (ca. 820 ppm; X=334 ppm), except at P1 (W), where Ni 

contents in olivine are much lower ([420-8]; X=286 ppm). Basal Group olivine leucogabbro shows 

considerable olivine Fo compositional variation (Fo74-66) along strike, and lower olivine Ni concentrations 

([525-97]; X=303 ppm) than those of olivines in pyroxene gabbro facies; olivines recording lower Fo and 

Ni concentrations are enclosed in oxide-rich rocks collected along profile P3.  

The trends observed within the Basal Group are pervasive throughout BRG II Series wherein 

pyroxene-rich facies display more homogenous mineral compositions along strike than those of 

leucogabbroic facies. The most prominent changes within BRG II Series took place within the olivine 

leucogabbro facies of Intermediate and Upper Groups, which enclose Ni- rich olivines (maximum values  

670 ppm) and the most forsteritic olivine composition (maximum values  Fo78) within the Series. The 

tendency for increasingly Mg-rich olivines towards E, (observed within BRG I Series), is also recorded by 

BRG II rocks.  

BRG II Series is characterised by more or less constant olivine compositions and/or smooth 

fractionation trends; most prominent olivine composition changes took place within olivine leucogabbro 

facies of Intermediate and Upper Groups. This behaviour suggests that during BRG II crystallization mass 

balance between magma input and crystallization rates constrained the existence and extent of 

compositional reversals versus normal fractionation crystallization paths. This interpretation is consistent 

with the noticeable rhythmic character of BRG II Series. The location of rocks bearing most primitive 

olivine compositions suggests that the peak of magma input rates took place at the Intermediate to Upper 

Group transition and at the olivine leucogabbro III- pyroxene porphyry gabbro. Upwards, there was a 

waning or ceasing in magma replenishments which allowed a dominant fractional crystallization towards 

the top of pyroxene porphyry gabbro; highly evolved olivine compositions occur in amphibole-rich olivine 

leucogabbro rocks, sampled at the exact limit with the major shear-zone that traces the LGS-COBA 

contact.  

Although several issues were discussed in this section, there are still remaining open questions 

regarding mineral chemistry, namely: (i) the olivine Ni-depleted character of LGS (at given Fo value) 

compared with other layered igneous intrusions; (ii) the eastward increasing of primitive character within 

the Ferreira-Beringel sector recorded by BRG I and II Series; and (iii) the absence of extensive 

fractionation such as that which characterizes the SB I- SB II – ODV I suites; these features require 

validation and/or support from additional geochemical data and will therefore be addressed in the final 

section concerned to petrogenetic discussion. Notwithstanding, few BRG II rocks that present exceptions 

to the eastward increasing of primitive character deserve a brief comment. Sample CNT-34 (Fo78-77; Ni 

[906-695] X=854 ppm; P1 Upper Group olivine leucogabbro III) was collected very near to an isolated 

domain of pyroxene gabbro III strong cumulate character, and may represent a less fractionated pod of 

magma at the base of the olivine leucogabbro III. Sample MB-16 (Fo78; Ni [654-306] ppm; P0 
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Intermediate Group olivine leucogabbro II) is an olivine leuconorite with very strong mineral foliation and 

an inferred crystallization sequence that is similar to all LGS troctolite rocks. Its location, adjoining the 

late-emplaced border facies, is close to the limit of the magma chamber before the intrusion of border 

facies (E of the Figueirinha quarry (P0), at the limit with the contact with BG, very close to the one of the 

locations where the first BG troctolite can be spotted); the same structural relation applies to the domain 

encompassed by the Figueirinha quarry. The oxide-rich olivine leucogabbro blocks (Fo69; Ni [493-81] 

X=251 ppm) surrounded by norite envelopes, occurring within the Lower Group olivine leucogabbro I 

rocks, appear to have resulted from reaction of olivine leucogabbro with an evolved melt; the internal 

cores should therefore represent relicts of the original rock which did not react completely. This unusual 

association is interpreted as indicative that near the marginal domain of LGS, blocks of (partially?) 

consolidated walls/floor of the chamber with variable composition may have been locally displaced by 

incoming magma batches and included in distinct domains. The mechanism suggested here is similar to 

that accounting for the occurrence of BG troctolite blocks (which crop out just E) within the much more 

evolved border facies rocks.  

Controls on Cr variations in clinopyroxene 

Stratigraphic variation of Cr contents in clinopyroxene (Figure III.58 to Figure III.59) suggests 

that higher Cr concentrations are preferentially associated with rocks bearing higher amounts of 

intercumulus clinopyroxene; these rocks also have higher modal abundance of clinopyroxene relatively to 

plagioclase + olivine. This behaviour is most evident in macro-rhythmic Series such as ODV II or BRG II 

wherein more mafic facies (olivine gabbro or pyroxene gabbro) show higher Cr concentrations compared 

to leucogabbroic facies where clinopyroxene is usually cotetic with olivine. Cr contents in clinopyroxene 

remain nearly constant within BRG II Series Intermediate and Upper Groups which, therefore, appear to 

deviate from this rule (Figure III.59). However, as inferred on the basis of olivine composition, Cr 

depletion in olivine leucogabbro facies might have been prevented by nearly continuously feeding of the 

magma chamber. This relationship is particularly clear in Upper Group where Ni (and Fo) in olivine 

indicate that an important magma replenishment took place and only afterwards followed by a normal 

fractional crystallization path. Because in this case the replenishment event coincides with an olivine 

leucogabbro facies, (significant) Cr depletion did not occur until significant clinopyroxene fractionation in 

the overlying porphyry pyroxene gabbro begun to effectively scavenge Cr from the melt; as a 

consequence, relatively lower Cr concentrations in clinopyroxene are recorded at the uppermost levels of 

this facies.  

The distinct decoupling of Cr concentrations in clinopyroxene from Ni contents in olivine for 

different rocks types suggests that Cr partitioning into clinopyroxene is influenced by the liquid line of 

descent and overall modal abundance of clinopyroxene, as follows: (i) facies of (olivine) leucogabbro type 

display variable but usually coupled Ni and Cr concentrations in olivine and clinopyroxene, and record a 

path of cotetic fractionation [clinopyroxene + olivine – plagioclase]Cum  olivineIntc; (ii) in contrast, 

pyroxene/olivine gabbro facies evidence a [plagioclase ± olivine – clinopyroxene]Cum–clinopyroxeneIntc 

crystallization sequence and have higher Cr concentration in clinopyroxene relative to that of Ni in olivine, 

which results in a pronounced compositional decoupling between both minerals. Causes for this 

behaviour may be sought in Cr compositional variations in intercumulus (ICr) relative to cumulus (CCr) 
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clinopyroxenes coexisting in the same sample, as listed in Table III.6; the last column (CCr-ICr) represents 

the difference in Cr concentration in intercumulus relative to cumulus grains, expressed in percentage 

relative to the cumulus concentration (III.16); this normalization allows comparing samples with very 

distinct concentrations.  

(III.16) CCr-ICr = ((ICr-CCr))/CCr) x 100 
 

Table III.6- Average Cr concentrations in intercumulus (ICr) relative to cumulus (CCr) clinopyroxene grains in the same 
sample; the last column is given by expression (III.16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The number of samples in which clinopyroxene occurs in both paragenetic contexts is small 

(n=33) compared to the whole data base (n=118), reflecting the strong preference of clinopyroxene by a 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

224 

particular paragenetic position in distinct rock types. Nonetheless, there is a clear predominance of higher 

Cr concentrations in intercumulus relatively to cumulus clinopyroxenes that may be ascribed to the 

expectable increasing of Cr mineral/melt partition coefficients for clinopyroxene during melt differentiation 

from the cumulus to intercumulus stage; such variations are well documented for Ni concentrations in 

olivine (e.g. Hart & Davis, 1978) and further supported by the wide range of published of Cr mineral/melt 

partition coefficients for clinopyroxene crystallizing from basaltic melts (between 1 and 36; see GERM 

database at www.earthref.org).  

The net result of varying kdCr
Cpx/melt throughout crystallisation should control the compositional 

decoupling (Ni in olivine and Cr in clinopyroxene) in pyroxene/olivine gabbro facies compared to those of 

(olivine) leucogabbro type. Higher modal proportion of clinopyroxene in pyroxene/olivine gabbro facies 

reflect a correspondently increase in intercumulus liquid crystallizing in situ, as bear out by the prevailing 

poikilitic texture of clinopyroxene. The high Cr concentrations in intercumulus pyroxenes (common to 

most LGS samples) thus reflect the higher kdCr
Cpx/melt due to fractionation after a (plagioclase + olivine) 

dominated cumulus stage. In contrast, cumulus clinopyroxene in facies of (olivine) leucogabbro type 

fractionate earlier in the sequence along with olivine (for which kdCr
Ol/melt 1; GERM) and plagioclase, and 

therefore at lower kdCr
Cpx/melt. The described effect should have been enhanced in: (i) macrorhythmic 

Series, whenever crystallization of pyroxene/olivine gabbro facies precedes (olivine) leucogabbro, thereby 

impoverishing the melt in Cr (e.g. the top portion of ODV II and all of BRG II); and in (ii) rocks where the 

crystallization of cumulus clinopyroxene marginally overlaps Cr-rich magnetite/Cr-spinel fractionation, 

such as SB I (e.g. #RS-15; 16). 

The effects of increasing kdCr
Cpx/melt throughout differentiation are eventually cancelled by strong 

Cr depletion in the melt. Examples are provided by comparing clinopyroxene Cr concentration values of 

clinopyroxenite facies (s.s.) relative to their host rocks, as listed in (Table III.7). 

 

Table III.7- Comparison of Cr concentrations (median and range values) in clinopyroxene included in clinopyroxenite 
facies relative to their host facies. 

 

 

 

 

 

 

In BRG I Series clinopyroxenite boulders are found in the vicinity of microgabbro, often appearing 

as cognate xenoliths1. Clinopyroxenite facies in BRG II Series are observed at the Figueirinha quarry in 

thin fine-grained levels below (equally) thin anorthosite levels; the megacryst clinopyroxenite that hosts 

type III mineralization has not yet been seen outcropping or intersected by drilling. The lower Cr 

concentrations in clinopyroxenes from clinopyroxenite facies relative to those of enclosing rocks further 

supports the hypothesis advanced in section II.5 which envisages these rocks as a by-product of 

                                                                 
1 Mean Cr concentration in clinopyroxene for BRG I Series Lower Group pyroxene gabbro I shown in Figure III.58 and III.59 are 
minimized by the low Cr contents of clinopyroxenite facies, reason why it deviated from the established rhythmic pattern. 
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crystallization from evolved late intercumulus liquid segregated by compaction. According to the 

paragenetic position of Cr-rich clinopyroxene in pyroxene/olivine gabbro rocks, such liquids would 

represent Cr-depleted melt segregated after in-situ crystallization of clinopyroxene-rich gabbros (e.g. 

BRG I Lower Group pyroxene gabbro I). Most clinopyroxenites bear minor amounts of orthopyroxene, Fe-

Ti interstitial oxides or sulphides, all late phases that can crystallize from such late-stage melt. 

Series transitions and mechanisms of replenishment  

Compared to the ODV I-ODV II transition, most Series transitions correspond to gradual 

compositional shifts in mineral chemistry. The option for not adjusting the position of Series transition to 

coincide with conspicuous geochemical markers is ground on two fundamental issues. Firstly, the 

architecture of an igneous layered complex must be defined on the basis of objective criteria that can be 

observed in the field (major lithological markers, changes in layering styles, predominance of rock types 

and their metallic mineral enrichments), which ultimately reflect physical and chemical changes in the 

magma. Secondly, it is soundly established that cryptic layering changes caused by magma 

replenishments, often lead to protracted compositional changes in the crystallizing assemblage due the 

complexity of replenishment processes (Parsons, 1987). 

The mineral chemistry features observed at LGS Series/Groups transitions are briefly revised on 

the light of several replenishment mechanisms that are based on theoretical constraints obtained by 

modelling of analogical settings in laboratorial controlled environments, as well as numerical modelling. 

The various processes are illustrated in Figure III.61. The existence and nature of replenishment within 

ODV I Lower Group is closely related to complex silicate-oxide relationships that will be discussed in a 

forthcoming sub-section.  

Theoretical constraints 

After the first melt begins to crystallize within a magma chamber, all subsequent incoming magma 

batches will find: (i) a cumulate pile that will have a comparatively more evolved composition relatively to 

the mineral assemblage that may precipitate from the new melt; (ii) variable proportions of residual, more 

evolved, melt resulting from incomplete crystallization of the previous batch.  

The density of the resident melt has a major control on the way that the new melt will progress 

(Turner & Campbell, 1986). Modelling of experimental data (Huppert & Sparks, 1980; Snyder et al., 1993; 

Wiebe & Snyder, 1993) show that during plagioclase + olivine fractionation there is a density rise of the 

melt, peaking at iron enrichment (at given T-O2) during oxide saturation. Following oxide precipitation 

and ceasing the Fe-Ti enrichment, the increase of silica in the melt leads to a decrease in its density. 

Accordingly, two extreme situations can be envisaged: 

(iia) If the new melt enters before oxide saturation took place, it will probably be less dense and 

certainly hotter than the resident magma. The new magma will therefore rise above the resident magma as 

a turbulent plume that begins to spread laterally until reaching a level of neutral buoyancy, whereupon it 

forms a turbulent convecting layer of hybrid magma (Figure III.61A). If the resident magma is significantly 

denser than the new input, the magma plume may reach the roof of the intrusion (Figure III.61B). Effective 

mixing with the host magma is enhanced by the dimension of the hybrid layer which increases with the new 

magma/resident magma ratio. The light magma collecting on top of the plume rolls sideways and displaces 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

226 

the denser resident magma on its path and the result is a density stratification with the hotter, more 

primitive magma overlying the cooler denser magma. Plume replenishment mechanisms are thought to be 

crucial for sulphides in PGE reefs to attain their very high R factors (Campbell, et al., 1983; VOL. II- I.2.1). 

(iib) If the resident magma has already precipitated oxides the degree of mixing with new magma is 

strongly dependent of the momentum (energy) of the incoming melt. If the flux is very slow, the hot dense 

magma will spread below the cooler and lighter layer of resident magma; in this situation very limited mixing 

will occur and the result will be a primitive layer overlying a more fractioned one, separated by a non 

turbulent interface across which mass and heat may be exchanged by diffusion. If there is sufficient jetting, 

the new magma will fountain above the resident magma and rise until negative buoyancy overcomes its 

entrance momentum, whereupon falls down and spreads laterally to form an hybrid layer at the bottom of 

chamber (Figure III.61C). Additional mixing takes place within the turbulence zone of the fountain due to 

entraining and convection with resident magma. The final result will also be a more primitive layer 

(depending on the degree of mixing) overlain by a more fractioned layer.  

 

Evidence from modelling of experimental analogues (Turner & Campbell, 1986) suggests that the 

very slow replenishment process described in (iib) is possible only if the feeder dyke is very small. 

Therefore, even when incoming magma is significantly denser than resident magma (for example 

because it has precipitated large amounts of oxides), turbulence and some degree of magma mixing are 

to be expected.  

The result of mixing between the variably fractionated resident magma and the new input of 

primitive magma is that, invariably, minerals within the hybrid layer will have lower #Mg than what would 

precipitate from the original batch. Accordingly, depending on the relative proportions and densities of 

resident versus new magma, the net result of all described mechanisms of replenishment will vary 

between the total inexistence of minerals that record the original composition of the new magma input 

due to thorough mixing or, a displaced/gradual chemical boundary relative to the lithological boundary, as 

mostly seen in LGS and other layered intrusions with repeated magma injections (e.g. McIntosh layered 

gabbro in Australia; Mathison & Hamlyn, 1987).  

Another consequence of rising of hot, dense magma fountains is the thermal erosion of the 

cumulate pile (Turner & Campbell, 1986). The top of the cumulate pile likely has a lower #Mg and 

perhaps greater plagioclase content than what could saturate from the new, more primitive magma batch. 

In other words, the cumulate pile has a lower solidus/melting point than the liquidus of the new melt, 

which may therefore induce its thermal erosion. The incorporation of the resulting partial melt will also 

lower the #Mg within the hybrid zone of the new magma batch, resulting in the same effect described in 

(iib).  

Application to LGS stratigraphic sequence  

With the exception of SB I-SB II-ODV I suite, most LGS Series show similar composition for 

primitive olivines of Fo78 and Ni 1000 ppm. This suggests that replenishments involved melts with 

similar initial #Mg and Ni compositions. Another feature that must be considered is that most primitive 

mineral compositions in each LGS Series are usually located in well circumscribed sites, often aligned, 

cumulate domains. This geometry suggests that primitive cumulate domains reflect the locus of more 

focalized discharge of new magma, either close to the near-axis annular fallout zone of magma fountains, 
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or eventually their clogged centre. In either case, these cumulate domains should reflect the composition 

of the new magma input. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.61- Mechanisms of replenishment in compositionally and density stratified magma chambers. Adapted from 
Campbell et al. (1983), Turner & Campbell (1986) and Naldrett (2004).  

 

Within ODV I Series, conditions for crystallization of oxides were maintained until the transition to 

ODV II Series, where some oxide rich domains are also found at the bottom. Upon the influx of ODV II 

parental melt, it is likely that the resident residual melt of ODV I was still laden with oxides and therefore, 
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significant dense and at low temperature. Rising of ODV II, more magnesian and less dense melt should 

occurred as a turbulent plume, giving rise to a hybrid zone with highly heterogeneous silicate composition 

plus oxides and sulphides. The remarkable compositional plateau observed throughout ODV II Series and 

the slightly more forsteritic composition of primitive olivine (Figure III.58) suggest that extensive mixing 

and homogenization within the plume occurred during this major replenishment. 

The next main replenishment took place at the top of ODV II Series, but can only be observed in 

the Ventoso sector at the transition between the Lower to Upper Groups (the former being correlative of 

ODV II Series upper portion; see Figure II.14; II.4.1). There is no significant oxide accumulation in the 

underlying sequence; for this reason, the magma input is likely to have had an higher density than 

resident magma. The olivine leucogabbro II facies at the ODV III Lower-Upper Group transition bears 

anorthosite layers as well as primitive near-troctolitic blocks. These features are consistent with the initial 

development of dense magma fountains that generated a hybrid domain. The well layered features at 

more or less constant composition (except when affected by sulphide fractionation; Figure III.60) of 

Upper Group pyroxene gabbro II, suggest that the magma continued to rise as a plume, broking into 

several stratified convecting layers separated by double diffusive interfaces.  

Equivalent facies within BRG I Lower Group display important lateral lithological variations (see 

Figure II.13; II.4.1). The pyroxene gabbro I comprises aligned cumulate domains surrounded by more 

evolved gabbro which indicate that dense magma fountains allowed progression of the magma chamber 

eastwards. The microgabbro domain is surrounded by a concentric string of evolved clinopyroxenite and 

primitive melagabbro-troctolite cumulates. The microgabbro has a composition similar to that of ferro-

gabbro and should have been denser than surrounding rocks. Accordingly, it is tentatively suggested that 

this facies may represent the “missing” equivalent of oxide-rich olivine leucogabbro I that overlays BRG I 

Lower Group pyroxene gabbro I at W. Chilling against a hidden border of the chamber appears to have 

controlled the microgabbro peculiar texture; the high density due to its iron rich composition and super-

cooling effect could have resulted in the development of a “sinkhole” preserved within pyroxene gabbro I. 

The concentric arrangement of both primitive and evolved cumulates can be envisaged as a 

consequence of dragging forces and squeezing of evolved intercumulus melt from the underlying 

pyroxene gabbro I, respectively. 

The extensive oxide deposition within BRG I Lower Group olivine leucogabbro I and the 

abundance of anorthosites allow inferring a significant density drop due to extensive fractionation. These 

features, coupled with the abundance of aligned cumulate domains in overlying olivine leucogabbro II 

suggest the development of dense magma fountains during replenishment. Contrastingly, the well layered 

features of Intermediate Group and the absence of significant oxide deposition at top of the Lower Group 

are consistent with the rise of hot plumes, lighter than the residual Lower Group magma.  

The BRG I–BRG II transition should have been marked by a density drop following extensive 

oxide deposition within BRG I Upper Group (Figure III.59). The gradual compositional reversal at the 

onset of BRG I oxide rich pyroxene gabbro continues throughout BRG II Basal + Lower Groups; however, 

most primitive mineral compositions within the Series are observed in the overlying Intermediate and 

Upper Group rocks. Within BRG II Series cumulate domains are seen only in pyroxene gabbro rock 

types; however, cumulus olivine in these rocks usually displays more evolved composition than olivine in 

overlying olivine leucogabbro (Figure III.59). The lower Fo contents in cumulus olivine included in 
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pyroxene gabbro rocks may be due to strong reequilibrium of the tiny olivine grains with trapped melt that 

crystallized as large clinopyroxene oikocrysts. Such compositional modification of olivine falls within the 

concept of “trapped liquid shift” introduced by Barnes (1986), which is documented in slowly cooled rocks 

of mafic/ultramafic layered intrusions. The magnitude of this compositional shift is largely dependent on 

the modal proportions of cumulus phases and only weakly dependent on initial phase compositions. 

Because trapped melt is usually more evolved than primocrysts, equilibrium will result in the increase of 

Fe/Mg of the latter. Accepting this mechanism, the remaining features suggest that the whole of BRG II 

Series was controlled by repeated injection of plumes, which mixed thoroughly during the development of 

Basal and Lower Groups, leading to relatively uniform mineral compositions within stratified layers. The 

Intermediate Group and its transition to the overlying Upper Group suggests that a major plume 

developed up to that level wherein the most mafic components remained above a mixed hybrid domain, 

each part fractionating as (a series of) isolated convecting layers separated by well defined double 

diffusive interfaces.  

Relationships between different silicate phases  

The co-variation of major components in magmatic minerals has been used to provide petro-

tectonic constrains. Compositional variations of a given element in different silicate phases may, in turn, 

provide indications on melt compositions and evolution. Relevant compositional variations between 

selected primary silicates are briefly assessed in this section.  

Pyroxene-olivine relationships 

Figure III.62 shows plots of #Mg (Xsample) values in olivine and both pyroxenes included in rocks 

of the various LGS Series, (BG troctolite included). Towards more iron rich bulk compositions, #Mg 

decreases more rapidly in olivine relatively to orthopyroxene, gradually departing from the plotted line 

representing a 1 : 1 relation. Clinopyroxene consistently shows higher #Mg than coexisting orthopyroxene 

and olivine; the difference becomes more prominent towards iron richer bulk compositions. The observed 

relationships suggest that, as the system becomes more iron-rich, Fe2+ is more effectively partitioned (by 

decreasing order) into olivine, orthopyroxene and clinopyroxene. Experimental and empirically 

determined temperature dependence of Mg-Fe2+ cation exchange between olivine-orthopyroxene (e.g. 

Sack, 1980; Lindsley & Frost, 1992), Ca-rich clinopyroxene-olivine (Loucks, 1996) and Ca-rich 

clinopyroxene–Fe-Mg orthopyroxene (Lindsley, 1983) has been used to calibrate petrological 

geothermometers. The observed #Mg variation between olivine and coexisting pyroxenes is consistent 

with the predicted decreasing Mg-Fe exchange coefficients between each mineral pair (e.g. KDMg-Fe
Ol-Opx) 

with falling temperature. This provides consistent mineralogical support for equilibrium among olivine-

clinopyroxene-orthopyroxene mineral assemblage; thus, enabling the use of the referred 

geothermometers to perform modelling of intensive variables and crystal fractionation processes in 

subsequent sections. 

Figure III.63 shows a projection of Mn contents in clino- versus orthopyroxene and, olivine versus 

clino- and orthopyroxene. Mn contents are expressed in absolute ppm concentration, each point 

representing mineral average concentrations in a sample; a line showing a 1 : 1 concentration relation 

between each mineral pair is also plotted. Mn is strongly partitioned into orthopyroxene relative to 
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clinopyroxene. The Mn correlation line for both pyroxenes runs above the 1 : 1 line; at higher Fe and Mn 

contents, there is a relative increase in Mn concentrations in orthopyroxene compared to those of 

clinopyroxene, suggesting that Mn partition coefficient for both pyroxenes remains constant until bulk Mn 

(and Fe) concentration increases, whereupon orthopyroxene Mn partition coefficient rises more 

significantly. The Mn contents in olivine plotted against those of orthopyroxene follows almost ideally 

along the 1 : 1 line. Mn contents in olivine versus clinopyroxene pairs consistently show that, this element 

is much more effectively partitioned into olivine, and that olivine partition coefficient relative to 

clinopyroxene strongly increases with increasing bulk Fe and Mn concentrations in the melt.  

 

Figure III.62- Comparison of #Mg (XSample) of olivine and pyroxenes included in rocks of the various LGS Series 

 

The relationships discussed here, in particular those concerning the variations of Fe-Mg partition 

coefficients among different ferromagnesian silicates enable to estimate Fo and Mn contents in olivine on 

the basis of pyroxene compositions (by mathematical regression) in rocks where hydrothermal alteration 

destroyed all olivine. As discussed previously (see also section III.2.1.1), there is a significant data gap in 

olivine composition for ODV I rocks. Estimation of olivine composition in ODV I rocks affected by 

amphibolitic gabbro distal alteration halo is fundamental for a better understanding of petrogenetic and 

metallogenic processes that took place within the Lower Group of this Series. This discussion and 
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application of estimated values will be re-taken in the next sub-section, where the influence of oxide 

precipitation on silicate composition is addressed. 

 

Figure III.63- Mn (ppm; sample average) contents in olivine and both pyroxenes included in rocks of the various LGS 
Series 

Plagioclase-olivine relationships 

Beard (1986) compared the composition of coexisting plagioclase and olivine in cumulate 

gabbros of arc settings, tholeiitic layered intrusions, ocean islands and mid ocean ridges (MOR); Beard 

(1986) concluded that arc-related plutons display a unique mineralogy characterized by highly anorthitic 

plagioclase coexisting with comparatively low Fo olivine. The compositional decoupling between olivine 

and plagioclase in LGS rocks is characterised by higher Fo contents in olivine relatively to An in 

coexisting plagioclase; therefore, the opposite of what is typical of cumulate arc mineralogy. When plotted 

together with the compositional fields of Beard (1986; Figure III.64), it is clear that LGS olivine and 

plagioclase compositions (Xsample) are included in the tholeiitic layered intrusions field, locally overlapping 

the OIB or MORB fields.  
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Three paths can be further envisaged in the trend developed by LGS samples: (i) a primitive 

trend essentially composed by SB I + BG and a few most primitive rocks included in BRG I and II Series, 

showing a Fo : An relation ca. 1 : 1; (ii) a main trend including most rocks from all Series (exclusive of SB 

I and most evolved ODV I oxide-enriched rocks), which display Fo >> An; and (iii) an isolated group 

corresponding to ODV I oxide-rich rocks, which presents a Fo : An ≈ 1 : 1 similar to that of most primitive 

rocks. The overall tendency for wider compositional variation in plagioclase relative to olivine and the 

trends observed in Figure III.64, indicates that during the evolution of LGS magmas, due to repeated 

replenishments of the magmatic chamber, the Fe/Mg of the melt was more effectively buffered than its 

Al/Ca ratio.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure III.64- Plagioclase An (%) plotted against coexisting olivine Fo (%)in LGS rocks (points represent Xsample) 
relative to the fields defined by Beard (1986) for cumulate gabbroic and ultramafic rocks from distinct tectonic 
settings, with emphasis on volcanic arc mineralogy: 1- volcanic arc type I, in which olivine gabbro rocks predominate; 
2- volcanic arc type II, in which olivine gabbro rocks are scarce and ultramafic cumulates predominate; 3- Volcanic 
arc type III, in which amphibole (as a cumulus phase) gabbroic or ultramafic rocks predominate; 4- Tholeiitic layered 
intrusions; 5- OIB; 6- MORB. 

Causes for the absence of a “spinel gap” in LGS rocks  

The transition from SB I to SB II Series is coupled with a continuous compositional trend of the 

oxides from (Spl-Chr)ss to (Mgt-Usp)ss; therefore, not showing the common “spinel gap”. Experimental 

data (Hill & Roeder, 1974) indicate that the existence of extensive solid solution between both spinel 

series is favoured by oxygen fugacities above the NNO2 buffer (1.5 FMQ), whereas at lower O2, the 

entrance of clinopyroxene into the liquidus assemblage leads to the interruption of spinel fractionation and 

to a compositional gap between both mineral series. Documented natural examples where there is an 

inconspicuous or absent spinel gap include alkaline magmas of ocean islands (e.g. Madeira island 

alkaline lavas; Mata & Munhá, 2004) or subduction-related magmatism (e.g. Ballhaus et al., 1991; 

Carmichael, 1991; Haggerty, 1991a; Parkinson & Pearce, 1998) for which the metasomatized nature of 

the mantle source zone has been pointed out as the cause for the high oxygen fugacities.  

The continuous fractionation of spinel in LGS rocks suggests that Fe3+ was concentrated in 

                                                                 
2 In this work the FMQ buffer is chosen for reference. However, while citing external data sources, the original buffer is referred and 
an approximation to the conditions of interest in relation to the FMQ buffer is provided.  
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sufficiently high amounts to readily occupy octahedral sites in spinel structure soon as Cr (an element 

with much stronger octahedral coordination preference) became depleted in the melt. The decrease in 

spinel #Cr is coupled by strong Cr depletion in clinopyroxene. Therefore, early fractionation of Cr-rich 

spinel and clinopyroxene (the silicate with the highest partitioning coefficient for Cr: kdCr
Cpx/melt=3.8; Hart & 

Dunn, 1993), soon impoverished the Cr concentration in the melt, inhibiting further crystallization of Cr-

rich spinels.  

The influence of Fe-Ti oxides precipitation on the compositional evolution of coexisting 

mineral phases and melt  

Figure III.65 represents the variation of several compositional parameters (XSample) of silicates 

with oxide modal content in the rock. A cursory inspection of Figure III.65 reveals that, within each Series 

(for BRG I Series only Intermediate olivine leucogabbro III and Upper Group), the oxide rich domains 

correspond to the lowest Fo, Wo (clinopyroxene) and An within their host Series.  

Major components variations 

Although the relationship between clinopyroxene #Mg with oxide modal content is not shown, 

experimental modelling of ferro-basaltic systems (Toplis & Carroll, 1995) has demonstrated the existence 

of a tight relation of Ca and Fe partioning between the melt and clinopyroxene, which allows extracting 

relevant information from Ca contents in clinopyroxene expressed as wollastonite (Wo% Figure III.65B). 

It is a common feature of tholeiitic melts to show a minimum Wo content in clinopyroxene at maximum 

FeOTotal of the melt, when magnetite appears as a liquidus (cumulus) phase. It is noteworthy that the 

reference to magnetite is not arbitrary, given that under similar temperature and melt composition 

conditions, ilmenite precipitates under more reducing conditions than magnetite (Toplis & Carroll, 1995; 

Snyder et al., 1993). As suggested by magnetite higher modal abundance compared to ilmenite in LGS 

rocks, and experimental constraints, the appearance of liquidus ilmenite should occur after the onset of 

magnetite saturation and consequent lowering of O2 in the melt.  

Experimental data further indicate that magnetite crystallizes at higher #Mg of the melt under 

progressively more oxidizing conditions. The relative position of the clinopyroxene Wo minima in a suite 

may be used to qualitatively infer the #Mg and O2 conditions of the melt at magnetite saturation. The 

similar sample average and absolute Wo minima for ODV II and BRG II indicates that magnetite 

saturation took place at broadly similar #Mg of the melt and equivalent oxidation conditions. The 

significantly lower absolute Wo (37%) recorded by ODV I clinopyroxene, suggests that magnetite 

saturation occurred at lower #Mg and therefore, more reducing conditions. Such inference is in 

accordance with: (i) the high Fe/Mg ratio of coexisting ferromagnesian silicates; (ii) the much higher Ti 

contents in magnetite from ODV I, (since isopleths for ulvöspinel content in magnetite are chiefly a 

function of O2; Buddington & Lindsley, 1964); and (iii) the much higher relative modal abundance of 

ilmenite compared to the other oxide-rich rocks. As can be inferred from Figure III.65B, the minimum XWo-

Cpx Sample for ODV II (Wo43) and BRG I (Wo42) coincides with the most oxide-rich rocks, while for ODV I 

(Wo42; absolute minimum Wo37) the most oxide-rich rock has slightly higher values (Wo43). The 

displacement of Womin in ODV I relative to maximum oxide content is considered to be irrelevant, not as 

much by the small numerical variation, but due to the strong accumulation and segregation effect 
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experienced by such high amount of oxides in the rock. 

Figure III.65- Variation of silicate composition (all variables expressed as XSample) with oxide modal percentage in the 
rock. Plotted curves represent second order polynomial correlation lines for each Series: thick black: ODV I; grey: 
ODV II; thin black: BRG I Intermediate Group olivine leucogabbro III and Upper Group. 

 

Figure III.65 allows establishing that, despite distinct conditions in ODV I relative to other oxide-

rich rocks (from other Series), all represent melt fractions that experienced strong Fe  Ti enrichment due 

to extensive fractionation within their host Series. As documented in natural (e.g. Wiebe, 1997; Toplis & 

Carroll, 1996) and experimental systems (Hunter & Sparks, 1987; Snyder et al., 1993; Toplis & Carroll, 

1995), oxide saturation terminates iron (and Ti) enrichment and is followed by strong silica enrichment in 

the melt. Jesus et al. (2005a; see additional results and discussion in section III.5.1) demonstrated that 
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the onset of abundant oxide deposition lead to significant lowering of O2 conditions (down to -2 FMQ); in 

such reduced conditions, iron rich olivine (such as those included in ODV I Lower Group oxide-rich rocks) 

are stable due to the very low Fe3+/Fe2+ and high Fe/Mg ratios of the melt.  

On the basis of silicate relationships previously discussed, the fictive Fo and Mn contents of 

olivine in equilibrium with SB II melt were estimated using clinopyroxene composition; the same method 

was applied to rocks affected by the hydrothermal halo related to the amphibolitic gabbro; the resulting 

compositions are represented in Figure III.66. The obtained value of Fo64 (Mn  4200 ppm) for SB II is 

bracketed between the composition of olivine within ODV I Lower Group olivine leucogabbro oxide-poor 

rocks (distal to type I mineralization, Fo69-66) and that of oxide-rich proximal rocks (ultramafic cumulates 

included, Fo64-55). It was previously conjectured that the “missing” compositions between low-Fo rocks 

proximal to type I mineralization and oxide-poor rocks enclosing Fo-richer olivine could lie in the domain 

affected by amphibolitic gabbro alteration, many of which also heavily enriched in Fe-Ti oxides. Although 

this hypothesis gained additional support by the less conspicuous compositional gap evidenced by 

minerals other than olivine, the estimated low Fo and high Mn contents for olivine suggest that the oxide-

rich, hydrothermally altered rocks are compositionally similar to the remainder oxide-rich rocks. The 

results obtained further reinforce the idea of SB II may be the primitive pole of ODV I oxide-rich rocks.  

 

 

 

 

 

 

 

 

 

 

 

Figure III.66- Fo vs Mn in olivine for rocks of the northern sectors, including fictive compositions for SB II and ODV I 
hydrothermally altered rocks obtained on the basis of linear regression of clinopyroxene values. 

 

The compositional inversion trend towards an increase of forsteritic content of olivine in distal 

olivine leucogabbro I could either reflect the onset of iron depletion and, therefore, a relative Mg 

enrichment, or alternatively, a transient replenishment following the main stage of oxide deposition, which 

will now be tested. The latter hypothesis was previously advanced on the basis of marginally higher 

olivine Ni contents in distal olivine leucogabbro I compared to those that characterise low Fo olivine in 

(proximal) oxide-rich rocks. Ni partioning into olivine is strongly dependent on temperature and melt 

composition, increasing nearly-exponentially with the MgO content of the melt. Using expression (III.17) 

(in Bédard, 1994, according with the equations of Hart & Davies, 1978 and KDFe-Mg
Ol-Melt of Roeder & 

Emslie, 1970): 

(III.17)    37207692.871008480769.0/  Fo
meltOl

Ni OlKd
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the estimated kdNi Ol-melt, for oxide poor rocks at Fo69, is 29. Most olivine in oxide rich rocks is outside the 

limiting experimental conditions (> Fo60) and, it is estimated that kdNi Ol-melt>>36. Additionally, it should 

noted that Ni is strongly compatible for any magnetite composition (kdNi Mgt-melt = [31-65]; Nielsen et al., 

1994). Both olivine (Ni  200 ppm; X=100 ppm) and magnetite (NiO 0.6 wt% X=0.0001 wt%) in oxide 

rich rocks have very low Ni contents. Given the magnetite and low-Fo olivine/melt high partition 

coefficients for Ni, it can be concluded that the melt from which ODV I oxide-rich rocks derived was 

strongly depleted in Ni. Accordingly, even if a relative enrichment of Mg would have occurred following 

oxide precipitation, the same melt could not account for the Ni contents (Ni  520 ppm; X= 270 ppm) of 

oxide-poor, olivine leucogabbro rocks. A transient magma replenishment, following oxide precipitation, is 

a suitable possibility, but an alternative may be envisaged, as discussed below.  

The results obtained from estimated olivine composition of ODV I altered rocks and the lateral 

coexistence of compositionally evolved oxide-rich rocks within facies with primitive compositions (e.g. 

ODV II olivine leucogabbro I; BRG II basal olivine leucogabbro), demonstrate that the distribution of oxide 

domains can be highly heterogeneous. In order to understand the causes for this heterogeneity, the 

density evolution path of the melt must be considered. As noted previously, until iron enrichment ceases 

there is a continuous density increase of the melt. Lateral variations in composition and ore enrichment 

may therefore be explained by the development of compositional, thermal and density stratified magma 

columns wherein colder and more evolved Fe/Mg magma tends to pool below hotter, lighter Mg rich 

magma. As described for the ODV I – ODV II transition, if the new incoming magma enters the chamber 

before oxide saturation ceases, it will rise as a turbulent plume above the dense high Fe/Mg magma. The 

main problem within ODV I Series is that the new (?) magma from which the Lower Group olivine 

leucogabbro (overlying the oxide rich domains) apparently fractionated, does not appear to be much 

different than SB II, (also supported by similar Cr/V ratios of accessory magnetite in both rocks). ODV I 

magma was much more evolved and Ni-poor than the typical replenishments observed in other LGS 

Series, explaining the abundant oxide deposition throughout overlying Intermediate and Upper Groups. It 

is therefore suggested that the extent of oxide enrichment at the bottom of ODV I Series led to super-

cooling, enabling the early separation along a double diffusive thermal boundary, overlain by more Mg-

rich magma. Both domains evolved separately until oxide precipitation ceased in the lower domain, 

leading to strong silica enrichment and density decreasing of the residual melt. Meanwhile, the overlying 

magma kept differentiating and increasing its density until reaching a critical point, when the boundary 

separating both columns became unstable and convective turnover took place, favouring highly 

heterogeneous mix of distinctly evolved and mineralized domains.  

Minor element compositional variations 

From Figure III.65C, D and F, variations in Ti and Mn contents for clinopyroxene and Mn for 

olivine can be related to the modal oxide content of the rocks. The behaviour of ODV I oxide rich rocks is 

markedly distinct from ODV II or BRG I rocks. Ti concentrations in clinopyroxene display a clear increase 

with oxide modal content for BRG I Series, less clear for ODV II. In contrast, oxide rich rocks from ODV I 

Series display a clear decrease in clinopyroxene Ti concentrations relatively to oxide poor rocks. The 

increase of Ti in clinopyroxene is expectable with decreasing #Mg of the melt, therefore in agreement with 

the more evolved character of oxide rich rocks. Although the trend for Ti contents in ODV I clinopyroxene 
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is in disagreement with the more evolved nature of oxide rocks, it is reasonable that Ti was much more 

effectively partitioned into magnetite and ilmenite due to the high ulvöspinel contents in ODV I magnetite. 

Mn concentrations in olivine or clinopyroxene display the opposite behaviour of Ti: minerals included in 

ODV I oxide rich rocks have very high Mn contents relatively to oxide-poor rocks of the same Series, 

whereas in oxide rich rocks from ODV II and BRG I Series the variation is insignificant within the range of 

compositions observed along their host Series. 

As noted previously, clinopyroxene and olivine included in ODV I proximal oxide rich rocks bear 

very high Mn contents. Given the linear relation between Mn and Fe, the anomalous Mn-rich character of 

olivine (Fo64-55; Mn [5972-4664] ppm) can be perceived by comparison with significantly less forsteritic 

olivine included in Upper Group (Fo54), which present lower Mn contents (5065-4191 ppm). Three non-

mutually exclusive mechanisms may explain the anomalous Mn-enriched character of ODV I proximal 

oxide-rich rocks: 

(i) Intragrain Fe2+-Mn exchange between magnetite + ilmenite (usually the more Mn-enriched 

oxide phase, see section III.2.1.5) and olivine may have increased Mn concentrations in oxide-rich rocks 

olivine. According with the tendency for spinel (as well as ilmenite) to approach their ideal compositions 

during cooling, Mn in oxides will be exchanged by Fe2+ in olivine, leaving it more Mn-rich, as well as 

slightly more forsteritic, relatively to its initial composition. The bulk effect of decreasing the Fe/Mg ratio 

should be minor relative to that resulting from Fe-Mn equilibrium because the amount of exchanged Fe 

for Mn will be at trace levels. 

(ii) The abundant oxide deposition results in massive consumption of both ferric and ferrous iron 

in the melt and, therefore, leads to the onset of iron depletion, (as discussed in the previous section). 

Although this effect is recorded in subsequently crystallized rocks, the strong partition of iron into the early 

formed oxides will lead to the incorporation of Mg and, to a lesser extent, Mn in the olivine (and other 

ferromagnesian silicates).  

(iii) As can be understood from previous points, the mechanisms operating during subsolidus 

evolution of oxide-rich proximal rocks converge to modify olivine towards more magnesian compositions 

relative to what may have been its original composition. Such compositional modification of olivine falls 

within the concept of trapped liquid shift described previously. However, in this case, the development of 

iron oxides constrains the composition of coeval olivine to be more forsteritic than expected.  

 

In Figure III.67 ODV I rocks (median) Fo values are plotted against oxide modal content 

(proximal oxide-rich rocks are distinguished from Upper Group and other ODV I oxide-rich rocks). Two 

trends emerge, one reflecting a normal fractionation path with decreasing Fo values for rocks with 

variable oxide content, (where the Upper Group forms an end-member). The other trend (to the right) 

represents oxide-rich proximal rocks, suggesting an increase of Fo content in olivine with increasing oxide 

: silicate proportion in the rock. Although there is a limited number of samples representative of the oxide-

rich proximal suite, there seems to be a critical oxide abundance value around ca. 15%, above which the 

compositional shift in olivine becomes noteworthy. Such value is consistent with the observation of 

Barnes (1986), suggesting that the magnitude of the compositional shift becomes significant (when 

compared to the small variations in mineral compositions that occur along wide stratigraphic intervals of 

layered intrusions) at ca. 10% trapped liquid in the rock; as a corollary, this threshold is also consistent 
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with the apparent absence of (detectable) significant compositional shift for rocks with less than 10% 

modal oxide proportion.  

One of the rocks included in the proximal suite (#S-4-2) is a leucogabbro which was collected in 

the tailings of one of the old mining shafts, but bears relatively low oxide modal content (3%) compared to 

other proximal rocks. Despite the lower oxide content, this rock display high Mn ([5422 – 5655] X=5499 

ppm) concentrations in olivine relatively to its Fo content (59%). Field evidence suggests that oxide 

abundance increases towards type I mineralization within the so-called proximal domain. As proposed in 

Jesus (2002) and Jesus et al. (2003d; see section IV.3.2, PART IV), the interpretation of ore morphology 

described in old exploration reports (Silva, 1945; Silva & Carvalho, 1946) indicates that the oxide masses 

formed by gravitic-aided, filter-pressing processes. It is therefore reasonable to admit that some domains 

of the proximal suite became oxide-poor, plagioclase-rich residua (e.g. #S-4-2) left after effective, but 

nonetheless heterogeneous, oxide segregation in to the oxide masses.  

 

 

 

 

 

 

 

 

 

 

 

Figure III.67- Relation between median Fo contents in olivine for each rock relative to its oxide modal percentage. 

 

Additional evidence for olivine compositional modification is provided by preserved core border 

Fo variations in olivine included in oxide rich proximal rocks. Even tough the extent of this compositional 

modification is hardly quantifiable, the Fo contents in proximal suite rocks olivine were recast, using as a 

reference the range of preserved compositional zonings (ca. 4% Fo); accordingly, for each 5% increase 

oxide modal content in the rock, Fo was lowered by 5%. The results of recast olivine compositions in 

oxide-rich proximal rocks shown in Figure III.68 reveal a significantly improved fit to a regression line 

using Mn and Fo for the NW sectors (see caption for details) relative to their EPMA measured Fo 

contents (also shown for comparison).  

Recast data points still evidencing significant deviation from the regression line correspond 

precisely to #S-4-2, thus suggesting that olivines included in this rock were likely in equilibrium with larger 

oxide proportions, which were “lost” to the adjoining oxide masses. This exercise, although not providing 

definitive evidence, affords a mean to test and tentatively estimate the magnitude of compositional shift of 

olivines included in oxide-rich proximal rocks. In this view, the anomalous high Mn concentrations shown 

by these olivines were in part acquired by cation exchange with the oxide assemblage but also inherited 

from their primary initially less forsteritic composition. 
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Figure III.68- Comparison of Mn (ppm) concentrations in olivines included in ODV I Lower Group oxide-rich proximal 
rocks with their measured Fo (%) versus estimated Fo (%) re-cast to their initial composition, before reequilibrium 
with the oxide assemblage (see text). The trendline line represents a linear regression using Fo-Mn composition of 
olivine included in rocks of the NW sectors (Soberanas + Odivelas + Ventoso) + BG for which the linear equation and 
correlation factor (R) are displayed. Olivine compositions from rocks of the Ferreira Beringel sector were not used 
because they are significantly less enriched in Mn and, therefore, depart from what appears to be a more Mn-
enriched trend for olivines included in rocks of the NW sectors.  

 

The influence of sulphide precipitation on the compositional evolution of olivine  

Several domains within LGS that reflect important magma replenishments (e.g. ODV II olivine 

norite, BRG I Lower/Intermediate and Intermediate/Upper Groups transition) also display strong cumulate 

character and high #Mg of the ferromagnesian minerals; however, those domains are also characterised 

by highly heterogeneous and often low, Ni contents in olivine. Most of these domains are enriched in Ni-

Cu sulphides, the most paradigmatic being the type III mineralization at the Serrabritas quarry.  

The occurrence of accessory amounts of Ni-Cu sulphides in these primitive rocks indicates that 

sulphide precipitation was a relatively early event triggered by mixing the fresh magma input with evolved 

resident magma. Early sulphide deposition due to magma mixing with Si-rich resident magma is further 

supported by the widespread development of thick orthopyroxene coronas, which resorb and mantle 

olivine grains. The heterogeneous and/or low Ni contents of olivine are at first hand ascribable to Ni 

scavenging during sulphide precipitation. Nonetheless, the intimate textural relationships between 

sulphide and olivine indicate that more or less extensive reequilibration between olivine and Ni-sulphide 

melt also took place. As predicted by nickel and iron exchange between silicate and sulphide melt 

(Naldrett, 2004 and references therein) described in equation (III.18) reequilibrium between olivine and 

sulphide melt until relatively low temperatures should have contributed to further lowering olivine Ni 

contents. 

(III.18) NiO(Silicate melt) + FeS(Sulphide  melt) =NiS(Sulphide  melt) + FeO(Silicate melt) 

 

Sulphide-olivine reequilibrium is particularly evident in the Serrabritas olivine norite hosting type 

III mineralization (olivine leucogabbro III), where Ni concentrations as low as 10 ppm are recorded by 

olivine grains that are fully immersed in sulphide aggregates; this issue will be addressed in PART IV.  

Late magmatic evolution- insights from amphibole chemistry 

Amphibole chemistry offers a perspective to the late evolving stages of the magmatic system. 
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Brown amphiboles display a relatively small compositional span which chiefly reflects the Fe/Mg of their 

host rocks. This feature, and the absence of mineral phases such as biotite or quartz (common in many 

layered intrusions), suggests that all magma batches experienced similar conditions at the late stage of 

crystal fractionation.  

Al/Si, #Mg and alkali relationships suggest that green-amphibole precipitated in subsolidus 

conditions from alkali-poor, Si-rich fluids. The estimated total occupation of A site, along with Aliv<1.0 

a.p.f.u. displayed by most green amphiboles lies within the range considered by Gilbert et al. (1982) as 

“suspiciously” low (A <0.3 a.p.f.u.), as it may reflect defective analyses or a subsolidus origin. Since all 

analysis were tested and found to be in accordance with the strict stoichiometry limits proposed by Leake 

et al. (1997), these features are interpreted as reflecting the very late magmatic origin of green 

amphiboles, coincident with the early onset of sub-solidus re-equilibrium.  

The development of both amphibole types can be envisaged as chiefly corresponding to the 

transition from a: (i) “late-magmatic stage”, during which brown amphiboles develop by means of 

amphibole + liquid reactions, i.e. within the field where amphibole coexist with (residual) magmatic liquid 

to a; (ii) “post-magmatic stage”, wherein magmatic green amphibole was still allowed to precipitate from 

supercritical fluids, either trapped as intercumulus pockets or percolating through the almost-consolidate 

rock pile, all chiefly subsolidus processes.  

Si-rich fluids exsolved during the “post-magmatic stage” were likely not in equilibrium, but rather 

strongly reactive with early formed minerals, which were gradually replaced by new-formed mineral 

assemblages. These mineral assemblages are typical of hydrothermal alteration processes, and locally, 

give raise to a relatively atypical mineral assemblage within LGS. Green amphibole other than late 

actinolite-tremolite in clear association to hydrothermal assemblages is restricted to rocks adjoining 

cumulate sub-facies and type I mineralization in ODV I Series. Within the Upper Group of BRG I Series a 

similar occurrence is also found associated to oxide-rich rocks; however, the close proximity to ATT suite 

dykes also influenced the observed hydrothermal alteration. Notwithstanding, for ODV I Series the 

hydrous mineral assemblage is closely associated with type I oxide mineralization and there is no visible 

influence of exotic magmas. Accordingly, it cannot be ruled out that pronounced silica enrichment in the 

melt following extensive precipitation of Fe-Ti oxides lead to admixing of residual fluid rich melts in higher 

amounts than that typical for other Series.  

III.2.2. BIC mesocratic rocks 

A relatively large set of EPM analyses were acquired for the various BIC mesocratic suites. 

Among the primary minerals that form the various suites, feldspar is the most ubiquitous followed by 

amphibole, which is the second major component of diorite, pegmatoids and border facies rocks; 

amphibole is significantly scarcer in the most evolved members of the ATT suite being virtually absent in 

late emplaced felsic rocks. Data referring to few clinopyroxene grains occurring in a diorite breccia and a 

trondhjemite included in the ATT suite are also reported. The analysis of the mineral assemblage 

included proximal amphibolitic gabbro which marks the contact between diorites and ODV I Series at the 

Odivelas sector were included in this section. Original analytical data and recalculated compositions for 

the various minerals are listed in Tables C.9 (feldspar s.l.), C.10 (amphibole) of Appendix C (Vol. II). 
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III.2.2.1. Feldspars 

Figure III.69 shows An and Or (%) contents of feldspars included in late magmatic rocks relative 

to the field representing average plagioclase compositions of LGS rocks (exclusive of SB I Series or BG 

troctolite). Mean and range values for each category are listed in Table III.8. Plagioclase included in 

proximal amphibolitic gabbro sub-facies displays similar composition to the most evolved, oxide-rich rocks 

of ODV I Series. Despite the absence of optical zoning, these minerals pervasively display a mild An 

decrease form core to border (An  10%) thus contrasting with the usually negative zoning observed in 

most LGS plagioclases. Or molecular contents also increase mildly towards grain borders (Or  0.7%). 

 

Table III.8- Average and range (minimum and maximum) An and Or (%) contents for feldspars included in late 
magmatic rocks. 

 

 

 

 

 

 

Plagioclase included in diorite of Odivelas or Ventoso sectors encompass a wide compositional 

range (Table III.8), often occurring within a single sample due to the strong compositional zoning. 

Oscillatory zoning is most common in plagioclase where a core domain with either positive (An  25%) or 

less commonly reversed zoning (An  -5%) can be optically distinguished from a rim zone, up to An38 

(more sodic relatively to mean composition of the core). Or molecular contents are low and, accordingly, 

show little absolute variation, with a tendency to increase towards grain borders. Because plagioclase 

cores are often strongly sericitized, the increase of potassium towards grain borders excludes a 

relationship with late-magmatic alteration. Potassium concentrations in plagioclase from diorite rocks 

(Or1.20) are not significantly higher relative to LGS rocks and fall within the range of ODV I Series. 

Amphibole-rich clasts of microgranular diorite in the diorite – quartz diorite breccia, are more calcic (An35) 

than reaction rims (An25) developed during the intrusion of the quartz diorite phase. Accordingly, the 

mean value for the bulk diorite breccia is minimized by the more evolved plagioclase composition of the 

reaction zones. As shown in Figure III.70 and Table III.8 the average composition of plagioclase cores 

varies little in different diorite rocks. In comparison, external rims encompass larger compositional span 

towards more sodic compositions. 

Border facies anorthosites and related ATT suite include a broad and complex zoned spectrum of 

plagioclase compositions. As seen in Figure III.70 there is a smooth compositional continuum between 

the more calcic anorthosites of BG towards more sodic compositions of ATT suite. Plagioclase included in 

border facies anorthosites displays core compositions (An63-53) that match those of the most evolved LGS 

rocks from the Ferreira-Beringel Sector, including the tendency to develop reversed compositional zoning 

(An  -6%); outer rims (An39-31) are in average more sodic relative to the core domains. The composition 

of anhedral or fully recrystallized subhedral plagioclase sub grains (in mortar envelopes) encompass the 

full core-rim compositional spectrum (An59-30), notwithstanding being (in average) closer to the 

composition of sodic rims (X = An35). Bulk plagioclase composition for ATT suite rocks is significantly 
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more sodic than border facies anorthosites. Core domains (An40-14) show positive zoning (An  11%) 

whereas rims (An25-15) are (up to) 15% more sodic relative to their respective cores; recrystallized sub 

grains (An30-28) show compositions that are similar to those observed in border facies anorthosites.  

Figure III.69- An and Or (%) compositional range of feldspars in late magmatic rocks relative to the field representing 
average plagioclase compositions of LGS rocks (exclusive of primitive rocks from SB I Series or BG troctolite); thick 
line in (A) represents the compositional field of LGS plagioclase. 

 

 

 

 

 

 

 

 

 

 

 

Figure III.70- Discrete An (%) variation for late magmatic rocks which enclose optically and compositionally zoned 
plagioclase: squares represent average composition of plagioclase cores the lines evidencing the compositional 
range in each sample, minimum values thus accounting for the composition of most sodic rims or borders. 

 

Pegmatoid dykes crosscutting ODV III Series comprise only albite s.s. (An6-2) with negligible Or 

content (Or<0.22) whereas felsic rocks (Figure III.69; Table III.8) include a bimodal association of albite 

(An7-1; Or3-0.2) and K-feldspar (Ab18-11; Or89-82). There are no detectable intragrain compositional zonings in 

both feldspar types. Few felsic rocks show albite rimming K-feldspar suggesting late metasomatic activity.  

Finally, a note on the composition displayed by the plagioclase assemblage observed in LGS 

rocks (anorthosite facies) adjoining felsic dyke-hosted rocks at the Serrabritas quarry (see III.1.2). 

Plagioclase grains of the LGS suite present typical An content for its hosting facies, whereas the 

composition of the interstitial plagioclase (andesine) falls between that typical of LGS and albite included 

in felsic rocks (An46-35; Figure III.71).  
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Figure III.71- Comparative composition of the interstitial plagioclase (andesine) in LGS anorthosite (Serrabritas 
quarry) adjoining felsic dyke-hosted rocks relatively to typical composition of plagioclase included in the anorthosites 
and albite in the felsic rocks; the latter also include K-feldspar which is not plotted (see data in Table III.8 or Figure 
III.69). 

III.2.2.2. Amphiboles 

Amphiboles included in BIC mesocratic rocks cover the Mg-hornblende–actinolite/tremolite 

compositional fields (Figure III.72). These minerals present a wider Si and #Mg variation relative to 

green, and especially brown magmatic amphibole included in LGS rocks, (whose #Mg is strongly buffered 

by the fractionation degree of the host rock; compare with Figure III.37, section III.2.1.4).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.72- Classification of amphibole included in mesocratic rocks according with Leake et al. (1997). 

 

Strong correlation between alkalis versus Al/Si ratios (Figure III.73) and Ti versus Aliv (Figure 

III.74) indicates that the introduction of alkalis and Ti in amphibole of mesocratic rocks can be ascribed to 

the pargarsite and Ti-tschermakite substitutions, respectively (details on the nature of these substitutions 

are given in section III.2.1.4); additionally, alkalis and Ti decrease linearly with #Mg of the analysed 

minerals. As shown in Figure III.75, Fe3+/Fe2+ ratio shows minima for minerals with intermediate #Mg 

(0.60) and increase both for higher and lower #Mg. The good positive correlation of Fe3+ with Aliv 

indicates that the ferri-Tschermak substitution may account for the incorporation of ferric iron in these 

amphiboles.               
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Figure III.73- (Na + K)A vs. Al/Si (A) and #Mg (B) for amphiboles included in mesocratic rocks. Brown amphibole 
included in LGS and ODV I Series rocks in particular (for B), are plotted for comparison; the trendline for all LGS 
amphiboles is also shown. 

Figure III.74- Ti vs. Aliv (A) and #Mg (B) for amphiboles included in mesocratic rocks. Brown amphibole included in 
LGS and ODV I Series rocks in particular (for B), are plotted for comparison; the trendline for all LGS amphiboles is 
also shown.  

Figure III.75- Fe3+ vs. Aliv (A) and Fe3+/Fe2+ vs. #Mg (B) for amphiboles included in mesocratic rocks. Brown 
amphibole included in LGS and ODV I Series rocks in particular (for B), are plotted for comparison; the trendline for 
all LGS amphiboles is also shown.    
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Mn contents increase with decreasing #Mg, whereas Cr concentrations decrease with #Mg 

(Figure III.76). At a given #Mg, amphiboles included in mesocratic suites have higher Mn concentrations 

than those of LGS rocks. This feature could be primarily controlled by higher Mn concentrations in 

magma involved in mesocratic suites development, further enhanced by the early liquidus character of 

amphiboles and the absence of mineral phases (olivine or pyroxene) that can compete for Mn (with the 

exception of minor amounts of accessory oxides). Following the same reasoning, Cr contents are only 

significantly high for diorite rocks and are very low in rocks which represent more extensive fractionation 

products (e.g. ATT suite). Some amphiboles included in BG anorthosites display higher #Mg and Cr 

concentration that are likely inherited from precursor pyroxene. This is in accordance with the subsolidus 

origin for a significant part of amphibole in these rocks, as replacement products of LGS pyroxenes. 

Figure III.76- Cr (A) and Mn (B) contents (a.p.u.f.) vs. #Mg for amphiboles included in late magmatic rocks. Brown 
amphibole included in LGS and ODV I Series rocks in particular (for B), are plotted for comparison; the trendline for 
all LGS amphiboles is also shown. 

III.2.2.3. Discussion 

Figure III.77 displays several plots that illustrate plagioclase-amphibole compositional 

relationships for BIC mesocratic suites. Figure III.77 suggests that plagioclases with more sodic 

compositions coexist with amphiboles with lower Ti, alkalis [(Na+K)A] and higher #Mg, (the hornblende - 

actinolite/tremolite series join; Figure III.72). Alkali contents (A site) and Ti in amphibole and An in 

plagioclase decrease with falling temperature (Deer et al., 1966; Gilbert et al., 1982). Accordingly, it is 

clear that the mineral assemblages included in pegmatoid - ATT suite - border facies - diorite - amphibolic 

gabbro are consistent with increasingly high temperature (by that order), as schematically depicted by the 

dark grey arrows in Figure III.77. The following discussion is organized according with previously 

established relationships between the various mesocratic rock suites; starting with those that are thought 

to have developed at lower temperature conditions (e.g. pegmatoids), towards rock types that clearly 

represent the crystallization of melts at liquidus temperatures such as the diorite suite. 

Pegmatoids 

Pegmatoid dykes include plagioclase of albitic composition and high #Mg actinolite-tremolite (with 

very low to nil alkali and Ti contents). Micro-textural relationships suggest the existence of an early Mg-

hornblende generation that was subsequently replaced by actinolite, often without significant optical 

modification. The nearly complete absence of the Mg-hornblende precursor prevents assessing the initial 
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composition of the original melt or fluid. However: (i) the pervasive replacement of hornblende by Ti-, 

alkali-poor actinolite; (ii) the overall high amphibole : albite ratio; and (iii) the presence of minor carbonate; 

indicate that the pegmatoid dykes must have developed from residual melts with high water content. 

While percolating through gabbroic rocks, this aqueous melt must have become quickly depleted in 

alkaline elements. Temperature conditions inferred for the development of myrmekite rims in plagioclase 

(ca. 700°C) of LGS rocks at the contact with the pegmatoid dykes (section III.2.1.3) indicates that the 

gabbroic suite was at relatively high temperatures during emplacement of pegmatoid dykes. The albite-

tremolite/actinolite mineral assemblage is typical of intermediate to low temperature (T 500 ºC), 

suggesting that the gabbroic rocks were hotter than the percolating fluids.  

Figure III.77 - Relationships between An contents and amphibole alkali (Na+K)A
 (A), #Mg (B) and Ti (C) for the 

various mesocratic rock suites. All plotted values are Xsample, the horizontal and vertical bars, respectively, 
representing the compositional ranges in each sample for the variables plotted in the XX and YY axis. The grey 
arrows represent compositional paths for mineral assemblages developed under decreasing temperature conditions 
for the whole mesocratic suite (dark grey) and the border facies-ATT suite (light grey; see text for details). 

Border facies and ATT suite 

Plagioclase chemistry of border facies and ATT suite rocks is consistent with the hypothesis that 

border facies anorthosites experienced ongoing fractionation while intruding (and disrupting) LGS 

sequence, leading to more evolved compositions recorded by the ATT suite. Border facies anorthosites 

include abundant relicts of retrogressed primary minerals from LGS rocks, such as clinopyroxene 

replaced by high #Mg, low Ti + alkali actinolite-tremolite. Although liquidus amphibole may have been in 

equilibrium with the melt lubricating the border facies anorthosite mushes, a substantial part of that melt 
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was consumed by reactions occurring during assimilation of LGS gabbroic rocks. As a consequence, 

most of the amphibole included in border facies anorthosite is related to subsolidus, hydrothermal 

alteration of LGS primary minerals.  

Amphibole composition in ATT suite rocks evolves from low #Mg, mildly Ti-, alkali-rich hornblende 

in rocks bearing intermediate plagioclase compositions (ca. An30), towards lower #Mg, Ti and alkali poor 

actinolite/tremolite, (and finally, no amphibole) in the most evolved quartz-rich, albite bearing 

trondhjemite. This evolution accounts for the secondary convolute path, represented by light grey arrows 

in Figure III.77. These features suggest that melt compositions in border facies-ATT suite followed a path 

of peaking alkali enrichment (when tonalite, amphibole rich rocks developed), evolving towards Si rich, 

alkali poor residual melts (trondhjemite) from which amphibole crystallization was inhibited.  

Interstitial plagioclase in LGS anorthosites adjoining felsic dykes at the Serrabritas quarry bear 

have andesine compositions. The development of andesine rims is interpreted as resulting from a 

relatively circumscribed effect of heat-induced recrystallization during the emplacement of the adjoining 

felsic rocks, coupled by infiltration and percolation of Na, Si rich residual melts. The presence of albite 

(s.s.) rims in K-feldspar of some felsic rocks suggests Na-, Si- metasomatism during late-stage cooling.  

The textural and compositional features of the interstitial andesine rims in LGS anorthosites are 

strikingly similar to the plagioclase rims in border facies anorthosites, (discarding the effect of 

superimposed deformation in the latter). Hence, it is suggested that the origin of the sodic rims on border 

facies anorthosite could have resulted from partial melting and precipitation during repeated self-intrusion 

of increasingly fractionated plagioclase mushes. Because the rims are a domain of structural weakness, 

they should promote strong strain partitioning and thus accommodate much of the deformation by intense 

sub granulation and recrystallization. As evidenced by LGS anorthosites adjoining dyke hosted felsic 

rocks, the development of sodic rims through partial melting and precipitation of Na-rich feldspar may 

have continued until a very late stage, when (presumably later emplaced), dyke/sill hosted felsic rocks 

profusely intruded both LGS and BG suites. Because BG cartographic domain in particular is extensively 

intruded by dyke swarms and laccoliths of felsic rocks, the development and deformation of andesine 

rims in border facies (forming the typical mortar texture) must have taken place until very late times. 

Clinopyroxene occurs as coronas enclosing large corroded grains of green amphibole in 

trondhjemite rocks (ATT suite) collected E of Mombeja (#MB-3; see Figure III.21C, section III.1.1.8), as 

well as infillings of veinlets/cracks. As inferred on the basis of its optical properties, this clinopyroxene 

corresponds to diopside (En42Wo49Fs10) with significantly higher #Mg (X=0.81) relative to the amphibole 

that it replaces (#Mg X= 0.61). Due to the excess of silica (Si [2.02-2.03] a.p.u.f.) the analysed diopside is 

not stoichiometric and contains only vestigial amounts of cations commonly present in clinopyroxene (Ti 

X=130 ppm; Mn X=500 ppm; or Cr X=150 ppm). Textural relationships indicate that diopside is a late 

phase, representing the product of a dehydration reaction of primary hornblende. The occurrence of 

nearby shear zones with thick carbonate-siliceous hydrothermal infillings, suggests that dehydration 

reactions are synchronous with percolation of CO2-rich aqueous fluids. Dehydration reactions usually took 

place when lithostatic pressure overcomes fluid pressure (Plithostatic>Pfluid), “drying” out the rock (e.g. 

Winter, 2001); adding another fluid component, such as CO2, decreases the partial pressure of water, 

promoting dehydration reactions to proceed in the rock. 
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Diorite and amphibolic gabbro 

Amphibole included in mesocratic rocks (devoid of metasomatic character) such as diorite, 

display wider compositional variation relative to LGS amphibole, suggesting that extensive crystal 

fractionation took place. Ti and A-site alkali contents for LGS amphiboles are generally much higher and 

invariant with decreasing #Mg, whereas Ti and A-site alkali contents in diorite amphiboles decrease 

steadily towards lower #Mg. The higher compositional variability in diorite amphibole reflects its 

importance as an early liquidus ferro-magnesian silicate that records the evolution of the melt during 

crystal fractionation. In contrast, amphibole occurring in LGS rocks precipitated very late in the 

crystallization sequence and chiefly reflects the composition of the residual melt.  

Lower alkali1 and Ti contents in diorite amphiboles relative to those in LGS further imply lower 

crystallization temperatures for diorites. Nevertheless, early to cotetic fractionation of sodic plagioclase in 

diorite may promote Na depletion, while in LGS early fractionation of Ca- rich plagioclase and pyroxene 

should lead to residual Na enrichment in melt, lately incorporated in amphibole Ti contents in amphibole 

increase with O2
2 decreasing. Accordingly, lower Ti for diorite amphibole may also indicate more 

oxidising conditions in early crystallization stages relatively to LGS late stage melts (Gilbert et al., 1982). 

This inference is consistent with the presence of titanite and early crystallizing Fe-Ti oxides in diorite 

rocks. The decreasing An contents and #Mg + Ti + alkali contents in amphibole from quartz diorite to 

diorite (Figure III.77) suggest progressively higher temperatures towards less altered rocks comprising 

lower amounts of amphibole.  

Hornblende in ODV I amphibolitic gabbro plots at the evolved #Mg pole of both LGS and diorite 

compositional fields (Figure III.38 and III.39), showing intermediate Ti concentrations between ODV I 

Series and Ti rich amphiboles of the diorite suite; it also shows restricted #Mg variation (0.55 - 0.50). 

These features are consistent with the hypothesis (based in field and petrographic criteria) that 

hornblende in amphibolitic gabbro developed during the infiltration of evolved residual melts derived from 

the diorite suite. Given the tendency evidenced by other mesocratic suites (see above) to display a peak 

of alkali enrichment, followed by later depletion towards residual Si-rich melts, the Na-enrichment of 

hornblende in the amphibolitic gabbro (aureole) may be envisaged as a consequence of alkali residual 

enrichment in the diorite derived infiltrating melts. The conspicuous compositional decoupling of 

amphibole Ti contents in both suites, cannot be ascribed to residual increase of Ti in the infiltrating melts 

since the early precipitation of Fe-Ti oxides  titanite in the diorite suite should have depleted the melt in 

Ti. Possible causes for the high Ti contents in amphibolitic gabbro hornblende include: (i) higher 

crystallization temperature relative to liquidus amphibole in diorite (this hypothesis implies that the 

remanescent LGS magmatic temperatures would have been sufficiently high to overcome the effect of 

heat loss during the migration of diorite residual melts); (ii) decreasing O2 during crystal fractionation in 

the course of diorite melts migration and/or a significantly more reducing environment upon reaching LGS 

oxide-rich rocks that could result in increased Ti partioning into hornblende; (iii) if Fe-Ti oxides (inherited 

of the original gabbro) were reworked during infiltration of diorite residual melts, an additional Ti budget 

could have been liberated and incorporated in hornblende.  
                                                                 
1 Mainly sodium, since potassium concentrations are low in plagioclase and amphibole for both suites rock suites. 
2 In the presence of mineral phases that effectively scavenge Fe3+, the Fe3+/Fe2+ ratio of amphibole is less sensitive and, therefore, 
not useful to indicate the bulk oxidation state of the system. 
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III.3. Whole rock geochemistry 

Representative samples of the various gabbroic facies were selected for major and trace 

elements analysis; the number of analysed samples is as follows: SB I- 6, SB II-1, ODV I- 16, ODV II- 9, 

ODV III- 8, BRG I- 20, BRG II- 29, BG troctolite- 2. Four fairly metasomatized gabbroic rocks collected at 

distal domains of the amphibolitic gabbro facies and an oxide-rich proximal amphibolitic gabbro are 

included in ODV I Series sample selection. A selection of BIC mesocratic rocks was also analysed for 

whole-rock geochemistry, namely: a pegmatoid belonging to the dyke swarms that crosscut ODV III 

Series Upper Group (#CVD-5); a tonalite (#ODV-G-43) and a trondhjemite (#MB-3) from the ATT suite 

intruding ODV I and BRG II Series, respectively; and three diorite (fine-grained mafic diorite #CVD-19B; 

coarse grained quartz-diorite #CVD-19; a diorite-quartz diorite breccia #CVD-19C). The analysis and 

discussion of relevant geochemical features concerning mesocratic rocks is performed in section III.3.2. 

Details of the analytical methods are provided in section I.5.1- Vol. II, whereas original data, sampling 

maps and logs are reported in Appendixes D and A, respectively. It should be reminded at this point that 

the whole-rock geochemical data available for BRG II + BG troctolites (as for Figueirinha type III 

mineralization) were obtained by means of cooperation with Rio Narcea Ltd., hence comprising an 

elemental package and detection limits commonly used for mining exploration purposes. 

III.3.1. Gabbroic Rocks 

Although most analysed samples are fresh, a number of specimens, namely those with higher 

amount of high-Mg olivine (e.g. SB I or BG troctolite) may have up to 7.30 wt% LOI (lost on ignition). 

Sulphur contents (where analysed) are usually well below 1 wt%, few samples showing higher values1. 

This indicates that although minor sulphide dissemination is a relatively common feature for LGS rocks, 

no conspicuous sulphide rich domains are found surrounding sulphide mineralization types II and III. 

Sulphide distribution strongly contrasts with the wide domains of oxide enrichment that enclose type I 

oxide mineralization (e.g. most of ODV I Series). In order to evaluate the relative concentrations of major 

elements in gabbroic rocks with distinct volatile contents, analyses were recalculated in a sulphur free, 

anhydrous basis. Naldrett (1981) suggests a method in which recalculation of sulphur free samples 

encompasses recasting the analysis relatively to an equivalent monosulphide proportion, i.e. subtracting 

the necessary amount of iron along with sulphur. This approach has proven useful while dealing with 

strongly mineralized rock suites (e.g. Chai & Naldrett, 1992a), which is clearly not the case. Hence, the 

excess of iron rather allows probing for sulphide or oxide enrichment in LGS rocks, (especially if 

accompanied by anomalous transition metal concentrations such as Ni+Cu or Ti+V, respectively).  

III.3.1.1. Mineralogical controls on major elements 

Major element variation diagrams using SiO2 as a common differentiation index (Figure III.78) 

evidence a well developed positive correlation between SiO2 and Na2O which can be essentially ascribed 

to the decreasing of An content in plagioclase. Negative correlations between SiO2 and MgO, Fe2O3 (as 

                                                                 
1 Ore samples representative of any of the three mineralization types are not under consideration in this section. 
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total iron) or TiO2 are owed to the decreasing #Mg of olivine and pyroxene, coupled with the enrichment 

in ore minerals, both leading to lower silica contents in bulk compositions. Al2O3 and CaO show a more 

complex relationship with silica because the accumulation of increasingly evolved plagioclase and 

pyroxene will result in opposite effects, leading to higher or lower SiO2 : (CaO + Al2O3) ratios, 

respectively. The increase in K2O concentrations is mostly related to the accumulation of albitic 

plagioclase. However, K2O contents also reflect the presence of minor primary phases (e.g. amphibole), 

as well as secondary hydrothermal alteration. The concentration of P2O5 in cumulate rocks has been 

related with apatite and to the increasing amount of intercumulus trapped melt fraction (Henderson, 

1970), where most incompatible elements are also retained (see definition in section I.1.- Vol. II), an 

issue that will be addressed ahead in the petrogenetic discussion section.  

Single and multi-mineral composition lines were constructed on the basis of LGS mineral 

compositional ranges and superimposed to variation diagrams in Figure III.78 and Figure III.79. These 

compositional control lines allow devising the combined effects of mineral fractionation and accumulation, 

determining the major element composition of gabbroic rocks. Representative modal proportions used to 

construct multi-mineral control lines are listed in Table III.9 along with the resulting bulk compositions2.  
 

Table III.9- Modal proportions and corresponding bulk compositions used to draw multi-mineral compositional control 
lines; mineral compositions used to calculate the primitive and evolved bulk composition poles, represented by the full 
extent of each line, correspond to the maximum and minimum compositional ranges observed for LGS gabbroic 
rocks, as follows: Ol Fo88-54; Pl An90-45, Cpx, #Mg0.91-0.64. Opx modal quantity was summed to clinopyroxene because 
both have similar SiO2 and Al2O3 contents for a given #Mg its effect is negligible on the considered bulk 
compositions. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                 
2 Iron analyzed in EPMA is expressed as FeOT, whereas total iron in whole rock analysis comes as Fe2O3

T. Because compositional 
data element are expressed as percentages, each component is not allowed to vary independently: hence, the different ways in 
expressing iron contents in both analyzes may affect other oxide proportions. In this case, the effect of recasting Ol and Cpx mineral 
compositions to Fe2O3 relatively the original FeOT would result in a maximum difference of 1.57 wt% and 1.13 wt% in SiO2 and MgO 
contents of the most evolved Ol composition (Fo54) and much lower in Fo-rich Ol. Taking this difference in account, as well as the 
dilution effect of Pl, the use of non-corrected values for FeOT are negligible in the final position of the multi-mineral compositional 
lines. 
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Figure III.78- Major element variation diagrams. Single compositional control lines (i.e. at 100% modal proportion) for 
Pl and Cpx are ploted in SiO2 vs. Na2O, CaO or Al2O3 and SiO2 vs. CaO diagrams, respectively. Multi-mineral 
compositional control lines are plotted in the SiO2 vs. MgO diagram (modal proportions in Table III.9); thick and thin 
lines represent bulk compositions with modal proportion of Ol 25% and Ol 15%, respectively, wherein Cpx : Pl ratio 
increases clockwise. Ol and/or Cpx accumulation beyond what is predicted by the control lines is indicated by the 
arrows in the SiO2 vs. MgO diagram on the basis of Ol100% and Cpx100% fields (outside plotted area). Divisions in SiO2 
vs. K2O after Le Maitre et al., 1989. 
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For each control line representing a given modal proportion, primitive and evolved poles for LGS 

mineral compositions are represented. Points plotting away from the compositional control lines reflect: (i) 

rocks where accumulation effects exceed those predicted by the most common mineral proportions; 

and/or (ii) the presence of metallic mineral phases, such as oxides or sulphides. The majority of LGS 

rocks fall within the area defined by the various compositional control lines on the MgO versus Al2O3 and 

the MgO versus SiO2 variations diagrams. This feature means that the estimated modal proportions 

satisfactorily account for analysed bulk compositions. Excluding the most primitive (SB I Series + BG) or 

evolved compositions (ODV I + SB II Series), the average compositions of LGS olivine, plagioclase and 

clinopyroxene are ca. Fo73, An66 and #Mg0.80, respectively. Therefore, in a compositional control line that 

reflects an adequate modal proportion, the majority of gabbroic rocks are expected to plot closer to its 

primitive pole, which most commonly corresponds to the compositional lines at fixed proportions of olivine 

(Ol15% to Ol25%). Most gabbroic rocks straddle between the most primitive portion of the space defined by 

a modal proportion Pl55-65% : Cpx30-20% and the slightly more evolved portion underlying the lines with a 

Pl65-75% : Cpx10-20% ratio. This relationship accounts for the (olivine) gabbro – (olivine) leucogabbro 

dichotomy present in most Series, wherein (olivine) leucogabbro rocks usually include slightly more 

evolved mineral compositions. Rocks with mineral compositions lying very close to the primitive or 

evolved poles, are more easily displaced from compositional control lines due to minor differences in their 

modal proportions, (as observed for SB I and BG troctolite). Nonetheless, a modal ratio of Ol25% : Pl70% : 

Cpx 5% properly defines the bulk compositions of SB I and BG troctolite, the remaining SB I rocks plot 

close to the Ol15% : Pl75% : Cpx10% compositional control line, along with the plagioclase rich BG troctolite.  

 

 

 

 

 

 

 

 

 

 

 

Figure III.79- MgO vs. Al2O3 variation diagram with superimposed multi-mineral compositional control lines using 
compositional ranges typical of LGS gabbroic rocks using the modal proportions listed in Table III.9 (compare with 
SiO2 vs. MgO variation diagram in Figure III.78); thick and thin lines represent bulk compositions at  25% and  
15% Ol modal proportion, respectively, with Cpx : Pl ratio increasing clockwise. 

 

When Al2O3 instead of SiO2 (MgO vs. Al2O3 Figure III.79) is introduced as variable, accumulation 

of clinopyroxene is clearly indicated by increasing closeness to this mineral compositional field. Olivine 

accumulation always results in a shift rightwards; however, the direction of the displacement vector is 

strongly dependent on the amount of coexisting plagioclase. Rocks devoid of plagioclase (e.g. ODV I 

cumulate) may be clearly distinguished in the SiO2 vs. Al2O3 diagram, plotting close to a wehrlite 

composition with Ol50%: Cpx50%. On the opposite side of the spectra, anorthosite (e.g. ODV I and II) and 
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some plagioclase rich olivine leucogabbro (e.g. BRG II) cluster around the Pl95% : Cpx5% or to Ol10%: Pl80% 

: Cpx15% control lines, respectively. 

As noted above, the presence of sulphide and or oxide is the second major source of deviations 

from the compositional control lines. The effect is much clearer when SiO2 is considered as a variable 

because accumulation of metallic phases implies a proportional decrease of silicate minerals, which is 

evident by a leftward shift to lower SiO2 contents. Accumulation of metallic minerals in the MgO vs. Al2O3 

plot will result in a downward “sliding” effect along a given compositional control line because the 

proportion of both elements is equally affected. Consequently, the accumulation of metallic minerals in 

the MgO vs. Al2O3 diagram is evident only for rocks with compositions closer to the evolved poles, (e.g. 

ODV I Series), which cluster to the left of all compositional control lines in the MgO vs. Al2O3 diagram. 

When ferromagnesian silicate accumulation is equally abundant or overcomes oxide accumulation, the 

effect3 becomes less prominent in the MgO vs. Al2O3 diagram. However these rocks may be clearly 

identified in the SiO2 vs. MgO plot by their low SiO2 content. It is noteworthy that even though Fe-Ti spinel 

often shows non-negligible Al concentrations, the effect is minimum on their bulk rock Al2O3 : MgO ratios.  

Metallic mineral accumulation is most evident in the SiO2 vs. Fe2O3 or TiO2, where the silica 

decrease accompanying metallic mineral enrichment is negatively correlated with Fe2O3 or TiO2. Ti clearly 

discriminates between oxides relative to sulphide enriched rocks. A trend of gabbroic rocks with low 

Fe2O3 : SiO2 further accounts for the accumulation of high-Mg olivine in the most primitive SB I and BG 

troctolite rocks. Accordingly, the ODV I sample exhibiting slightly higher Fe2O3 : SiO2 than its kindred 

oxide-rich rocks, documents the accumulation effect of low-Mg olivine with minor oxide accumulation. If 

high Ti oxide-rich rocks and low Ti ( 0.12 wt%) anorthosites are excluded, a trend of mild Ti enrichment 

with increasing SiO2 documents progressive crystal fractionation of the melt.  

There is poor adjustment between the average plagioclase composition and plagioclase control 

lines inserted in the SiO2 vs. CaO, Al2O3, and Na2O plots. Only anorthosites accurately plot close to their 

measured An composition (An60-50). This is a consequence of the dilution effect of the number of phases 

that include alkalis at different proportions: Ca is essentially controlled by clinopyroxene and plagioclase, 

whereas Al and especially Na, essentially depend on plagioclase modal proportion and composition, 

being minor in both pyroxenes. Despite the less accurate results for plagioclase control lines, several 

interesting features can be withdrawn from the displacement of measured bulk compositions. In the CaO 

and Al2O3 diagrams (vs. SiO2), the proximity to the control line indicates increasing plagioclase 

accumulation. Rocks plotting above the plagioclase control line indicate “excess” Ca due to enhanced 

clinopyroxene accumulation. Although in all three variation diagrams there is a silica decrease due to 

metallic minerals accumulation, the bulk compositions that plot leftward to the plagioclase control line in 

the SiO2 vs. Na2O diagram are particularly evident.  

Moderate hydrothermal alteration also results in higher Na concentrations which fall beyond the 

plagioclase control line; however, these features may be put in evidence by the correlative increase of 

K2O and include the following rocks: (i) ODV I and ODV II altered anorthosites; (ii) troctolite rocks, 

particularly those from BG, which also record the highest LOI and K2O contents; (iii) amphibolitic gabbro 
                                                                 
3 That is the case of an ODV I olivine melagabbro (ca. 14% total oxides), which remains inconspicuous in the MgO vs. Al2O3 due to 
the silicate accumulation effect (resulting in a high MgO =10.02 wt% content), in spite of the Fe-rich olivine (Fo55) and clinopyroxene 
(#Mg 0.71). 
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or hydrothermally altered gabbroic rocks collected at their distal domains. High K2O/Na2O enrichment is 

recorded by BRG I heterogeneous anorthosites (locally mingled with mafic cumulate lenses) adjoining 

dyke-hosted felsic rocks.  

III.3.1.2. Affiliation with magma series  

Several petrographic and mineralogical evidence favour the subalkalic (relative to alkaline) 

character of LGS gabbroic suite, namely: (i) high silica activity, as indicated by the common saturation in 

orthopyroxene; (ii) systematic absence of feldspatoids or K-rich (hydrous) mineral phases (e.g. 

phlogopite, biotite); (iii) the low Aliv (and Na) content of clinopyroxene and; (iv) the typical low-pressure 

tholeiitic liquid line of descend (Cr-spinel/Fe-Ti oxides)  olivine - plagioclase – clinopyroxene – 

orthopyroxene  Fe-Ti oxides. The cumulate nature of LGS rocks, as well as the episodic replenished 

character of the magmatic environment, advise some care on the use of the most common alkalic/sub-

alkalic discriminant parameters or diagrams proposed in the literature, (largely designed for volcanic 

rocks). Bearing these limitations in mind, results and their interpretations may be critically discussed on 

the light of crystal-liquid fractionation and accumulation processes; accordingly, they should be regarded 

as indicative or suggestive of a given affiliation.  

Alkali enrichment 

As shown in Figure III.78E, the LGS suite has very low K2O concentrations ( 0.30 wt%), typical 

of low-K, tholeiitic magmatic series. The total alkali enrichment (Na2O+K2O) versus silica discriminant 

diagram shown in Figure III.80A further corroborates the subalkaline character of LGS gabbroic suite 

suggested by overall geological evidence.  

 

Figure III.80- (A)- Total alkali (Na2O + K2O wt%) versus silica for normalized bulk compositions of LGS; the upper 
and lower subdivision boundary lines between alkaline and subalkaline or tholeiitic series for volcanic rocks after 
Irvine & Baragar (1971) or Kuno (1966), respectively, both in Rollinson (1993). (B)- Calk-alkali ratio (log10 
[CaO/(Na2O+K2O)]) versus SiO2 for LGS; the SiO2 content at which this ratio is zero corresponds to the Peacock’s 
alkali-lime index and cannot be determined for LGS rocks (adapted from Brown, 1982a). 

 

The shift towards lower SiO2 contents due to metallic minerals enrichment or the effect of 

plagioclase super-accumulation in anorthositic rocks, accounts for points close to, or above the 

boundaries of the alkaline field. Most of the aforementioned rocks that display superimposed 
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hydrothermal alteration and enhanced alkali content, remain within the subalkaline field due to the 

correlative moderate increase of silica concentration. The initial definition of the calcalkaline (or calk-

alkalic) series by Peacock (1931) was used to distinguish rocks suites with an alkali-lime index (the 

weight percentage of SiO2 in a continuous related rock series at which the abundances of CaO and 

Na2O+K2O are equal) between 56 and 61. The silica concentration where log10 [CaO/(Na2O+K2O)]=0 is 

equivalent to Peacock’s alkali-lime index (Brown, 1982a; Figure III.80B), cannot be determined for LGS 

rocks given their low silica concentrations. The very high calc-alkali ratio of LGS rocks is nonetheless 

compatible with a “calcic” affinity, as defined by Peacock (1931). 

Iron, titanium and silica enrichment 
The calcalkaline character acquired additional meaning with the introduction of discriminant 

variables concerning iron and silica enrichment (Miyashiro 1974; Miyashiro & Shido, 1975). The variation 

of total Fe as FeO* with advancing crystal fractionation is displayed in Figure III.81.  

 

Figure III.81- Variation of FeO* (A) and TiO2 (B) with FeO*/MgO showing the tholeiitic (TH) – calc-alkaline (CA) 
separation line of Miyashiro (1974); (C) Variation of FeO*/MgO with SiO2 showing the low, medium and high Fe fields 
of Arculus (2003) as well as the TH –CA separation line of Miyashiro (1974); (D)- AFM diagram where the TH – CA 
separation fields of Kuno (1968; upper dashed line) or Irvine & Baragar (1971, lower solid line) are represented.  

 

Various fields proposed for the separation of tholeiitic versus calcalkaline series are plotted, 

making use of several differentiation indexes (SiO2 or FeO/MgO; alkalis and MgO in the AFM diagram). 
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TiO2 variation with FeO*/MgO is also displayed and its behaviour follows that of iron, since both elements 

are chiefly controlled by Fe-Ti oxide fractionation. LGS rocks (i.e. excluding those with oxide or sulphide 

enrichment and anorthosites) show a limited iron (FeO* 2.29 - 9.78 wt%) or TiO2 (0.04- 0.62 wt%) 

enrichment relatively to the increase of SiO2 (44.58 - 52.56 wt%) with advancing crystal fractionation, as 

measured by the FeO*/MgO ratio. The low FeO*/MgO ratios (<1.0) make that most LGS rocks plot within 

the composition range where calcalkaline and tholeiitic fields are “mixed” (FeO*/MgO  2.5 in the 

FeO*/MgO versus FeO* and TiO2 diagrams of Miyashiro, 1974; the AFM diagram; and the classification 

scheme proposed by Arculus, 2003).  

Discussion 
The low FeO*/MgO ratios obtained for whole rock geochemistry are consistent with clinopyroxene 

chemistry (see section III.2.1.2) and show that LGS rocks did not reach the pronounced iron enrichment 

commonly recorded in the evolved (domains of) tholeiitic layered intrusions.  

As noted in section III.2.1.6, the absence of a spinel gap between minerals of the (Chr-Spl s.l.)ss 

and (Mgt-Usp)ss series point to high oxygen fugacities for LGS parental magma, (represented by SB I 

Series/BG troctolite). Under the oxidation conditions inferred for the various magma batches, the solution 

of Mg into ferromagnesian silicates is further promoted in order to stabilize them at high oxygen fugacities 

(Frost, 1991b). In most Series, Fe-Ti oxides show a tendency to precipitate from earlier to later stages of 

the crystallization sequence (towards the end of each magma cycle, i.e. Series/Group). Early Fe-Ti oxide 

fractionation is therefore another factor that accounts for delayed or inhibited Fe and Ti enrichment in the 

magma. Even though higher oxide enrichment was sometimes attained at the upper portion of some 

sequences (e.g. ODV III Upper Group; olivine leucogabbro facies of BRG II Basal or Lower Groups), as a 

rule, high O2 conditions (promoting early crystallization of Fe-Ti oxides), coupled with the buffering effect 

of recurrent replenishments, account for the mild trend of Fe and Ti enrichment that resembles those of 

calcalkaline series.  

As discussed in section III.2.1.6 mineralogical, geological and petrological relationships suggest 

that ODV I - SB II Series represent a continued evolution from underlying SB I Series, (not disturbed by 

significant magma replenishments). Because Fe2+ is mostly incorporated into silicates, the prolonged 

crystal fractionation path of the ODV I suite lead to a much more pronounced iron and titanium 

enrichment when compared with other Series. Accordingly, the cumulate character of the oxide 

assemblage in ODV I and SB II Series has a distinct meaning relative to the early oxide fractionation that 

occurred at the lower domains of other Series. The lowering of O2 that follows oxide deposition (e.g. 

Toplis & Carroll, 1995) in ODV I-SB II Series should have promoted the preferential solution of iron into 

silicates, which is the opposite to that observed for the majority of LGS rocks. Therefore, the conditions 

throughout the SB I - SB II - ODV I evolution allowed exceptionally higher Fe-Ti enrichment in the residual 

melt, which resulted in a trend typical of high-Fe (Arculus, 2003) or tholeiitic (Miyashiro 1974; Miyashiro & 

Shido, 1975) series.  

Thus, it is not straightforward to define a unique geochemical affiliation for LGS rocks; indeed the 

typical low alkali concentrations displayed by all Series and the distinct tholeiitic pattern of Fe and Ti 

enrichment that characterize SB II + ODV I, contrast with the mild calcalkaline iron enrichment trend for all 

other Series. Additional constrains may be withdrawn from trace element variations, (e.g. Floyd & 
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Winchester, 1975; Winchester & Floyd, 1976) however, these mostly discriminate between tholeiitic 

versus alkalic magma series and are not suitable for cumulate intrusive rocks. Moreover, mixed signals 

potentially resulting from the influence of an inherited subduction component at the source zone, as well 

as crustal contamination (e.g. Pearce, 1982, 1983; Pearce & Cann, 1973), require careful interpretation.  

III.3.1.3. Transition metals  

The abundance of elements representing the first transition metal series (except Fe) and their 

behaviour throughout crystal fractionation is evaluated using FeO*/MgO as a differentiation index in 

Figure III.824; primitive mantle (PM) abundances for all elements are shown for comparison, except for Ni 

and Cr (off-scale). Transition metal chondrite normalized (CN) plots for LGS non-anorthositic rocks in 

Figure III.83 allows to smooth out the effects of accumulation. In contrast with incompatible element 

abundances, there is a remarkable consistency found in transition metal CN patterns for least-

fractionated basalts from various geotectonic environments (ocean-floor, ocean islands and continents). 

This has been interpreted as a consequence of mantle homogeneity in respect to transition metal 

abundances (Langmuir et al., 1977). In order to explore this geochemical feature, a pattern for an 

unfractionated MORB basaltic glass (high Ni, MgO; Langmuir et al., 1977) from the FAMOUS5 region is 

plot so that LGS transitional metal abundances may be compared to those typical of basaltic rocks.  

The positive correlations between FeO*/MgO and V, Ti (see Figure III.71), Mn, Zn and Cu are in 

accordance with the tendency of these metals to concentrate during crystal fractionation, thus, becoming 

more abundant in cumulates representative of most evolved melts within each Series. Cr and Ni are 

negatively correlated with FeO*/MgO and show the typical behaviour of highly compatible elements: 

higher concentrations are recorded in primitive cumulate rocks where Ni and Cr are included in early 

formed olivine and chromian spinel, respectively; whereupon, their concentration rapidly decrease with 

advancing crystal fractionation. Less straightforward variation patterns are observed for Co and Sc.  

LGS rocks display progressive enrichment relative to PM abundances from Ni + Cr (strongly 

depleted), through Co (moderately depleted), Zn + Mn (few samples are enriched), and Ti+V+Sc (few 

samples are depleted) to Cu (all samples are enriched relatively to PM). Comparison with the typical 

basaltic reference (Figure III.83) illustrates a somewhat different picture. With few exceptions (related to 

particular features of some Series), most LGS cumulates have lower transition metals abundances 

relative to primitive MORB, only Cu being pervasively enriched.  

Such low LGS bulk rock transition element abundances may be a consequence of the dilution 

effect of plagioclase accumulation (e.g. Bédard, 1994). Therefore the shape of CN normalized patterns 

should reflect the relative abundance of the various ferromagnesian minerals, as controlled by their 

solid/liquid partition coefficients. Although the shape of the CN normalized patterns for LGS rocks are 

similar to that of MORB basalts, some differences (discussed below) may reflect distinct primary features 

for LGS melts, namely: (i) the apparently greater magnitude of Ni + Cr depletion relative to Co and; (ii) the 

common absence of a positive Ti anomaly relative to Sc and V (with the obvious exception of oxide-rich 

rocks), often giving rise to steep Sc-Ti-V segments. 
                                                                 
4 Although TiO2 variation can be seen in Figure III.81 of the previous section, for convenience to the reader it is repeated in this 
figure. 
5 FAMOUS- French-American Mid-Ocean Undersea Study region at 36º 47´N on the Mid-Atlantic Ridge. 
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Figure III.82- Abundance of the first transition metal series (except Fe) relatively to FeO*/MgO. The line plotted in 
each diagram accounts for primitive mantle abundances (PM; Palme & O’Neill, 2003), except for Ni and Cr for which 
PM concentrations are too high (Ni 1860 ppm; Cr 2520 ppm) and, therefore, off-scale. CA-TH lines in Ni and Cr plots 
after Myashiro & Shido (1975). 
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Figure III.83. Transition metal chondrite-normalized plots for LGS non-anorthositic rocks using the normalizing values 
of Palme & Jones (2003). 
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Mineral compositional controls on transition element abundances 
The high Cr and Ni concentrations for rocks of the most primitive SB I Series6 account for distinct 

CN patterns relatively to the basaltic reference. Strong variations for Ni and Cr concentrations in SB I 

rocks are a consequence of the wide range of Ni contents in olivine as well as chromian-spinel 

heterogeneous distribution that causes a nugget effect in such coarse-grained rocks (e.g. Bodinier & 

Godard, 2003). Clinopyroxene is the silicate phase with the highest partition coefficient for Cr 

(kdCr
Cpx/melt=3.8; Hart & Dunn, 1993); despite the high Cr concentrations in clinopyroxene of primitive 

rocks (ca. X = 3500 ppm Cr; see section III.2.1.2), it is modally scarce and its effect on bulk Cr 

concentrations is easily overshadowed by the presence of chromian spinel. Clinopyroxene accumulation 

should however bear the most important control on Cr abundances for other LGS Series.  

In contrast with the extremely depleted Ni and Cr concentrations relative to PM and MORB, Co 

abundances in most LGS rocks are comparatively less depleted, falling just below that reported for PM 

(102 ppm; Palme & O’Neill, 2003). Co also displays an overall tendency to increase with crystal 

fractionation, which is the opposite to be expected from olivine fractionation (kdCo
Ol/melt=4; Irving, 1978). It 

is therefore concluded that, although Co is likely shared by several mafic minerals, Fe-Ti oxides exert an 

important control in Co abundances (kdCo
Mgt/melt=8; Irving, 1978), which is in agreement with observations 

in the Skaergaard intrusion (McBirney, 1998b). Co may also be a major component in sulphide, namely 

pentlandite; given the typical association of pentlandite to pyrrhotite and chalcopyrite in LGS rocks, the 

slightly higher correlation coefficients between Co and Ti (r=0.31), V (r=0.39), relative to Ni (r=0.22) and 

Cu (r=0.28) indicate that Co bearing sulphides are not present in cumulate rocks in sufficient amounts to 

overcome the effect of Co increasing with olivine and, particularly, Fe-Ti oxide accumulation.  

Only the most oxide-rich rocks display Mn and Zn concentrations above PM or MORB. Both 

elements display a very similar behaviour relative to that of Ti or V; this feature suggests that Mn and Zn 

concentration are mostly a function of Fe-Ti oxides fractionation. Mn is included in ilmenite (Frost & 

Lindsley, 1991; but also in olivine- KdMn
Ol/melt=1.45 and orthopyroxene- KdMn

Opx/melt=1.4; both in Rollinson, 

1993), and its concentration strongly increases in iron rich compositions (e.g. Simkin & Smith, 1970; 

Rollinson, 1993); this relationship accounts for the highest Mn content being recorded by ODV I rocks ( 

2863 ppm). Like Cu and other silicate incompatible elements, Zn concentrates in the residual melt. Bulk 

Zn concentrations are  130 ppm. Testing Zn correlation against Cu (r= 0.17) or V (r = 0.61) in LGS rocks 

indicates that this element is preferentially included in oxides relative to sulphides.  

Ti and V abundances are chiefly controlled by magnetite + ilmenite fractionation, V being 

essentially partitioned into magnetite (e.g. Toplis & Corgne, 2002; Balan et al., 2006). Their mutual 

increase (Figure III.84) clearly defines the path of bulk magmatic fractionation, as well as the trend of 

oxide precipitation and accumulation. Ti concentrations above  2000 ppm Ti (0.71 TiO2 wt% 

normalized) and 100 ppm V indicate significant oxide accumulation. As can be observed from Figure 

III.84, the relative Ti-V enrichment for oxide-rich rocks is similar to that of PM Ti-V values (Ti 1280 ppm; V 

86 ppm; Palme & O’Neill, 2003). 

                                                                 
6 CN normalized patterns for BG troctolite are omitted and the reader is referred to “a note on analytical discrepancies” in 
Methodologies section, VOl. II for clearance. 
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Figure III.84- Ti and V co variation showing that the threshold for PM abundances roughly corresponds to the lower 
limit of Ti and V abundance in LGS oxide-rich rocks.  

 

Although Sc7 concentrations show no apparent systematic variation with FeO*/MgO, the 

distribution of intervals with high Sc concentrations along LGS stratigraphy are coincident with zones with 

high Ti + V and Cr contents (exclusive of SB I Series). Therefore Sc bulk concentration largely reflect the 

combined effects of oxide and clinopyroxene fractionation and accumulation, as predicted by its 

solid/liquid partition coefficients (kdSc
Cpx; Mgt/melt=3.9; 1.3; Hart & Dunn, 1993). In the absence of oxides, the 

intercumulus character of clinopyroxene in most LGS rocks should allow Sc to effectively concentrate in 

the melt before being partitioned into clinopyroxene. The smooth increase in Sc concentration throughout 

ODV II Series (and the correlative lower portion of ODV III Series) follows the upward enhancement of its 

rhythmic character, i.e. the increasing contrast between olivine gabbro vs. leucogabbro due to higher 

rates of clinopyroxene versus plagioclase accumulation, respectively.  

Cu may be present in the structure of silicate minerals but is expectably more effectively 

incorporated into sulphides. Because (i) the observed sulphides are usually represented by the pyrrhotite-

pentlandite-chalcopyrite assemblage and; (ii) Ni is strongly partitioned into olivine, decreasing rapidly with 

fractionation; Cu is a good proxy for the presence of sulphides in LGS rocks, as supported by the strong 

positive correlation between Cu and S contents relative to Ni (r=0.91 vs. 0.12). Figure III.82 indicates that 

nearly all analysed LGS rocks are enriched in Cu compared to both mantle and MORB abundances (> 20 

ppm; Figure III.83); it should be noted that Cu and Zn concentrations in MORB are highly variable 

(Langmuir et al., 1977). However, the high concentrations of Cu (indirectly) suggest that LGS magma is 

sulphur saturated. Discussion of the calcophile element abundances in relation with S and sulphide 

deposition is further developed in PART IV. 

Discussion  

Significance of Ni and Cr depletion relative to Co 

On the basis of ferromagnesian minerals Ni, Cr and Co partition coefficients (summarised in 

Table III.10) and the described variations for the three elements, the following relationships are 

                                                                 
7 Analytical problems also seem to affect Sc determinations in BRG II Series + BG troctolite (see “a note on analytical 
discrepancies” in Methodologies section, VOl. II), therefore the following discussion does not take in account those suites. 
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expectable: (i) magnetite or chromian spinel fractionation should produce depletions in the melt of 

decreasing magnitude for Cr, Ni and Co; (ii) olivine  clinopyroxene fractionation should result in 

depletions of decreasing magnitude for Ni, Cr and Co; (iii) olivine  clinopyroxene accumulation should 

lead to proportional enrichments of those elements in the solid phase (i.e. the cumulate rock). The larger 

modal proportion of olivine + clinopyroxene relative to Fe-Ti or Cr spinel in LGS rocks, should promote 

higher Ni and Cr enrichments relative to Co (in the solid phase) cumulate rocks, which is the opposite of 

what is observed. This suggest that the larger depletion of Ni and Cr relatively to Co in LGS cumulates 

(compared to MORB or PM) likely represents a peculiar feature of the melt(s) from which the cumulates 

fractioned. Ni and Cr depletion relative to the basaltic reference is most likely related to the fractionation 

of forsteritic, high Ni olivine + chromite, respectively, prior to the crystallization of most LGS cumulates.  
 
 

Table III.10- Mineral/melt partition coefficients for Cr, Co and Ni in ferromagnesian minerals. See references from 
compilation of Bédard (1994). 

 

 

 

 

 

The large Ni and Cr concentration differences between SB I + BG troctolite / wehrlite and other 

LGS Series (as well as their field relationships) provide important constrains on mechanisms leading to 

the observed Cr-Ni depletions. A steep fractionation continuum exists throughout SB I – SB II - ODV I, for 

which no equivalent is found elsewhere in the studied portion of LGS. If SB I + BG cumulates are proxy 

for the most primitive (parental) LGS melts, (representing deeper portions of the magmatic chamber(s?)), 

their mineral phases are indeed capable of explaining the depletion of Ni + Cr relatively to Co and, 

therefore, the compositional gap relative to melts successively emplaced at higher levels. This scenario 

has large implications for the dynamics of the LGS magmatic system and will be addressed in the final 

section concerning the petrogenetic discussion. 

Sc-Ti-V relationships 

As it is illustrated in Figure III.82, only the most primitive (SB I Series) or plagioclase rich rocks 

display Sc, Ti and V abundances below those of PM; moreover, when compared to MORB (Figure III.83), 

there is a systematic depletion of Ti relative to Sc and V. Consequently, only oxide–rich rocks display the 

positive Ti anomaly (relative to Sc and V), commonly seen in CN normalized plots for basalts. The 

partition coefficients for Sc, Ti and V shown in Table III.11 indicate that the depletions in Sc and V relative 

to Ti are largely conditioned by the modal abundances of Ti, V and Sc bearing mineral phases. 

Accordingly, in the absence of important amounts of Fe-Ti oxides, only Sc and V will be retained in the 

cumulate rock because they are effectively incorporated in clinopyroxene, whereas Ti will remain in the 

residual liquid, leading to a systematic apparent Ti relative depletion in cumulate rocks. Cumulate rocks 

with low Fe-Ti oxide and clinopyroxene modal content, such as SB I troctolite or anorthositic rocks 

therefore appear consistently depleted in all three elements.  
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Table III.11- Mineral/melt partition coefficients for Cr, Co and Ni in ferromagnesian minerals. See references from 
compilation of Bédard (1994); note that the value of kdV

Cpx is indicative, because it varies significantly, decreasing 
with increasing O2  (see Toplis & Corgne, 2002) 

 

 

 

 

 

The increase of V and Sc with TiO2, co-varying with the degree of fractionation, suggests that 

their geochemical behaviour approaches that of moderately incompatible elements. Ti, Sc and V bulk 

partition coefficients are strongly diluted by the simultaneous fractionation of plagioclase and olivine, 

since both minerals have considerably lower solid/liquid partition coefficients for any of the three 

elements. The moderately incompatible behaviour of Ti, Sc and V is consistent with low-pressure 

fractionation (BVSP, 1981 and references therein). On the basis of these relationships as well as the 

undepleted character of Sc relative to Ti or V, clinopyroxene fractionation at high-pressure, (i.e. predating 

the fractionation within LGS magma chamber) may be excluded.  

III.3.1.4. Incompatible elements 

Once the effects of mineral accumulation and trapped melt fraction are properly recognized, the 

information resulting from the analysis of incompatible elements has wide petrogenetic implications; 

namely, in identifying the nature of source zone components from which LGS melts were extracted, the 

existence and extent of crustal contamination and, eventually, in obtaining a qualitative estimate of the 

degree of mantle fusion. This evaluation will be further supported by isotopic data that are presented in 

forthcoming sections. The full potential of the information that can be extracted from incompatible 

elements and Sr-Nd-O isotopic data for both LGS and related mesocratic rocks, is performed in the final 

section concerning the petrogenetic discussion; accordingly, there is no discussion at the end of this 

section.  

Rare Earth elements (REE)  
Chondrite-normalized (CN) REE8 distributions for the various LGS Series (Figure III.85) share a 

common feature9: LREE enrichment (10 to 0.7 x CN) relative to HREE (8.0 – 0.3 x CN), smoothly 

decreasing to flat MREE- HREE segments and variable, but usually conspicuous, positive Eu anomalies. 

LREE - MREE enrichments are more variable leading to two main types of patterns: (i) moderate to steep 

patterns with high LREE/MREE, and strong positive Eu anomalies; and (ii) (less commonly), smoothly 

upward convex patterns, due to slightly higher MREE abundances relative to LREE, with maxima at Sm 

or Gd, and more subtle Eu anomalies.  

LGS rocks display limited bulk REE fractionation, as indicated by narrow ranges of (La/Yb)CN = 

[0.6 – 11.3] and (La/Sm)CN = [0.4 – 3.8] ratios in Table III.12. Nonetheless, it is possible to establish that 

bulk REE abundances decrease from ODV I (~8 x CN) to ODV II (~6 x CN) and ODV III + BRG I Series 

                                                                 
8 REE- Rare Earth Elements. Light REE (LREE): La, Ce, Pr, Nd, Sm; Middle REE (MREE): Eu, Gd, Tb, Dy; Heavy REE (HREE): 
Ho, Er, Tm, Yb, Lu (as in Bodinier & Goddard, 2003). 
9 These values exclude amphibolitic gabbro, anorthosites and SB II Series (see ahed). 
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(~5 x CN). This trend is consistent with the increasing mafic character shown by each Series mineral 

chemistry; accordingly, it should reflect the degree of evolution of their parental melts.  

Table III.12- REE ratios for LGS rocks.  )()(*
CNCNCN GdxSmEuEuEu   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In accordance with geological and mineral chemistry relations, SB I Series shows the widest 

spectrum of REE abundances with LaN varying from 2 to 10 x CN. This range is even more significant 

considering that troctolite rocks show the lowest bulk REE abundances and have enhanced LREE 

abundances due to strong plagioclase accumulation. Decreasing Eu anomalies towards the top of the 

Series reflect the increasing abundance of ferromagnesian minerals relative to plagioclase. 

Generally, there is a good correspondence between the degree of LREE enrichment and 

plagioclase accumulation, as indicated by the high correlation coefficient (r=0.88) between the magnitude 

of the positive europium anomaly (Eu/Eu*) and (La/Sm)CN. Accordingly, anorthosite and other plagioclase 

rich rocks (e.g. SB I troctolite) patterns, are characterized by stronger bulk (La/YbCN = [5.4 - 43.3]), LREE 

(La/SmCN = [2.5 – 5.5]) and HREE (Gd/YbCN = [1.6 – 5.1]) fractionation, very low HREE abundances (1.4 

– 0.2 x CN), and by the most pronounced europium anomalies (Eu/Eu*CN [3.3 – 10.9]).  

Despite of their quite distinct bulk REE abundances, ODV I and BRG I Lower Group, chiefly 

display (type (i)) patterns with high average (La/Sm)CN or (La/Yb)CN ratios due to plagioclase dominated 

crystallization paths. In contrast, ODV II, ODV III and the remaining Groups of BRG I tend to display (type 

(ii)) patterns with much narrower variation of bulk REE abundances and average (La/Sm)CN <1 due to 

clinopyroxene dominated crystallization paths. Very few rocks display depletion of the most incompatible 

REE ((La/Ce)CN<1); a couple of samples from BRG I Upper Group, actually mimic “MORB-N” type LREE 

depleted patterns (Figure III.85). The high bulk REE coupled with the relatively low LREE displayed by 

these “MORB-type” samples suggests that the onset of LREE depletion may be due to extensive 

(previous) crystal fractionation, which is consistent with their location at the top of BRG I Series. 
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Figure III.85- Chondrite-normalized distributions for the 
various LGS Series; normalizing values from Palme & 
Jones (2003). 
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Figure III.86  Distribution of litophile trace 
elements normalized to primitive-mantle 
(PM) for LGS rocks; normalizing values 
from Palme & O’Neill, 2003). 
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Evidence for rocks with high trapped melt fraction (TMF) 

SB II Series has high bulk REE abundances (~20 x CN) with mild LREE depletion 

((La/Sm)CN=0.9) and a neutral Eu anomaly. The enhanced REE content in SB II gabbronorite is 

interpreted as being due to a high trapped melt fraction (TMF, see definition in section I.1, Vol. II) 

coexisting with cumulus minerals. A contribution from a moderate amount of TMF may also account for 

the slightly enhanced REE abundances (8 – 5 x CN) of BRG I Lower Group microgabbro facies which, 

however, maintains a positive Eu anomaly and a pattern of moderate LREE depletion (La/Sm)CN= 0.7) 

similar to clinopyroxene-rich rocks from its host Series. The less pronounced cumulate character and 

consequently high TMF for both rocks, is consistent with their microgranular texture and their possible 

origin as chilled margins, as advanced in previous sections. 

Main features of amphibolitic gabbro REE patterns 

ODV I metasomatized gabbroic rocks collected at distal domains of the amphibolitic gabbro facies 

(Figure III.85) do not evidence distinctive REE features that may be related to the alteration event. Only 

one sample with higher REE abundances (~10 x CN) and smaller Eu anomaly may eventually reflect a 

slightly higher initial TMF or effects of metasomatism; analysis of the remaining trace element spectrum 

may elucidate on this feature. The proximal amphibolitic gabbro shows an unequivocal bulk REE (~32 x 

CN) and LREE increase ((La/Sm)CN= 1.5), that cannot be accounted by its mineralogy (low plagioclase : 

ferromagnesian minerals ratio) or a high contribution from TMF. The high amphibole content may account 

for the small bulge in MREE abundances but not the LREE increase (e.g. Rollinson, 1993).  

The REE higher abundances and the stronger REE fractionation, (in particular), require an 

additional source with contrastingly higher LREE/HREE relative to that of LGS cumulates. This feature is 

consistent with geological evidence that points to a relationship with the marginal diorite unit. A similar 

explanation should account for a conspicuous increase of bulk (~15 x CN) and LREE ((La/Sm)CN= 1.2) in 

the amphibolitic gabbro collected at the northern margin of BRG I Series (Lower Group), where several 

diorite, as well as more evolved mesocratic and felsic rocks were mapped.  

Primitive mantle normalized multi-elemental diagrams 
Distribution of litotophile trace elements normalized to primitive-mantle (PM) for LGS rocks are 

illustrated in Figure III.86, following an order of increasing degree of incompatibility. The most (common) 

relevant features of LGS rocks patterns are characterised by conspicuous spikes for the most 

incompatible elements (large ion litophile elements- LILE + Th and U). These features contrast with the 

more variable (for each Series) but usually flat lying patterns on the diagrams right-hand side (high field 

strength elements- HFSE). Additionally, most LGS rocks have Nb and Ta concentrations below analytical 

detection limits (Nb <0.2 ppm; Ta< 0.01 ppm), suggesting HFSE depletion in LGS magmas. Prominent 

features of the incompatible element geochemical signature of LGS rocks are moderate LILE enrichment 

and mild depletion of HFSE, (noticeably Nb and Ta), leading to a bulk decoupling between LILE and 

HFSE abundances. 

LILE variations  

Inspection of Figure III.86 reveals that, among the most incompatible elements, Sr and Cs show 
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the highest degree of enrichment, followed by Ba and K, all being systematically enriched over La as well 

as over Rb, U and Th. Rb and U are often slightly enriched over La, but contrast with the several orders 

of magnitude enrichment (relative to LREE) shown by Cs, Ba or K. Only Th, consistently presents Th/La 

<PM; Rb/Th and U/Th are both higher than PM values, in the range (1-3) and (2-6) x PM, respectively, 

thus supporting stronger depletion of Th relative to Rb and U. 

All LIL elements have higher plagioclase/melt partition coefficients when compared to other 

silicates (see Bédard, 2001 and references therein); Ba and Sr kd’s show a strong dependence on the 

composition of plagioclase, increasing towards more sodic compositions (Blundy & Wood, 1991). For the 

plagioclase compositional spectrum in LGS (An85-45), kdSr
Pl/melt and kdBa

Pl/melt will vary in the range [1.4 – 

3.2] and [0.16 – 0.52], respectively. For any LGS plagioclase, Sr will have a partition coefficient greater 

than unity: therefore, it is straightforward that the strong Sr positive anomalies are more likely to be 

buffered by plagioclase accumulation compared to Ba anomalies. As demonstrated in Figure III.87 there 

is a systematic enrichment of Ba over La ((Ba/La)CN >2) in LGS rocks. 

 

 

 

 

 

 

 

 

 

 

 

Figure III.87- (Ba/La)CN versus (La/Sm)CN ratios for LGS Series; chondrite normalizing values from Palme & Jones 
(2003). 

HFSE variations 

The absence of Y anomaly within the MREE–HREE precludes the existence of significant effects 

related with clinopyroxene accumulation on Y abundances (e.g. Green, 1994). Zr and Hf are commonly 

depleted relative to both Nd, Sm and Ti, P. The median of Zr/Hf ratios for LGS suite as a whole (30) is 

slightly lower than PM (36); distinctly higher values characterize ODV I and ODV II Series ([27-51] X= 41) 

compared to ODV III or BRG I Series ([15-41] X= 24). Within each Series, (most noticeably within the 

wider BRG I), there is a smooth increase of Zr/Hf ratios towards the stratigraphic top.  

P and Nd have a similar degree of incompatibility during mantle melting (e.g. Sun & McDonough, 

1989). Most LGS Series evidence depleted abundances of P relative to Nd, (as well as Ti); SB I, SB II 

and ODV I Series display slightly different enrichment patterns for P. ODV I Series consistently shows 

higher P abundances (that lie close to Nd), a behaviour that is occasionally seen in oxide-rich samples 

from other Series (e.g. ODV II; BRG I) and accounts for the enrichment of P along with Ti in their more 

evolved melts. Occasionally, tiny amounts of (optically undetectable) apatite should have crystallized 

along with Fe-Ti oxides, as it can be understood from P spikes in some high Ti, oxide-rich samples. SB I 

and SB II Series show an enrichment of P within the range (or slightly above) of Nd and Ti. TiO2/P2O5 



 
 
 

III – LGS GEOCHEMISTRY AND PETROGENESIS 

269 

ratios for SB I and II Series, between [2-5], are considerably lower than PM values of 11 and closer to 

chondritic ratios of 0.4. Given the immobility of P during alteration/low grade metamorphism (e.g. Floyd 

& Winchester, 1975) and the typically late crystallizing character of apatite, the enrichment of 

phosphorous in these Series, namely SB I troctolite, cannot be ascribed to the hydrothermal alteration 

seen in these rocks, and may represent a primary feature of the most primitive LGS melts.  

Nb and Ta variations 

Nb and Ta concentrations are available for a very limited number of samples as a consequence 

of their significant depletion relative to the entire incompatible element spectrum in nearly all LGS rocks. 

The reader is referred to section I.5.1- Vol. II for details on analytical conditions. Recently published work 

by Pin et al. (2008) also includes several whole rock and Nd-Sr isotopic analysis of LGS and associated 

mesocratic rocks, which constitute a valuable contribution to the knowledge and understanding of BIC. 

On the basis of detailed geographical information, the clear geochemical similarities displayed by REE 

(Figure III.85) and normalized incompatible element patterns (Figure III.86) between LGS rocks analysed 

by Pin et al. (2008) and those reported in this work, it is possible to correlate those samples within the 

framework of the internal architecture proposed for LGS with a high degree confidence. For this reason 

we rely on Pin et al. (2008) data to examine Nb variations relative to other incompatible elements and 

geochemical behaviour. Nb concentrations along with significant elemental ratios are reported in Table 

III.13. Of particular relevance is the depletion of both Nb and Ta relative to La, Th and U, which results in 

Nb/La, Nb/Th (or Ta/Th) and Nb/U ratios significantly lower than PM. These ratios clearly distinguish LGS 

rocks from the oceanic basalt spectrum (MORB + OIB1; Condie, 1999; 2003; Hofmann, 2003).  
 

Table III.13- Nb and Ta concentrations and significant elemental ratios with other incompatible elements; all samples 
with the “Beja” reference are from Pin et al. (2008).  

 

The Y/Nb ratio is known to decrease with the increasing alkaline character of the magma. Hence, 

the very high ratios (X=8; [2.4 - 64]) obtained for LGS rocks are markedly distinct from those typical of 

alkaline sequences (Y/Nb  1) and yet significantly higher than most tholeiitic series (Y/Nb  2-10; Pearce 

& Cann, 1973; Floyd & Winchester, 1975; Condie, 2003). Average Zr/Nb ratios of  13 (7 - 107) are 

                                                                 
1 OIB- Ocean Island Basalts 
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closer to more depleted MORB-N end-members ( 30) than MORB- P and OIB, which are thought to 

derive from more Nb-enriched sources that usually have Zr/Nb < 10 (e.g. BVSP, 1981; Condie, 2003). 

The low Zr/Y (X= 2.3; [1.3 - 9.2]) ratios reflect some depletion of Zr relative to Y, but this feature could be 

conditioned by effects from clinopyroxene accumulation, which remain veiled in PM normalized patterns 

(absence of Y positive anomaly, see above).  

Rocks of mantle origin showing strong deviations from Nb/Ta chondritic values (17.5  2.0) have 

long been regarded with suspicion due to the coherent geochemical behaviour of both elements in most 

mantle processes (e.g. Hofmann, 1988; Sun & McDonough, 1989). Accumulating evidence (Green, 1995; 

Hofmann, 2003) has demonstrated that a number of processes are capable to efficiently fractionate both 

elements. Among such processes the crystallization of Ti-rich phases such as Ti-magnetite and ilmenite 

may be significant; both have partition coefficients greater than unity with Ta, and therefore, largely 

favouring Ta over Nb (kdNb
Ilm/melt / kdTa

Ilm/melt  1; Green, 1995). This geochemical behaviour accounts for a 

larger number of data from LGS oxide-rich rocks with Nb/Ta ratios significantly lower than the chondritic 

values, which characterize the oceanic basalts spectrum (Nb/Ta ≈ 17.5  2; Sun & McDonough, 1989).  

Rocks with high trapped melt fraction (TMF) 

Samples previously identified as bearing high TMF, (noticeably SB II Series gabbronorite), 

evidence a net upraising of the normalized incompatible pattern “baseline” due to higher bulk elemental 

abundances that resides in the TMF. Dilution of the accumulation effects in high TMF samples makes 

them useful in providing an approximation to the LGS melt compositions. Insights from rocks with a higher 

TMF allow validating Ba and Sr  U enrichment over La, whereas the remaining LILE K, Th and Rb 

appear to be slightly depleted over La. Cs and Rb have very low plagioclase/melt partition coefficients 

(kdCs, Rb
Pl/melt

 = 0.1, 0.08; Bédard, 1994). Therefore, the depleted character of Rb and Cs (below detection 

limit) in high TMF rocks may represent a particular feature of these rocks that may represent incipiently 

developed chilled margins within LGS. Concerning HFS elements, there are no significant differences in 

high TMF rocks relative to the remainder LGS suite.  

The high Nb/Ta ratio (~32) for SB II Series is difficult to explain considering its relative oxide 

enriched character; an increase of Nb/Ta, would be expectable in melts that have experienced prior oxide 

fractionation due to preferential retention of Ta relative to Nb in Ti-rich phases (Green, 1995). Although 

SB II Series records the highest Nb contents (1.6 ppm), in the absence of additional data it is not possible 

to further discuss this feature.  

Incompatible element variations in amphibolitic gabbro sub-facies 

Amphibolitic gabbro sub-facies evidence a prominent LILE enrichment (ca. 2 – 10 x PM) relative 

to other LGS rocks, noticeably for Rb and Th. BRG I amphibolitic gabbro shows a much lower absolute 

Rb concentration (2 ppm) compared to ODV I amphibolitic gabbro (12 ppm) which nevertheless is very 

significant, considering the (nearly) systematic Rb concentrations below detection limit for BRG I Lower 

Group. BRG I amphibolitic gabbro further evidences a negative Ti anomaly, which is absent in ODV I 

distal or proximal amphibolitic gabbro given the latter have precursor oxide-rich gabbros. LILE enrichment 

for ODV I amphibolitic gabbro increases from the distal domains towards the diorite unit; proximal ODV I 

and BRG I amphibolitic gabbro additionally evidence a proportional enrichment of all HFSE. The negative 
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P anomaly on one of the distal amphibolitic gabbro with highest REE contents suggests that P may have 

remained immobile during alteration, (now appearing depleted relative to the upraise of neighbouring Sm 

and Nd concentrations). Accordingly, high P concentration in proximal amphibolitic gabbro should be 

related to apatite precipitation with oxides, as suggested by TiO2/P2O5  11 PM. 

Amphibolitic gabbro show Nb concentrations within detection limit, whereas Ta is only detected in 

ODV I samples, which have inherited oxide enrichment. Nb/Ta ratio is much lower (2 and 4; 0.2 and 0.7 

ppm Nb, respectively) in distal domains of the amphibolitic gabbro than in the proximal amphibolitic 

gabbro itself (Nb/Ta=12; 6.6 ppm Nb). The extremely low Nb/Ta ratios of distal amphibolitic gabbro rocks 

may impart some of the consequences of analytical scatter at such low Nb contents. Nonetheless, it is 

relevant to stress the uniformly depleted character of Nb in LGS rocks relatively to Ta (Nb is primarily 

accommodated in ilmenite  Ti-magnetite). Increasing Nb/Ta towards the marginal diorite requires 

addition of Nb (or Ta depletion) to these rocks. Since Nb and Ta are immobile in the presence of a 

aqueous (hydrothermal) fluid phase, increasing Nb/Ta values indicates that the textural and chemical 

modifications that took place in proximal amphibolitic gabbro involved a melt phase. This subject will be 

re-taken in the petrogenetic discussion section. 

III.3.2. BIC mesocratic rocks 

Because there is a very limited number of samples (6) available for an heterogeneous spectrum 

of BIC mesocratic rocks, the analyses reported by Pin et al. (2008) are fundamental to build a more 

consistent evolutionary perspective within each suite. On the basis of the geographical and lithological 

descriptions provided by Pin et al. (2008), it is possible to correlate those rocks with the various 

categories proposed in this work. Major and trace element analysis of diorite and amphibolitic gabbro 

Santos (1990) are also used; a list of the samples reported by each author and their classification 

according with the scheme proposed in this work are summarised in Table III.14.  
 

Table III.14- Listing of samples analysed by other authors used in this work, referring their lithological features as 
originally described and the category where they are here included. In the plots, these samples are distinguished 
from those analysed in the scope of this work by smaller size symbols; only diorite collected at Torrão by Pin are plot 
with different symbols for reasons that will become evident. See further details in section II.1 Vol II. 

 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

272 

This section summarizes the most prominent geochemical features that distinguish the various 

analysed categories in an attempt to elucidate on their petrogenetic significance and relationships with 

LGS suite. Although not obvious from petrographic observations, it must be considered that mesocratic 

rocks bear a non-negligible cumulus component, as reported for many diorite and granitoid plutonic rocks 

(e.g. Brown, 1982a). Compared to LGS rocks, all mesocratic rocks display a high modal amount of 

secondary (alteration) minerals which may modify contents of most mobile elements (namely alkalis: Na, 

K, Rb, Cs and earth-alkali; Mg, Ca, Sr, Ba); alteration features are not reported for the Torrão diorite 

studied by Pin et al. (2008). Petrographic evidence suggests that higher degrees of alteration displayed 

by mesocratic rocks are (at least in part) conditioned by the higher H2O content of the original melts, 

which lead to alteration of the early-formed phases during the late-stages of crystallization. Therefore, 

immobile elements will be preferentially used to validate observations.  

III.3.2.1. Major and transition elements  

Relevant major element variations are reported in Figure III.88 and Figure III.89, whereas 

transition element variations are displayed in Figure III.90. 

 

Figure III.88- Variation of FeO* (A) and TiO2 (B) with FeO*/MgO showing the tholeiitic (TH) – calc-alkaline (CA) 
separation line of Miyashiro (1974); (C) Variation of FeO*/MgO with SiO2 showing the low, medium and high Fe fields 
of Arculus (2003), as well as the TH –CA separation line of Miyashiro (1974); (D)- Variation of TiO2 with SiO2. 
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Within suite variations 

Pegmatoid 

Dyke hosted pegmatoid form a trend of increasing alkali, alumina and calcium (Figure III.89), 

titania, Ni and Fe/Mg with silica (Figure III.88); those intersecting ODV III Series at the Ventoso quarry 

represent high #Mg end members relatively to those that intrude BAOC at Serpa. Ca and Al are not 

correlated with #Mg in the ODV III pegmatoid because the only plagioclase present is albite s.s.; 

accordingly, the higher enrichment in Ca, Al and alkalis in Serpa pegmatoids indicate the presence of a 

more calcic plagioclase.  
 

 

Figure III.89- (A)- Fields in SiO2 vs. K2O variation diagram from Le Maitre et al., (1989).; (B)- Total alkali (Na2O + 
K2O wt%) versus silica for normalized bulk compositions of LGS and mesocratic rocks; the upper and lower 
subdivision boundary lines between alkaline and subalkaline or tholeiitic series for volcanic rocks after Irvine & 
Baragar (1971) or Kuno (1966), respectively, both in Rollinson (1993). (C)- Calk-alkaline ratio (log10 
[CaO/(Na2O+K2O)]) versus SiO2 for LGS and mesocratic rocks; the SiO2 content at which this ratio is zero 
corresponds to Peacock’s alkali-lime index (adapted from Brown, 1982a). (D)- AFM diagram where the TH – CA 
separation fields of Kuno (1968; upper dotted line) or Irvine & Baragar (1971, lower solid line) are represented.   

 

The Ventoso pegmatoid has much higher FeO*, MgO and transition trace element abundances, 

(particularly of Cr, Ni and Co; Figure III.90) than those from Serpa, which makes it compositionally 

indistinct from its host gabbros of ODV III Series. Mg and transition elements should essentially be 

included in high #Mg actinolite, whereas the higher Ti contents of Serpa pegmatoids indicate that 

hornblende must be the main rock-forming amphibole. Sc, V and Ti (Figure III.90) concentrations of ODV 

III pegmatoid also plot within the field defined by LGS rocks, (Mn shows a mild increase relative to ODV 
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III Series). The increase of TiO2, CaO and Al2O3 with alkalis and silica is not linear and reaches a 

maximum in a Serpa pegmatoid with intermediate silica contents. This suggests that the high Si end-

member derived from a highly evolved residual melt from which Ti-bearing hornblende and/or accessory 

oxides became inhibited, and plagioclase composition should have evolved towards more sodic 

compositions (although not likely pure albite as seen at Ventoso). 

Diorite 

FeO*/MgO-SiO2-TiO2 relationships for the diorite suite (Figure III.88C, D) put in evidence a trend 

of TiO2 and FeO*/MgO decreasing with increase of silica and alkalis contents (Figure III.89). It should be 

noted that this trend is distinct from that previously noted for the pegmatoid suite where Ti depletion in the 

Si-rich residual melt is coupled with a decrease in FeO* contents (Figure III.88D). 

Figure III.90- Plots for some transition metals for BIC mesocratic rocks also showing LGS rocks where ODV I and 
BRG II Series are discriminated for representing the geochemically most evolved Series; LGS anorthosites are also 
distinguished among other LGS rocks due their particular features and similarities with some plagioclase-rich late 
magmatic rocks 

 

Low #Mg diorites (36 - 48) comprise most of samples from Torrão and can be distinguished from 

the remainder on the basis of their higher Ti2O (1.48 - 1.76 wt%) and lower SiO2 (48.7 - 50.1 wt%), Ni (2 - 

12 ppm; see Figure III.90A) and Zr (33-56 ppm) concentrations, which are comparable to oxide rich 

gabbros of ODV I Series; both diorite compositional groups are hereafter designated as high- and low-Ti. 

The low SiO2 concentrations displayed by the high-Ti diorite group suggest that magnetite and/or ilmenite 

are the main Ti bearing phases.  

The low-Ti diorite group comprises a trend with compositional features that depart from those of 
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the high-Ti group, towards gradually higher Si and Zr contents (from Torrão: [51.3 - 52.9 wt%]; to those 

from Odivelas, Santos, 1990: [53.5 - 65.2] wt%; and Ventoso, this work: [55.3 – 65.2] wt%). Low-Ti 

diorites have #Mg and Al2O3 (≤10 wt%) values that places them within the range of high-Mg (#Mg>50) to 

primitive (#Mg>60) andesites; however, only a few samples from Odivelas and those from the Ventoso 

sector also fulfil the condition of SiO2 > 54 wt% (Kelemen et al., 2003). Ni and Cr (Figure III.90B) are 

within the range or slightly higher than those of primitive, oxide-poor ODV I rocks, whereas Ti, V, Sc and 

Mn display lower concentrations than the evolved oxide-rich end-members of ODV I Series. Ni-Si 

variations show a tendency for Ni concentrations to increase and then drop with increasing SiO2 (Figure 

III.90A); it is also clear that the high SiO2 diorite of the Ventoso sector uniformly display high Ni 

concentrations.  

ATT suite 

Rocks of the ATT suite display low iron, titanium and magnesium concentrations; these elements 

show little variation with silica contents (Figure III.88). Low contents of Mg, Fe and trace transition metals 

(Figure III.90), coupled with very high Al2O3 ( 19.1 wt%), CaO ( 6.8 wt%) and Na2O contents ( 5.9 

wt%), are consistent with a fractionation path dominated by accumulation of intermediate to sodic 

plagioclase. Accordingly, rocks of the ATT suite fall within the field of LGS anorthosites. Slightly higher 

Fe-Ti-V and MgO (for some samples) reflect a contribution from oxide-rich amphibolitic gabbro matrix or 

gabbroic fragments  

Affiliation with magma series 
Because BIC mesocratic rocks display little iron and titanium enrichment, they show strong 

affinity with calcalkaline series (Figure III.88); the high-Ti diorite from Torrão are exceptions among other 

mesocratic rocks. Discriminating diagrams based on the rate of alkali enrichment (Figure III.89) provide 

ambiguous information concerning a tholeiitic versus calcalkaline affiliation. BIC mesocratic rocks have 

low alkali contents typical of low-K tholeiitic series (Figure III.89B); only few diorites display higher K2O 

concentrations, plotting in the calcalkaline series compositional field (Figure III.89A). The AFM diagram 

(Figure III.89D), as well as the alkali-lime index (Figure III.89C) determined for diorite (57.7) and ATT 

suite (58.6), agree with indications provided by K2O-SiO2 relationships; this indicates a prevailing 

calcalkaline affinity for the two most important mesocratic suites. The results obtained in the AFM 

diagram are not surprising in view of the low iron enrichment displayed by most mesocratic suites 

Therefore, like in the LGS suite, major element variations in BIC mesocratic suites display transitional 

features between both subalkaline series: tholeiitic low-K (limited alkali enrichment) and calcalkaline (low 

Fe-, Ti- enrichment at a given MgO or silica content).  

The mafic and diorite breccia from the Ventoso sector are mesocratic rocks showing high K2O 

concentrations for which there is mineralogical control. This enables correlating the potassium increase 

with the observed (moderate to strong) hydrothermal alteration, (namely the strong sericitization of 

plagioclase). Accordingly, it may be speculated that the high K2O concentrations for diorite with lowest 

silica content from Torrão (including all specimens of the high-Ti group) are also caused by superimposed 

alteration. Nonetheless, it cannot be precluded that plagioclase in these rocks is K2O rich, as for example 

observed in matrix-forming plagioclase of SB II gabbronorite, particularly considering the many similarities 

between SB II rocks (or ODV I oxide rich rocks) with high Ti diorite.  
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III.3.2.2. Incompatible elements abundances  

Before proceeding with the analysis of the full incompatible element spectrum, variations for 

HFSE are firstly examined using Zr as a common differentiation index (Figure III.91). This assessment 

allows putting in perspective the relative degree of evolution of the various suites, as well as screening 

their most relevant geochemical signature without being hampered by the effects of potential secondary 

modifications.  

Figure III.91- Plots of several HSF elements using Zr as a common differentiation index, also showing ODV I and SB 
II Series as representative of the geochemically most evolved LGS Series. 

 

High Field Strength elements (HFSE)  
For all mesocratic suites, there is an increase of Zr contents with SiO2, reaching a maximum of Zr 

= 829 ppm for rocks of the ATT suite; zircon morphology in Zr-rich ATT suite rocks (see section III.3.2) 

suggests a possible inherited origin. Within the diorite suite, Zr concentrations increase sharply with silica 

contents from -low, high-Ti Torrão diorite to Odivelas and Ventoso diorites (displaying high #Mg values 

and Ni contents; Figure III.91). The highest Zr concentration (405 ppm) is recorded by the Ventoso 

diorite-quartz diorite breccia (#Mg52); this value strongly contrasts with the composition range obtained for 

all diorite rocks (Zr  150 ppm) and suggests that the intruding melt phase may represent the ATT suite. 

This hypothesis is consistent with the similar ages for the diorite suite and LGS (Pin et al., 2008), 

implicating that the ATT suite is necessarily a later intrusive relative to both LGS and marginal diorite. 

P and Y contents increase with Zr for progressively evolved members of the diorite suite and 

show much lower values for the ATT suite. As Zr concentration increases, there is a progressive 

departure from chondritic (or mantelic, in the case of P2O5) incompatible element ratios, which indicates a 
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progressive preferential enrichment of Zr over Hf, Y, Nb, P and Ti. This enrichment is most obvious (by 

increasing order) for: Odivelas and Ventoso quartz diorite, pegmatoids and members of the ATT suite. 

Therefore, whereas diorite show near chondritic Zr/Hf, Zr/Y or Zr/Nb ratios, pegmatoid and rocks of the 

ATT suite display progressively higher (supra-chondritic) values for those elemental ratios; however, the 

supra chondritic Zr/Hf (and similar) ratios of the restite zircons in ATT suite rocks may have buffered the 

ratios of the melt (Linnen & Keppler, 2002). It is worth noting that the Ventoso pegmatoid, (which shows 

many inherited features of the gabbroic host), chiefly preserves chondritic elemental ratios. In contrast, 

the influence of quartz-diorite/tonalitic magma in diorite breccia is reflected in its supra-chondritic ratios. 

Rare Earth elements (REE) 
CN normalized REE concentrations for BIC mesocratic rocks (Figure III.92) clearly put in 

evidence that the various identified suites have distinct REE patterns.  

Of particular relevance are the markedly distinct patterns for the low and high-Ti diorite. Low-Ti 

diorite rocks display REE patterns with strong LREE enrichment (85 – 10 x CN) relative to MREE and 

HREE (38 -7. x CN). The high (La/YbCN X = 3.2) and LREE fractionation (La/SmCN X = 2.1) contrast with 

sub-horizontal HREE segments (Gd/YbCN X = 1.3). High-Ti diorite shows rather flattened patterns with 

lower bulk REE enrichment (47-15 x CN) and lower LREE-HREE (La/YbCN X = 2.2) and LREE 

fractionation (La/SmCN X = 1.2). Besides the distinctly lower bulk and LREE enrichment, a clear distinction 

between the two diorite groups can also be made on the basis of their europium anomalies and HREE 

segments. High-Ti diorite display mild positive Eu anomalies (Eu/Eu* [1.1 - 1.3] and relatively steep 

HREE segments (Dy/YbCN [1.3 -1.4]; X= 1.3); the low-Ti diorite is characterised by negative Eu/Eu* 

anomalies [0.9 - 1.0] and flattened HREE segments (Dy/YbCN [1.0-1.2]; X=1.1).  

Following the same tendency observed for major and transition elements, there are notable 

similarities between REE patterns displayed by high-Ti diorite and LGS oxide-rich rocks. Because of its 

high TMF, SB II Series was chosen for comparison; however, it is evident that high-Ti diorite from Torrão 

display relatively steeper HREE segments. Note also that SB II Series displays unusually flat HREE 

segments (Dy/YbCN = 1.2) relative to the majority of LGS rocks, (which exclusive of anorthosites invariably 

have (Dy/Yb)CN  1.3; X=1.4), therefore resembling high-Ti diorite. Making allowance for the particularly 

low Dy/Yb ratio of SB II Series, that accounts for the somewhat tilted displacement of high-Ti diorite, the 

main difference among both suites is a mildly higher LREE enrichment of high-Ti diorite (La/SmCN X = 1.2) 

relative to SB II Series (La/SmCN X = 0.9). 

Pegmatoid displays a normalized REE pattern with mild LREE/HREE enrichment (ca. 159 to 40 x 

CN and 77 – 33 X CN, for LREE and HREE, respectively) and a pronounced negative Eu anomaly 

(Eu/Eu*CN X= 0.5). REE patterns for pegmatoids show sub-horizontal HREE (Gd/YbCN X = 1.3; Dy/YbCN 

X= 1.1) and LREE segments ((La/Ce)CN (X = 0.8), (La/SmCN) X=1.4). The siliceous pegmatoids that 

intrude BAOC have the lowest (La/Ce)CN = 1.2 - 1.4, indicating depletion of LREE due to extensive crystal 

fractionation. 

Rocks of the ATT suite display asymmetric convex upward REE patterns with strongly steeping 

LREE-MREE segments (La/SmCN = [2.6 - 5.1]; X= 4.4), mild positive Eu anomalies (Eu/Eu*CN [1.2-1.8] X= 

1.8) and negatively sloping HREE segments (Dy/YbCN = [0.7 - 0.9; X= 0.7). The second most striking 

feature is their lower bulk REE abundances relative to other mesocratic rocks, (only the highly 
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incompatible LREE, La and Ce, fall close to or within the range of diorite). HREE/MREE enrichment is 

likely controlled by minor phases such as zircon, which in evolved dacitic and rhyolite melts has extremely 

high partition coefficients for HREE ( 100 – 600 e.g. Rollinson, 1993). Accordingly, the similar REE 

patterns displayed by the porphyry dacite representative of Andrade’s (1983) OD-4 unit (Santos; 1990) is 

not surprising, and may represent a ATT suite quenched melt  

Primitive mantle normalized multi-elemental diagrams 
PM-normalized multi-elemental diagrams for BIC mesocratic rocks are shown in Figure III.93 

Low-Ti diorite show progressive enrichment of Th, U, Rb, Ba and K relative to La, from the most primitive 

(ca. 95 – 20 x PM) to the most evolved member of the suite (ca. 130 – 5 X PM). Sr behaviour is 

somewhat decoupled from LILE, becoming more depleted relative to LREE towards the most evolved 

members of the diorite suite. All LILE (plus U and Th), are prominently enriched relative to HFSE 

(excluding Zr in the most evolved diorite breccia), giving rise to much lower HFSE/LILE ratios than those 

of MORB (e.g. Zr/Ba =0.5; Ti/Ba=16; Hf/Th= 0.6; MORB = 4.5; 450; 12 respectively; Pearce, 1983). The 

negative Ti anomaly, reflects its depletion relative to other HFSE; there is also enrichment of Zr and Hf 

over Y or P.  

High-Ti diorites chiefly mimic the patterns displayed by SB II (at higher bulk PM abundances); the 

most significant difference being its striking Th enrichment, which is the highest for the entire diorite suite 

(X=252 x PM). The high-Ti diorite further contrasts with the low-Ti diorite group by the non-enriched 

nature of some LILE (such as K or Rb) and by the absence of a negative Ti anomaly. The positive Sr 

anomaly in the high-Ti diorite is indicative of plagioclase accumulation and represents another similarity 

with the gabbroic suite. The only low-Ti diorite sample displaying a positive Sr anomaly, has also bulk 

lower PM and CN REE abundances (see Figure III.92); this sample is of particular importance because it 

allows establishing a linkage between both diorite groups. 

Incompatible element patterns for the various ATT suite rocks differ by the degree of enrichment 

of both REE and the specific HFSE. Large variations are found on the left-hand side of the diagrams due 

to variable PM normalized abundances of LILE, U, Th and the most incompatible HFS, Nb and Ta. 

Figure III.94 shows that Nb, Rb and K reach maximum concentrations for intermediate members of the 

ATT suite and then decrease for those with higher Zr contents; this pattern is consistent with incompatible 

elements depletion due to extensive crystal fractionation. Nevertheless, even if the highest Zr values in 

ATT suite rocks are due to assimilation of (detrital?) metasedimentary or meta-volcaniclastic rocks, LILE 

and LREE abundances in ATT suite rocks were generically lower than in diorite suites. The large spikes 

in Zr and Hf (as well as U2 and Th) should therefore reflect the presence of zircon (as suggested by 

mineral /melt partition coefficients) whereas abundant plagioclase, should account for strong positive Sr 

anomalies (consistent with positive Eu anomalies in REE patterns; Figure III.92). Because HREE also 

have high partition coefficients with zircon (Green, 1994), it is suggested that ATT rocks have higher 

HREE abundance than their original melts.  

                                                                 
2 U and Ta are available only for samples studied in this work and, therefore, are not shown in  
 
Figure III.93; however, they will be quoted when relevant. 
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Figure III.92- Chondrite-normalized distributions for the BIC mesocratic rocks; normalizing values from Palme & Jones (2003). 
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Figure III.93- Distribution of litophile trace elements normalized to primitive-mantle (PM) for BIC mesocratic rocks; normalizing values from Palme & O’Neill, 2003). 
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The Ventoso pegmatoid shows a PM normalised element pattern with increasing enrichment from 

Lu to La, pierced by negative peaks at Ti, P and Sr. Concentrations then decrease throughout the LILE 

segment, (which shows a striking positive spike for Th and U). Pegmatoid has the lowest LILE/HFSE 

ratios among all mesocratic rocks; only Th (and U) are enriched over La and HFSE. Pegmatoids that 

crosscut BAOC show higher PM normalized abundances, but preserve similar relationships.  

Despite the distinctive features outlined, all BIC mesocratic rocks share Nb (and Ta) depletion 

relative to LREE and LILE; Nb/U (1-4), Nb/La (0.2 – 0.7) or Nb/Th (0.2 – 2.5) are significantly lower than 

those of MORB being characteristic of arc magmas (Pearce, 1983; Condie, 1999; 2003; Hofmann, 2003). 

Nb/Ta ratios between 9 and 14, are also characteristically lower than chondritic values of 17.5  2.0 (Sun 

& McDonough, 1989), encompassing the Nb/Ta values of continental crust (bulk, lower, upper crust: 11: 

8, 13; Rudnick & Gao, 2003).  

Figure III.94- Rb (A) and K (B) variations with Zr for BIC mesocratic rocks 

III.4. Isotopic data as petrogenetic indicators 

Sr-Nd-O isotopic data for LGS and BIC mesocratic rocks obtained during this work and by Pin et 

al. (2008) are reported in this section. Characteristics of mantle source zone components and crustal 

contamination paths are outlined below.  

III.4.1. Nd-Sr combined isotopes 

Combined 87Rb/86Sr and 147Sm/144Nd radioactive systems were applied to LGS and BIC 

mesocratic rocks. 143Nd/144Nd, 87Sr/86Sr isotope ratios of these rocks should reflect the isotopic 

characteristics of their mantle source zones, therefore allowing “to see through” the effects of 

accumulation and crystal fractionation.  

III.4.1.1. Generic features for LGS and BIC mesocratic rocks 

LGS Nd-Sr isotopic data were obtained for eight samples, representative of lower and uppermost 

portions of the selected four Series (ODV I, II, III and BRG II); one sample from Ventoso mafic low-Ti 

diorite was also analysed for Nd-Sr isotopes. LGS samples analysed by Pin et al. (2008) include: (i) three 

samples from ODV III Upper Group, showing centimetric scale banding (#Beja-10a/b/c, “collected at a 

quarry between Ferreira do Alentejo and Beringel”- presumably the Ventoso quarry); (ii) two samples 
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from BRG I Series Upper Group, an anorthosite and a dark coloured variety (#Beja-15 a/b, collected at 

the Ferreira do Alentejo national road LGS “classical outcrop”); (iii) one sample from the Basal Group of 

BRG II Series (#Beja-14, collected at a small quarry 1 Km W of Beringel); (iv) BIC mesocratic rocks 

including low- and high-Ti diorites from Torrão, ATT and pegmatoid suites. Original data and initial 
143Nd/144Nd and 87Sr/86Sr ratios recalculated for T= 350 Ma., according with ID-TIMS U-Pb ages of Pin et 

al. (1999) are summarized in Table III.15 and displayed on a Sr-Nd plot in Figure III.95.  
 

Table III.15- Sm-Nd (A) and Rb-Sr (B) results for LGS and BIC mesocratic rocks obtained in this work (TW) or by Pin 
et al. (2008). Initial ratios for both isotopic systems (143Nd/144Nd T350 and 87Sr/86Sr T350) were calculated using decay 
constants recommended by Steiger & Jager (1977). Present day references for CHUR and UR19: 
(143Nd/144Nd)CHUR=0.512638 and (147Sm/144Nd)CHUR= 0.1967, Goldstein et al. (1984) and Peucat et al. (1988), 
respectively, in Rollinson (1993). (87Sr/86Sr87)UR=0.7045 and (87Rb/86Sr)UR=0.0816, Faure (1986). 

                                                                 
19 CHUR- Chondritic Uniform Reservoir; UR- Uniform Reservoir. 
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Figure III.95- Sr-Nd plot for LGS and BIC mesocratic rocks showing also DM (depleted mantle) composition at T=350 
Ma.; Present day references for DM (143Nd/144Nd)DM=0.51316 and (147Sm/144Nd)DM= 0.2137: Goldstein et al. (1984) 
and Peucat et al.(1988), respectively, in Rollinson (1993). (87Sr/86Sr87)DM=0.7045 and (87Rb/86Sr)DM=0.0816, in 
Schäffer (1990). No correction for interlaboratory isotope fractionation was required given that data acquired at the S. 
Paulo University for this work and by Pin et al. (2008; denoted by smaller symbols) used the same normalizing values 
for 146Nd/144Nd (0.72190). 

 

LGS rocks are characterized by 143Nd/144Nd and 87Sr/86Sr initial ratios that are higher than those 

of CHUR (Nd350
20  0) and UR reservoirs at 350 Ma, which indicates derivation from mantle sources that 

evolved under slightly higher Sm/Nd and Rb/Sr ratios than those that characterised primordial Nd (CHUR) 

and Sr (UR) reservoirs, respectively.  

All diorite groups have initial 143Nd/144Nd and 87Sr/86Sr ratios that fall within the range displayed by 

LGS rocks (only the mafic microgranular low-Ti diorite from Ventoso display considerably higher87Sr/86Sr 

ratios relatively to LGS rocks). The sample representative of the ATT suite, as well as pegmatoid dykes 

that intrude BAOC rocks at Serpa, consistently provide negative Nd350 values (-0.7; -0.5), pegmatoids 

further display distinctly higher 87Sr/86Sr values (Figure III.95). 

The only rock from LGS with Nd350 < 0 (-0.7) is an anorthositic gabbro from BRG I Upper Group, 

collected at the ATT suite outcrop. Field, petrographic and mineral chemistry evidence from samples 

collected in this outcrop, point to an extensive interaction of the most leucogabbroic rocks (usually more 

vulnerable to all types of alteration and deformation) with siliceous reactive fluids, possibly derived from 

the adjoining ATT suite dykes. It is therefore concluded that the isotopic signature of BRG I sample 

#Beja-15B is not primary, but reflects the contribution of infiltrating hydrothermal fluids and/or melts from 

the adjoining ATT suite (lowering its original 143Nd/144Nd ratio, as can be inferred from the signature of the 

related “dark gabbro” from the same outcrop). Figure III.95 shows that all analysed rocks have lower 

(initial) 143Nd/144Nd and higher 87Sr/86Sr isotopic ratios than those of coeval depleted mantle (DM); on a 

time integrated basis those rocks must have developed from incompatible element enriched source 

relatively to those typical of MORB. The general trend followed by LGS is parallel to the Nd-Sr isotope 
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Mantle Array (DePaolo & Wasserburg, 1979). However it is evident that LGS rocks plot rightwards of the 

Mantle Array correlation line.  

III.4.1.2. Stratigraphic isotopic variations for LGS rocks 

In this section the relationships between Nd-Sr isotopic characteristics and mineral chemistry 

features of LGS rocks are examined. In order to ascribe mineral indexes (Fo in olivine and An in 

plagioclase) to LGS samples studied by Pin et al. (2008), the following criteria were used (see Table 

III.15): (i) mineral indexes of a BRG I Upper Group leucogabbro (#MB-5) included in the oxide rich 

pyroxene gabbro, also collected at the “classical outcrop”, were ascribed to the BRG I anorthositic gabbro 

(#Beja-15B), whereas the mean and range values for this facies were assigned to the adjoining “dark 

gabbro” (#Beja-15A); (ii) the mean and range values of BRG II Basal pyroxene gabbro were ascribed to 

sample #Beja-14. As shown in Figure III.96, there is no uniform correlation between isotope ratios and 

stratigraphic height, different Series presenting distinct internal variation patterns. When Nd-Sr isotope 

ratios are plotted against mineral indexes of differentiation a more uniform pattern emerges (Figure 

III.97). There is a negative correlation between 87Sr/86Sr with decreasing anorthitic and forsteritic contents 

of plagioclase and olivine, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.96- Nd and Sr variations with stratigraphic height for LGS rocks. Bars In isotopic plots represent range 
values where there is more than one sample from that stratigraphic domain; in mineral plot, they represent range 
values for the sample or facies.  
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Despite the positive correlation between 143Nd/144Nd ratios and An or Fo, there is a distinct group 

of compositionally more primitive samples, with more radiogenic Nd (i.e., higher 143Nd/144Nd). The gap 

between the high and low Nd for LGS rocks is chiefly occupied by diorite rocks as can be seen in Figure 

III.95. In detail, the following relations between isotopic ratios and mineral chemistry can be outlined 

within each Series.  

ODV I consistently presents the less depleted isotopic signature, i.e. higher 87Sr/86Sr, lower 
143Nd/144Nd ratios, in good agreement with its overall geochemically evolved character. The most 

enriched isotopic values found at the Series stratigraphic top, correlate with increasing differentiation, as 

indicated by decreasing An and Fo contents in plagioclase and olivine, respectively.  

ODV II presents the most complex relations in terms of stratigraphic variation characterized by a 

positive co-variation between 143Nd/144Nd and 87Sr/86Sr. The sample representing the basis of ODV II 

Series (#ODV-G-41) has marginally less forsteritic olivine and considerably lower 143Nd/144Nd than the 

sample representing the top of the Series (#ODV-D4; included in the high-radiogenic Nd group). An 

contents of plagioclase showing a normal trend of crystal fractionation from the base to the top of ODV II 

Series, are coupled by increasing values of 87Sr/86Sr. 

 

Figure III.97- 87Sr/86Sr or 143Nd/144Nd ratios and average An (%) or Fo (%) contents in plagioclase and olivine, 
respectively relationships. Horizontal bars in diagrams (A) and (B) represent the compositional range of An in 
plagioclase relative to the plotted average values Fo in olivine being rather invariant and therefore not shown. Vertical 
bars account for analytical error in 87Sr/86Sr or 143Nd/144Nd ratios so that the observed variations are shown to be 
meaningful.  
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Rocks at the base of ODV III Series display a depleted isotopic signature, comprising highly 

radiogenic Nd and low 87Sr/86Sr ratios. Differentiation towards the top of the Series is indicated by the 

decreasing of An and Fo contents in plagioclase and olivine, respectively, coupled with proportional shifts 

towards less depleted isotopic signatures (lower 143Nd/144Nd and higher 87Sr/86Sr). 

BRG I Series is represented exclusively by rocks from its Upper Group, which (notwithstanding 

the modified character of the anorthosite) preserve an enriched isotopic signature consistent with its 

stratigraphic position, comparable to that recorded for the top of ODV I Series. Data for BRG I Series 

combined with those representing BRG II Basal Group confirms that, the transition between both Series is 

(although compositionally gradual), marked by a shifting towards more depleted isotopic compositions of 

higher 143Nd/144Nd and lower 87Sr/86Sr. The mineralogically most primitive and isotopically more depleted 

compositions within BRG II occur at the Intermediate-Upper Group transition (#CNT-4C), corresponding 

to a key replenishment of markedly more primitive character than the underlying Groups. 

III.4.1.3. Discussion 

In this section the possible implications of the isotopic variations obtained for different LGS Series 

and BIC mesocratic rocks are discussed. 

Sr-Nd variations within LGS 

The different isotopic ratios for the LGS suite strongly suggest that the magma batches emplaced 

at the current level of exposure were either: (i) extracted from a source which did not attain isotopic 

homogenization due to incomplete mixing of components with distinct Sr-Nd isotopic ratios; this 

heterogeneity may be a primordial feature of the source zone or a consequence of its modification (for 

example due to inheritance of subduction components while OMZ functioned as an active margin during 

pre-collisional times); or (ii) extraction from an homogenous source followed by isotopic modification upon 

magma ascension and emplacement.  

The congruent relationship between isotopic variations (i.e. 87Sr/86Sr and 143Nd/144Nd ratios) and 

the degree of differentiation, as indicated by plagioclase and olivine composition, suggests that 

modification of isotopic compositions was concurrent with crystal fractionation. In this view, isotopic 

modification should take place following extraction and emplacement of each magma batch with similar 

initial isotopic composition. During its residence in the magmatic chamber(s), magma batches that were 

allowed to experience a more prolonged crystal fractionation (such as ODV I Series), interacted more 

extensively with country rock, thus presenting enriched isotopic signatures. This process chiefly 

corresponds to AFC (assimilation fractional crystallization) as defined by DePaolo (1981) in which wall 

rock assimilation is driven by the latent heat of concurrent crystal fractionation.  

Progressive magma contamination and crystal fractionation during residence at their current 

place of emplacement broadly allows explaining stratigraphically related Nd-Sr isotopic variations for ODV 

I, ODV III and BRG I Series Upper Group, as well as within the BRG II Basal Group.  

As indicated by mineral differentiation indexes (see section III.2.1.1), the transition from BRG I to 

BRG II Series, (albeit lithologically conspicuous) corresponds to a gradual compositional shift. The 

smooth reversal shown by Sr-Nd isotopic compositions at the BRG I- BRG II transition (Figure III.96) 

supports the inference that after extensive fractionation, recorded by BRG I Upper Group oxide rich 
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olivine leucogabbro, primitive magma batches were gradually mixed with the resident (more evolved and 

contaminated) magma. Furthermore, the depleted isotopic signature (low 87Sr/86Sr and high 143Nd/144Nd) 

recorded by BRG II Upper Group, is in accordance with mineralogical data and both suggest the income 

of (less contaminated) primitive magma at this stage.  

The isotopic variations are compatible with the fractionation and replenishment paths that can be 

inferred from field, petrographic and mineralogical evidence. The magnitude of compositional and isotopic 

reversal, following each magma replenishment, should depend on the composition of the incoming 

magma but also of the degree of mixing with resident, (presumably more contaminated) magma. 

Accordingly, the positive correlation between Sr and Nd ratios in ODV II Series conveys a situation where 

heterogeneous mixing took place. This is consistent with accumulated evidence suggesting a gradual 

transition from ODV I to ODV II Series, including compositionally heterogeneous (more evolved) domains 

(such as the one represented by #ODV-G-41); these are overlaid by a suite with remarkably constant 

olivine composition (Fo72-71) and variable plagioclase compositions (An69-58). Thus, it is admissible that the 

initial Nd-Sr ratios for ODV II magmas were actually more depleted than those recorded by sample 

#ODV-G-41, (which reflects heterogeneous mixing with more enriched and contaminated residual 

magmas from ODV I Series). Considering the progression needed to reach the isotopic composition of 

sample ODV-D4, the initial 143Nd/144Nd isotopic ratios of ODV II Series would have had to be at least as 

high as those of the remaining high Nd-group. Regardless of the initial 87Sr/86Sr ratio for ODV II Series, it 

is likely that the progression of AFC processes towards the top of this Series involved greater 

incorporation of radiogenic Sr, as suggested by the large decoupling between Sr and Nd isotopic ratios 

relative to all other analyzed rocks.  

The heterogeneous isotopic character of LGS rocks is quite common in other layered mafic 

intrusions where strong co-variations of geochemical and isotopic compositions are observed and have 

been ascribed to a variety of magma chamber processes (e.g. McBirney & Creaser, 2003). Progressive 

in-situ AFC processes, are reported in the Kiglapait (DePaolo, 1985), Bushveld (Maier et al., 2000) or 

Rhum intrusions (Palacz, 1985; Renner & Palacz, 1987).  

As previously noted, rocks showing depleted Nd-Sr isotopic composition such as those 

representing BRG II Upper Group (#CNT-4C), and the base of ODV III Upper Group, did not experienced 

significant crustal contamination and represent convenient proxies for the composition of LGS source 

zone. This hypothesis leads to the following question: why do cumulate rocks, representing the early 

(sampled) magmas, (such as those from ODV I Series), display the most contaminated isotopic 

signatures. Poirtrasson et al. (1994) interpreted an upward decrease of 87Sr/86Sr and increase 143Nd/144Nd 

for increasingly fractioned cumulates in a small Corsican intrusion as resulting from the dilution of 

contamination in the early emplaced magmas; this mechanism lead to the development of more pristine 

liquids towards the top of the intrusion. Accordingly, it is suggested that the first LGS magmas to be 

emplaced (represented by SB I, SB II and ODV I Series) had a higher probability to interact with country 

rocks. The dilution of AFC effects in subsequently emplaced magmas could depend on various 

processes, namely, the variable effective lining of the chamber walls by crystallized cumulates which 

should affect assimilation efficiency, or increasing replenishment/fractionation rates (e.g. DePaolo, 1985; 

Poirtrasson et al., 1994 ). Additionally, it must be considered that the contribution from enriched isotopic 

components at the source zone decreased through time. 
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Isotopic and trace element variations for BIC rocks- steps to a bulk petrogenetic model  

Correlations between Sr-Nd isotopic ratios and trace element contents were sought but the 

limited number of analysed samples and the absence of trace element data for some of them 

(concentrations below detection limits, e.g., Rb, Th, Zr and Hf) precluded the characterisation of 

meaningful relationships.  

LREE (La/Ce) enrichment, HREE (Dy/Yb) fractionation and Nd-Sr (isotopic) variations should be 

chiefly controlled by high temperature, melt assisted processes (e.g. Pearce, 1982; 1983; Kelemen et al., 

2003) that occur immediately after extraction from the mantelic source and proceed en route to surface by 

reaction with overlying peridotitic mantle and crustal contamination. Besides these effects, a rock may 

also undergo severe Sr isotopic exchange until very low temperatures by a wealth of processes that 

include: metamorphic and hydrothermal reactions or (sub-)superficial alteration (e.g. Faure, 1986; 

Rollinson, 1993). Accordingly, the variations displayed in Figure III.98 (where LREE, HREE and Sr/Nd 

ratios are plotted against Nd-Sr ratios) allow distinguishing the influence of fluid vs. melt assisted 

processes in the genesis of the various rock suites and their isotopic compositions. 

Figure III.98- 87Sr/86Sr and 143Nd/144Nd initial ratios variations with incompatible elements. 
 

 

The high 143Nd/144Nd ratio for the Ventoso (low-Ti) diorite should reflect a primary unmodified Nd 

isotopic signature, that is slightly more radiogenic than (high-Ti) diorites from Torrão and similar to LGS 

high-Nd group. The low 143Nd/144Nd ratios displayed by the pegmatoid suite favours the inclusion of 

enriched, low-Nd component, likely acquired via partial melting and assimilation of crustal rocks. 

Nevertheless, the high 86Sr/87Sr ratios for pegmatoid and (more variably) the Ventoso low-Ti diorite are 

clearly displaced from the main trend and unrelated with REE or Sr variations. It is therefore concluded 

that the increase of radiogenic Sr in pegmatoid and the Ventoso diorite is strongly influenced by a fluid 

phase enriched in radiogenic Sr. As often takes place during seawater alteration of MORB, the 

hydrothermal process leading to the increase of radiogenic Sr in the Ventoso diorite left HFSE and Nd 

isotopic ratios apparently unaffected.  
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Concluding remarks: relationships among BIC suites 

The first and most important observation concerns the similarities between diorite and LGS rocks 

Nd and Sr (excluding Ventoso) isotopic signatures. This suggests that BIC diorite bear an important 

component of the same mantelic source from which LGS magmas were extracted, which is consistent 

with the similar age obtained for both suites (Pin et al., 2008). The mantelic source that accounts for the 

main isotopic signature of LGS and diorite suites is mildly depleted in 143Nd/144Nd less so in 87Sr/86Sr. 

The pegmatoid, the ATT suite and adjoining anorthosites of BRG I Upper Group preserve 

evidence for a crustal component. These rocks display a complex correlation between 86Sr/87Sr, 
143Nd/144Nd and (Dy/Yb) values and have overall low Sr/Nd ratios. Field, petrographic and mineralogical 

evidence supports that ATT and pegmatoid suites are closely related to LGS by derivation of late 

developed plagioclase mushes departing from BG border facies and, exsolved late-magmatic reactive 

fluids, respectively. Strong interaction with crustal rocks clearly contributed to their modified isotopic 

signature that nevertheless can be related to LGS + diorite suite. The lower Sr/Nd ratios of the pegmatoid 

reflect an upper crustal contaminant since upper crustal rocks (of average andesitic composition) have 

strong LREE enrichment, but low Sr due to prevalence of albite or K-feldspar relatively to calcic 

plagioclase (e.g. Rudnick & Gao, 2003). ATT suite also has low Sr/Nd however significantly lower 
86Sr/87Sr is inconsistent with assimilation of Sr-radiogenic upper crustal rocks and rather suggests 

significant influence from comparatively Sr-radiogenic poor middle/lower crustal components.  

LGS rocks and low-Ti diorite have higher Dy/Yb ratios than low-Ti diorite, pegmatoid and rocks of 

the ATT suite. High Dy/Yb appears to be a primary feature of the least contaminated BIC magmas.  

Appropriate contaminants will be sought for the distinct contamination styles displayed by the 

LGS + diorite suites relatively to ATT and pegmatoid suites in the final petrogenetic section, wherein 

additional questions will be addressed, namely: (i) the stronger resemblance of high-Ti diorite with LGS 

rocks, noticeably the unique SB II Series; and (ii) the similarity of low-Ti diorite with primitive/high #Mg 

andesites.  

III.4.2. Oxygen stable isotopes 

Oxygen isotopic ratios in continental crust rocks are variable but considerably higher (18O  7 – 

30‰; e.g. Campbell & Larson, 1998) than those of mantle derived basic magmas (18O  5.5 - 7.0‰; e.g. 

Taylor, 1968; Harmon & Hoefs, 1995). This makes oxygen isotopes a powerful tool to monitor the effects 

of crustal contamination, as well as surface related processes such as interaction with low 18O (< 0‰) 

meteoric fluids in mantle derived melts (e.g. Faure, 1986; Campbell & Larson, 1998).  

Within the investigated portion of LGS, there is widespread evidence of interaction with late-

emplaced, more evolved melts. Excluding felsic rocks, which were clearly emplaced in a (semi-) brittle 

regime, two prominent suites suggest early interaction with LGS gabbroic rocks: (i) the multiple intrusions 

of border facies type rocks comprising BG anorthosite and the ATT suite; and (ii) the contact between 

LGS and marginal diorite at the NE of the Odivelas sector where the amphibolitic gabbro aureole is 

heterogeneously enveloped by hydrothermally altered gabbroic rocks (distal amphibolitic gabbro). Facing 

the impossibility of embracing both unquestionably relevant problems, the apparently gradual nature of 

the LGS - diorite contact, in contrast with the more pronounced intrusive and presumably later nature of 
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border facies and ATT suite rocks, led to the choice of the former domain to perform a preliminary oxygen 

isotope study.  

III.4.2.1. Oxygen isotopic features of LGS and Ventoso low-Ti diorite 

Preliminary oxygen isotope data on the LGS - diorite contact were acquired for a small set of 

samples (in whole rocks and mineral separates) along a W-E transverse, at increasing proximity with the 

diorite. Sampling includes: an ODV I primitive and oxide-poor gabbro (#ODV-G-26), a strongly 

hydrothermally altered gabbro belonging to the distal domains of amphibolitic gabbro sub-facies (#ODV-

G-22), an oxide-rich amphibolitic gabbro (#ODV-D621) and three (low-Ti) diorite rocks collected at the NE 

of the Ventoso sector. The results obtained for each type of the analysed material in samples are 

reported in Table III.16.  
 

Table III.16- Results from oxygen isotope analysis for LGS minerals and rocks of and Ventoso low-Ti diorite. 

 

 

 

 

 

 

 

 

Figure III.99 shows the mineral or whole rock oxygen isotope data for each sample, 

representatively plotted according with its increasing proximity to the diorite rocks along the W-E 

transverse. Data plotted to the left (“Ref. data”) refer to whole-rock 18O values reported for several 

layered mafic intrusions (references in caption). Values reported for typical MORB and many ocean island 

basalts (OIB) vary between 18O = 5.7  0.02‰ (Kyser et al., 1982; Harmon & Hoefs, 1995) are 

consistent with recent reviews for bulk mantle 18O values  5.5‰ assuming modal proportions of olivine, 

orthopyroxene and clinopyroxene of 50:40:10 (Hoefs, 2009). 

18O compositions for plagioclase and clinopyroxene in ODV I Series gabbro are within the range 

of values reported for minerals of layered mafic intrusions that are believed to have retained their primary 

magmatic oxygen isotopic composition (Pl 18O ≈ 6.5‰ and Cpx 18O ≈ 5.3‰, references in Figure III.99 

caption), thus falling within the interval (6.8 – 5.8‰) proposed in literature (references in Figure III.99 

caption) for bulk rock isotopic compositions. Diorites from Ventoso have bulk heavier (higher 18O) 

oxygen isotope compositions relative to that of ODV I gabbro, (evidenced by both mineral and diorite 

whole rock values; Table III.16). The highest bulk rock 18O value for sample CVD-19 (8.2‰) likely 

reflects its higher quartz content (e.g. Faure, 1986). Samples representative of ODV I amphibolitic gabbro 

sub-facies and its distal equivalent display low (4.8 5.8‰) oxygen isotopic values.  

                                                                 
21 Sample ODV-D6 is an exact equivalent, i.e. collected in the same outcrop of sample ODV-D1, for which whole rock and mineral 
chemistry data were presented in previous sections; distinct labelling merely reflects different sampling campaigns, for it was 
necessary to collect a greater amount of the originally labelled sample ODV-D1 in order to perform (unfortunately not successful) 
zircon mineral separation; the amphibole concentrates used to oxygen isotope analysis are therefore “by-products” resulting of the 
zircon separation process. 
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Figure III.99- Oxygen isotope analysis for LGS minerals and rocks and Ventoso diorite plotted along the W-E 
transverse, according with its increasing proximity to diorite rocks. The column on the right (“Ref data”) refer to whole 
rock 18O values for MORB (5.5 ‰; Hoefs, 2009) and several layered mafic intrusions, as follows: Voisey’s Bay 
Average composition = 6.1‰; CPME (computed parental magma estimate) = 5.8‰, Discovery Hill and Eastern 
Deeps feeder troctolite and leopard troctolite- 6.0 and 5.9‰, respectively (Ripley et al., 2000); Kiglapait CPME= 6.0‰ 
(Kalamarides, 1984 in Lee and Ripley, 1996); Bushveld CPME= 6.8‰ (Schifries & Rye, 1989 in Lee and Ripley, 
1996); Muskox CPME= 6.5‰ (Epstein & Taylor, 1967 in Lee & Ripley, 1996); Stillwater CPME= 5.9‰ (Dunn, 1986); 
South Kawishiwi (Duluth Complex) CPME= 6.3‰ (Lee & Ripley, 1996); Sonju Lake (Minnesota) CPME= 6.7‰ (Park 
et al. 2004); Freetown Layered Complex= 6.0‰ (Chalokwu et al., 1999). 

III.4.2.2. Discussion  

In order to interpret the geological significance of the results provided by oxygen stable isotope 

geochemistry it is necessary to assess if the values obtained for the studied samples are in equilibrium 

and reflect their original, i.e., magmatic signature. The most straightforward method to evaluate the state 

of isotopic equilibrium in a mineral assemblage is by comparison of observed mineral fractionation factors 

with those expected from experimental calibrations. Relative isotopic fractionation factors for a mineral 

pair (e.g. plagioclase/clinopyroxene Pl-Cpx) allow obtaining an approximation of isotopic fractionation 

factors (103 lnPl-Cpx) as described in expression (III.19) (e.g. Faure, 1986): 

 

(III.19) Pl-Cpx = Pl - Cpx  103 lnPl-Cpx  
 

Fractionation factors can only be determined for ODV I gabbro and Ventoso diorite (see Table 

III.16). Both mineral pairs show fractionation factors consistent with high-temperature experimental data 

(e.g. Faure, 1986); the plagioclase/clinopyroxene pair yields a smaller relative isotopic fractionation factor 

(Pl-Cpx = 1.01  103 lnPl-Cpx; Pl-Cpx = 1.001) than the one of plagioclase/amphibole pair from diorite (Pl-

Amph = 2.46  103 lnPl-Amph
;
 Pl-Amph = 1.002). The higher fractionation factor for the plagioclase – 

amphibole pair should reflect a lower equilibrium temperature, as predicted by the inverse relation 

between both variables displayed in (III.20), where T is temperature (Kelvin) and A the coefficient that 

characterizes a given mineral pair. 

(III.20)  18O = A (106/T2) 

The lack of isotopic inversions between the analysed mineral pairs of ODV I gabbro and low-Ti 

diorite or unusually high fractionation factors does not provide definitive evidence that minerals have 

retained their original magmatic signatures but, nonetheless, suggest that isotopic equilibrium was 
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attained.  

Geological meaning of gabbro and diorite isotopic values 

Taylor (1968) and Taylor & Sheppard (1986) demonstrated that gabbros, syenites and andesites 

show very uniform bulk rock 18O values, between 5.5 and 7.0‰. Higher 18O values are common in 

more evolved, felsic rocks which have assimilated, or derived from partial melting of continental crust. 

Such relationship is observed, for example, along the Andean arc where basaltic to andesitic rocks of the 

South or Northern Volcanic Zones present typically mantelic 18O values (mean 5.8, up to ≈ 6.5 - 7‰) 

and, accordingly, seem to be unaffected by significant crustal contamination. Contrastingly, rocks erupted 

along the Central Volcanic Zone, for which geochemical and isotopic data provide ample evidence for 

strong crustal contamination, display 18O values systematically above 7‰, and up to 9.9-  14‰ for 

andesites and dacites/rhyodacites, respectively (Taylor & Sheppard, 1986).  

The oxygen isotopic signatures of minerals and whole-rock of the Ventoso low-Ti diorite suite 

(Table III.16) are heavier than what should be expected if they would have crystallized from mantle 

derived melts (without crustal interaction). Sr-Nd systematics show that low-Ti diorite rocks from Torrão 

display a signature that is indistinct from that of the least contaminated LGS rocks, whereas the Ventoso 

low-Ti diorite appears to have been derived from a similarly mildly depleted Nd source, but is noticeably 

enriched in radiogenic Sr. The oxygen isotopic values for the Ventoso low-Ti diorite suite concur with Sr 

isotope data in showing that the fluids accounting for hydrothermal alteration displayed by these rocks 

interacted with crustal rocks (e.g. Taylor & Sheppard, 1986). The question, however, remains if the 

alteration and isotopic resetting is exclusively owed to the hydrated nature of the magma from which low-

Ti diorite crystallized or represents a superimposed event, unrelated with the crystallization path of these 

rocks. Oxygen isotopic thermometry may further elucidate on the nature of this process, and will be 

performed in the petrogenetic section by making use of several geothermometers from the literature. 

Geological meaning of amphibolitic gabbro isotopic values 

18 values for the amphibolitic gabbro (#ODV-D6) sub-facies (Table III.16) suggest 18O depletion 

relative to typically primary magmatic compositions displayed by ODV I rocks.  

Oxygen isotopic values for amphibole in equilibrium with rocks from gabbroic to granitic (or dacite 

to rhyolite) compositions compiled by Bottinga & Javoy (1975) vary between 4.8 and 9.4‰, with a median 

value of 6.5‰. Few determinations are available for oxygen isotopic compositions of magmatic amphibole 

from rocks of basaltic composition with no evidences of crustal contamination22 (although in that situation, 

heavier oxygen isotopic compositions would be expectable). Considering the restricted range of oxygen 

isotopic compositions displayed by most mantle derived rocks, the hydrous mantle peridotites amphibole 

isotopic compositions (18O 5.3 – 5.6‰; Chazot et al., 1997), provide a fairly good approach for an 

amphibole precipitated from mantle-derived melts. With few exceptions, the isotopic compositions 

reported in literature for magmatic amphibole (e.g. Bottinga & Javoy, 1975; Chazot et al., 1997) are above 

5.3‰. Therefore, the low 18O (4.8‰) values of amphibole included in the proximal amphibolitic gabbro is 

clearly depleted. In fact they are even lower than Fe-Ti oxides in layered intrusions (e.g. 18O Mgt 6.7 – 

                                                                 
22 Bottinga & Javoy (1975) were chiefly concerned with the existence of equilibrium among mineral pairs; accordingly, they report as 
much variety as possible, but lack information regarding (the degree of) contamination of the original magmas. 
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5.5‰; Ilm 5.7 - 4.6‰; Park et al., 2004) which typically display lower 18O values than those of silicates 

(Chiba et al., 1989; Zheng., 1991, 1993a, b). The high modal proportion of Fe-Ti oxides in the proximal 

amphibolitic gabbro can be ruled out as the cause for the depleted 18O signature of the amphibole; 

firstly, because both minerals are representative of distinct evolutionary stages: the oxide assemblage is 

inherited from the original gabbroic rock, which is part of ODV I oxide-rich domain, whereas precipitation 

of amphibole and accompanying hydrous mineral assemblage clearly took place in a later, hydrothermal 

stage. Secondly, and even in the unlikely possibility that amphibole oikocrysts do represent a product of 

crystallisation from a gabbroic melt, early and abundant oxide deposition (that strongly fractionate the 

light oxygen isotope), would lead to high 18O values in the residual melt; late precipitated amphibole 

would be 18O enriched, which contrasts with what is observed for the amphibolitic gabbro.  

The distal amphibolitic gabbro (#ODV-G-22) is a plagioclase rich ( 72 vol%) cumulate with a 

significant Fe-Ti oxide content ( 10 vol% total oxides) and ca. 7% modal volume of hydrous minerals 

(consisting of actinolite-tremolite + chlorite) which accounts for 3.43 wt% LOI. Hydrous minerals are (in 

part) representative of original olivine + orthopyroxene (clinopyroxene is preserved) and could have 

retained magmatic olivine low isotopic composition (18O 4.7 – 5.7‰; Lee & Ripley, 1996; Chazot et al., 

1997; Chalokwu et al., 1999). Nevertheless, hydrous minerals, chlorite in particular, tend to be depleted in 
18O compared to pyroxene (Zheng, 1993b).  

In order to circumvent the absence of mineral and whole rock oxygen isotopic values that can be 

compared in the various rocks, simple mass balance calculations were performed to estimate such 

compositions. In all tests (Table III.17), the following data were used: observed modal data, 18O values 

for olivine and oxide referenced in literature (5.4 and 4.1‰, respectively, see Table III.17), amphibole 

18O isotopic values obtained for the proximal amphibolitic gabbro (4.8‰; Table III.16); ascribing this low 

value to the hydrous assemblage in the distal amphibolitic gabbro allows balancing for the high proportion 

of chlorite intermixed with amphibole. The remaining values vary according with the performed tests: 

(T1) Estimated bulk rock isotopic composition for ODV I fresh gabbro (#ODV-G-26) yields ca. 

6.4‰; a value somewhat higher than the 5.8‰ of the distal amphibolitic gabbro (Table III.17A).  

(T2) In order to test if the bulk rock low 18O of the distal amphibolitic gabbro can be ascribed to 

the abundance of oxides, two mass balance tests were performed. In both tests, the isotopic composition 

of pyroxene in ODV I fresh gabbro was used:  

(T2A) In a first test, a bulk-rock isotopic composition was estimated using the isotopic 

plagioclase composition of the fresh gabbro. The bulk composition of 6.1‰ is very similar to that 

of the fresh gabbro and results from a balance between higher proportions of both plagioclase 

(high 18O) and oxides (low 18O). The difference (+0.3‰) relative to the measured value of 5.8‰ 

indicates that some mineral in the distal amphibolitic gabbro assemblage must bear anomalously 

depleted 18O composition.  

(T2B) A second test was performed allowing the plagioclase isotopic composition to vary 

until the measured bulk rock isotopic value (5.8‰) was obtained; a very low 18O value ≈ 2.3‰ 

resulted from calculations. 

The results from these tests are consistent with the available isotopic data, both suggesting that 

rocks within the amphibolitic gabbro aureole have depleted oxygen isotopic signatures. The most 
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plausible geological cause for such low oxygen signatures is interaction with low 18O fluids of meteoric 

derivation, given that this is the natural reservoir with the most depleted 18O signature (< 0‰; e.g. 

Campbell & Larson, 1998). It is well established that many layered gabbro bodies, noticeably the 

Skaergaard intrusion (Norton & Taylor, 1979; Taylor & Forester, 1979) were affected by meteoric-

hydrothermal fossil systems which lead to significant disturbance of their minerals oxygen isotopic 

signature. Plagioclase is typically the most affected, recording an obvious deviation from magmatic 18O 

values, (as low as - 6.5‰ in Pl from Skye and Mull gabbroic intrusions; Criss & Taylor, 1986). Moreover, it 

has been demonstrated that plagioclase shows 18O disequilibrium with coexisting pyroxene, which 

usually preserves its magmatic signature. This relationship validates the use of the measured 

clinopyroxene 18O value of the ODV I fresh gabbro in mass balance calculations performed for the distal 

amphibolitic gabbro. Mass balance calculations suggest that the bulk-rock isotopic composition of the 

distal amphibolitic gabbro are explained if plagioclase is in isotopic disequilibrium and bears a depleted 

18O composition relative to magmatic values.  
 

Table III.17- Data and results of mass balance calculations to obtain WR and plagioclase 18O values for ODV I 
olivine leucogabbro (#ODV-G-26) and distal amphibolitic gabbro (#ODV-G-22); for details see text. (*)- Estimated 
18O using measured values of #ODV-G-26; (**)- Estimated 18O mineral values based on data used in modelling of 
an high-Al olivine tholeiite (Chalokwu et al., 1999); X = molar fraction 

 
 

Layered igneous intrusions that were affected by fossil meteoric-hydrothermal systems often 

show remarkably well preserved magmatic primary mineral assemblages which implies that the isotopic 

disturbance took place at very high temperatures (500-1000 ºC; above the stability field of most hydrous 

minerals). Subtle alteration features may include clouding or turbidity of plagioclase grains, minor 

magnetite rims in olivine and discrete veins of (high temperature) amphibole (hornblende). In the 

transition to lower temperature domains (450 – 500 ºC; within the stability field of hydrous minerals), 

chlorite, serpentine, epidote and (low temperature) amphibole (actinolite-tremolite) may develop (Criss & 

Taylor, 1986). Direct and indirect evidence from isotopic data discussed above along with accumulated 

field, petrographic and mineralogical evidence, allows envisaging a similar pattern for the LGS 

amphibolitic gabbro aureole. The higher Ti and NaA concentrations in amphibole included in proximal 

amphibolitic gabbro suggest higher crystallization temperatures relative to those of distal amphibolitic 

gabbro. There is evidence to support that the low 18O amphibole included in proximal amphibolitic 

gabbro resulted from interaction with depleted fluids of meteoric origin at high temperatures. Other 

petrographic features such as turbidity of plagioclase grains and chlorite-actinolite lower temperature 

assemblages replacing pre-existing olivine may have developed during the waning stages of the 

hydrothermal system at progressively lower temperatures.  

The distal domains of the amphibolitic gabbro aureole typically bear a low temperature mineral 
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assemblage consisting of chlorite – actinolite, and occasionally epidote and prehnite (Jesus, 2002). Field 

evidence suggests that most of these distal domains are controlled by fault and shear zones that adjoin 

pristine gabbroic rocks which, (at least locally), preserve their original magmatic isotopic signature. This 

suggests that upon final consolidation, the hydrothermal-meteoric system collapsed inwards the LGS 

pluton. Field data strongly suggest that fluids were preferentially channelized along shear and fault zones 

and alteration progressed at lower temperature due to ongoing heat dissipation.  

In the absence of wider oxygen isotopic data base it is difficult to establish a detailed pattern for 

the hydrothermal circulation within the LGS. Insofar, there is evidence for the existence of two 18O 

depleted domains: a marginal high temperature one, corresponding to proximal amphibolitic gabbro; and 

a distal, chiefly fracture-controlled lower temperature domain. Mineral and isotopic thermometric 

constrains presented in the geochemical modelling section will allow testing this hypothesis, as well as 

elaborate on the origin if the meteoric-hydrothermal system. 

III.5. Geochemical modelling 

Several working hypotheses so far identified may be further tested and validated through 

numerical modelling. Results from various modelling procedures presented here may be divided in two 

distinct categories: 

(i) Mineral chemistry (III.5.1.) and oxygen isotopic determinations (III.5.2) provide estimates on 

thermodynamic intensive variables, such as mineral equilibrium temperatures, oxidation conditions (O2) 

or silica activity in the melt. These estimates are based on thermodynamic calibrations (experimental, 

semi-empiric or empiric) for geothermometers or oxybarometers that are published and widely tested. 

Accordingly, provided that the parameters of the different calibrations are observed, and the results 

critically assessed, these estimates can be viewed as relevant additional data concerning the genesis and 

evolution of LGS and related rocks. 

(ii) Mineral and whole-rock geochemistry data combined to provide estimates on the amount of 

trapped melt fraction and trace element composition of melts in equilibrium with LGS cumulates (III.5.3); 

the procedure was termed equilibrium distribution method (EDM) by Bédard (1994). Furthermore, 

modelling of crystal fractionation and Nd-Sr isotopic data embedded in the forthcoming petrogenetic 

discussion will allow constraining magma chamber or contamination processes, respectively.  

 

All computations and modelling for LGS rocks were performed using pressure estimates reported 

in Jesus et al. (2007c) of 4  1.5 kb (P= 4 kb). These were obtained by single pyroxene thermobarometry 

(Putirka et al., 2003) on selected fine-grained, homogeneous, gabbroic rocks of ODV II Series, which 

further retrieved primary crystallization conditions at, 1154  37 ºC. 

III.5.1. Critical features controlling LGS evolution: intensive variable estimates 

This section presents the methodology and results of relevant intensive variables estimates for 

LGS (T-O2-aSiO2) and late-magmatic rocks (T). The results provide constrains that are fundamental to 

understand petrogenesis and metallogenesis during LGS evolution. 

III.5.1.1. Modelling of intensive variables: calculation methods and restrictions 

Intrusive rocks particularly cumulates that experience long-term cooling, are characterized by 
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extensive subsolidus mineral reequilibria that often account for pronounced compositional resetting. As a 

rule, to minimize such effects, the most primitive mineral composition (e.g. Ol Fo%) in each sample was 

selected for calculations, as they should represent the original conditions; for some mineral assemblages, 

better results were obtained for minerals bearing slightly less than the most primitive compositions, an 

issue that will be discussed later. The results reported for each variable represent the best estimate for 

each modelled sample by means of the method under consideration; whenever pertinent, estimates that 

provided less satisfactory results are discussed. Different LGS suites require different calculus 

procedures that are generically introduced below. In order to compare O2 values obtained by the distinct 

methods (listed below), absolute O2 was normalized to the FMQ buffer (hereafter denoted as DFMQ), 

according with the expression (III.21). 
 
 

(III.21) DFMQ: ≡ log (O2)FMQ = log (O2)sample - log (O2)FMQ 
 
 

Relative oxygen fugacity values have the additional advantage of being relatively insensitive to 

errors in T and P estimates ( 0.03 log units for  100 ºC or  10 kbar) (Mata & Munhá, 2004).  

Chromite bearing assemblages with olivine Fo85  

O2 estimates for the crystallization of (Chr–Spl)s.s. spinels (DFMQOl-Spl) were made using the 

semi-empirical Spl-Ol-Opx oxygen barometer (Ballhaus et al. 1991) (III.22), using temperatures 

calculated with the olivine-spinel thermometer (TOl-Spl) provided by the same authors. In the formulation, 

XSpl
Fe3+ and XSpl

Al denote the Fe3+/Fe and Al/R3+ ratios in spinel (s.l.), respectively, whereas XOl
Fe and 

XSpl
Fe2+ stand for the Fe2+/(Fe2+ + Mg) ratios in olivine and spinel, respectively. As noted by Ballhaus et al. 

(1991), the choice of the thermometer to set temperature values is not critical in view of the small 

temperature dependence to the FMQ buffer; the experimental precision of the oxybarometer within the 

calibration range (Fo 85) is  0.4 log units relatively to FMQ buffer. 
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Although orthopyroxene does not appear in the equation, the calibration of Ballhaus et al. (1991) 

is only valid if silica activity (aSiO2) is buffered by the presence of both olivine and orthopyroxene. 

However, results for orthopyroxene-undersaturated rocks provide reasonable DFMQ estimates with an 

error that rarely exceeds 0.2 log units; for consistency, silica activity values reported refer to data 

obtained with Px-QUIlF (see next point).  

All estimates using the referred oxybarometer and thermometers were obtained using the 

OXYBAR5.BAS software compiled by Prof. JM Munhá (unpublished). In order to investigate the variation 

of estimated oxygen fugacities at near liquidus temperatures, calculations were repeated at T1100 ºC, 

the estimates obtained being labelled DFMQOl-Spl@TLiq. 

Assemblages with olivine Fo85 and no oxides 

The solution models embedded in Px-QUILF software (Lindsley & Frost, 1992; Frost & Lindsley, 

1992; Andersen et al., 1993) were used to calculate equilibrium temperatures, as well as silica activities. 
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This procedure was applied to all LGS two pyroxenes bearing rocks (including those referred in the 

previous point). Silicate equilibrium temperatures were obtained on the basis of the Cpx-Opx 

geothermometer (TCpx-Opx), involving equilibria #1 to #4 listed in Table III.18.  

Estimating aSiO2 by displacing the FMQ buffer to the appropriate temperature and O2, is 

precluded for rocks displaying lack of equilibrium between oxides and silicates (the most common case in 

LGS rocks, as it will be soon demonstrated), or for which there are no oxide analyses available. In order 

to circumvent this restriction (and to present homogenous results for all Series), aSiO2 estimates where 

made using reaction (III.3) at TCpx-Opx (labelled aSiO2@TCpx-Opx), as well as the following liquidus 

temperatures (aSiO2@TLiq): SB I T1100 ºC; other Series T 1000 ºC. Reactions #5 and #6 (Table III.18) 

account for the Fe-Mg exchange between olivine and orthopyroxene. 

Magnetite + ilmenite bearing assemblages with olivine Fo85 

All estimates of intensive variables involving (Usp-Mgt)ss + Ilm pairs of the more evolved Series 

were obtained using the modified Buddington & Lindsley (1964) thermometer; thus, allowing the 

incorporation of Mg and Mn as embedded in Px-QUILF (Andersen et al., 1993). Oxide phases displaying 

oxidation-induced exsolutions were avoided, because those features indicate strong compositional 

resetting at subsolidus temperatures. Magnetite-ilmenite bearing assemblages allow estimating the 

temperature (TOxd) and oxygen fugacities (DFMQOxd@TOxd) using QUIlF equilibria #[7-9] and #[7-10], 

respectively (Table III.18). For most oxide assemblages the T-O2 values obtained reflect the ceasing of 

subsolidus equilibria between both oxides, which in most cases do not overlap TCpx-Opx.  

For most rocks where Fe-Ti oxides are accessory phases, the information that can be obtained 

chiefly corresponds to what has been listed up to this point. In rocks with high oxide modal content, 

textural and chemical evidence indicate that the oxides did not experience extensive subsolidus 

reequilibrium. A simple way to further test such inference is to observe if TOxd is close to, or partially 

overlaps, the range of TCpx-Opx within the uncertainty inherent to the respective method.  

As discussed in section III.2.1.6, the steeper slope of magnetite isopleths relative to those of 

ilmenite in Buddington & Lindsley (1964) fO2-T two oxide experimental data, indicate that magnetite will 

be more sensitive to thermal resetting than ilmenite. Accordingly, under a cooling path parallel to FMQ 

buffer, it is more likely that ilmenite has retained its original composition. The relative invariance of DFMQ 

determinations at TOl-Spl and TLiq using the Balhaus et al (1991) oxy-barometer support the hypothesis that 

LGS rocks cooled along a path parallel to the FMQ buffer. Accordingly, provided that there is 

convergence between TCpx-Opx and TMgt-Ilm, it is possible to retrieve additional information on the oxide-

silicate mineral assemblage, as follows (see also Lindsley & Frost, 1992): (i) to reconstitute magnetite 

composition at TCpx-Opx (XMgt@TCpx-Opx); using QUIlF equilibria #[7-9] Table III.18; (ii) to obtain oxygen 

fugacity for the oxide and silicate assemblage at TCpx-Opx  (DFMQTot @TCpx-Opx); using QUIlF equilibria #[7-

10] Table III.18. 

The procedure described in steps (i) to (ii) was also applied using TLiq in order to assess the 

quality of the estimated variables, as measured by their extent of variation relative to values obtained at 

liquidus temperatures (T 1000 ºC). 
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Table III.18- List of reactions and equilibria used in modelling of intensive variables with Cpx-QUIlF software. The 
third and fourth columns indicate the acronyms for a given variable in this work and the abbreviation of each reaction 
or equilibrium in Px-QUIlF nomenclature and literature. 2 Oxd = (Mgt-Usp)ss and (Ilm-Hem)ss. Hem and Usp refer to 
hematite and ulvöspinel molecular contents in ilmenite and magnetite, respectively.   

 

Magnetite + ilmenite bearing assemblages without olivine 

Some two-pyroxene LGS oxide-rich rocks are devoid of olivine. Although they are not significant 

from a statistic point of view, they are of great petrogenetic relevance, (such as SB II Series 

gabbronorite). Due to the absence of olivine, estimating aSiO2 using QUilF equilibrium #5 and 6 is not 

possible whereas displacing the FMQ buffer to the appropriate temperature and O2, is also precluded 

due lack of equilibrium between oxides and silicates.  

Magnetite or ilmenite bearing assemblages with olivine Fo85 

Many rocks included in SB I Series bear chromian spinel and olivine compositions with Fo<<85. 

This poses a problem because olivine composition is too far from the experimental calibration of Ballhaus 

et al. (1991) oxybarometer, while chromite is not acceptable for modelling with QUIlF (Andersen et al., 

1993). Fortunately, most of those rocks also include ilmenite, which allowed a less well constrained but 

still admissible estimate of O2 conditions (DFMQIlm@TCpx-Opx), using the QUIlF equilibria #[11-12]. For 

rocks that only include magnetite, a first test was performed to obtain equilibrium closure temperatures 

with silicates (TMgt-Slct), using QUIlF equilibria #[13-15]. Depending on the degree of subsolidus 

modification, O2 conditions at TCpx-Opx (DFMQMgt@TCpx-Opx) or TMgt-Slct (DFMQMgt@TMgt-Slct) were estimated 

using QUIlF equilibria #[16-17].  
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Thermometry of BIC mesocratic rocks 

All mesocratic rocks share plagioclase and amphibole as a common mineral assemblage, which 

enables thermometric estimates by means of the empirical thermometer of Holland & Blundy (1994). An 

applet provided by the authors20 enables a straightforward application of the thermometer, which is based 

on the equilibrium constants for reactions A and B as in (III.23) and (III.24). The thermometer has an error 

of  40ºC and is valid within a wide P-T and compositional range of T [400-1000] ºC and P [1-15] kbar. 

Both equilibria are suitable for silica-saturated rocks or magmas; for silica undersaturated systems, only 

equilibrium B is applicable.  
 

(III.23) TA: NaCa2Mg5Si4(AlSi3)O22(OH)2 (Ed)+ 4 SiO2 (Qtz)= 

Ca2Mg5Si8O22(OH)2 (Tr) + NaAlSi2O8 (Ab) 
 

(III.24) TB: NaCa2Mg5Si4(AlSi3)O22(OH)2 (Ed) + NaAlSi2O8 (Ab) = 

Na(Ca, Na)Mg5Si8O22(OH)2 (Rch21) + CaAl2Si2O8(An) 

III.5.1.2. Evaluation of model results for LGS rocks 

Results from thermodynamic modelling of LGS intensive variables are presented and discussed 

in the following sections. 

Chromite bearing assemblages: Ol-Spl-Opx equilibria 

Results from modelling of Ol-Spl-Opx assemblages included in LGS primitive rocks are presented 

in Table III.19. Results of silicate modelling with Px-QUIlF reported in Table III.21 are issued in the next 

section because it is more reasonable to discuss silicate equilibrium temperatures and silica activity for 

LGS suite as a whole.  
 

Table III.19- Intensive variable estimates for LGS chromite bearing primitive rocks of (SB I Series and BG troctolite). 
Light-grey shaded areas highlight estimates obtained using chromite grains with high Mn-contents due to 
serpentinization of the host rocks. Dark-grey shaded areas represent chromite bearing rocks including olivine with Fo 
contents that are significantly outside the calibration range of Ballhaus et al. (1991) oxybarometer and, accordingly, 
retrieve overestimated DFMQOl-Slp values (see comments on main text).  

 

 

 

 

 

 

 

 

 

 

 

 

                                                      
20 http://www.esc.cam.ac.uk/research/research-groups/holland/hb-plag 
21 Rch- richterite 
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Table III.20- Chromian spinel composition for minerals included in SB I Series Olivine leucogabbro. 

 

 

 

 

Although chromian spinel grains do not show (oxy-)exsolution textures or significant 

compositional zoning, T-O2 estimates may be affected by retrograde Fe-Mg exchange with olivine. The 

low equilibrium temperatures (below 900 ºC) for Ol-Spl (Figure III.100B) reflect the ceasing of Fe-Mg 

exchange between spinel and olivine, and may be considered within typical values obtained in slowly 

cooled rocks (e.g. Roeder & Campbell, 1985; Barnes, 1998). The O2 values obtained at high T (1100 

ºC), following Ballhaus et al. (1991) oxybarometer, are almost invariant relative to those obtained at 

closure temperatures of the mineral assemblage (Figure III.100A and Table III.19); thus, it is reasonable 

to admit that these rocks underwent cooling in a system buffered along a T-O2 path parallel to FMQ.  

The O2 values for the LGS most primitive rocks (Fo85) clearly indicate crystallization from a 

strongly oxidized magma, (+1.5 to +2.5 log units above FMQ). Rocks with olivine ca. Fo84 that are 

marginally below the limit of the Ballhaus et al. (1991) oxybarometer calibration range, still yield results 

consistent with those provided by rocks bearing more forsteritic olivine (Figure III.100A). In contrast, 

troctolite with olivine ca. Fo82 are apparently too offset from the calibration limit of Fo85, as can be inferred 

from DFMQ up to + 3.5 (unusually high for natural mantelic assemblages). Moreover, considering that 

there should be a decrease of Fe3+/Fe2+ in the melt due to crystallization of spinel with progressively 

higher Fe3+/Fe2+, estimates for low-Fo troctolite may be considered spurious, and will not be considered 

hereafter. Instead, as noted in section III.5.1.1 and Figure III.100, O2 estimates for SB I low- Fo troctolite 

and olivine leucogabbro were performed using ilmenite-silicate equilibria, (see Table III.21). The 

composition of chromian spinel coexisting with ilmenite in olivine leucogabbro is listed in Table III.20 for 

reference. The results obtained with this method are consistent with a trend of decreasing oxidation from 

+1.4 to +0.3 log units above DFMQ, as olivine becomes less forsteritic (Table III.21).  

 

Figure III.100- (A)- Consistency between DFMQOl-Spl at Ol-Spl-Opx equilibrium temperature and liquidus (1100 ºC) 
(line represents 1:1 relationship). (B)- Variation of DFMQOl-Spl with Ol-Spl-Opx equilibrium temperature. 
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Table III.21- Intensive variable estimate for silicates included in LGS primitive rocks of SB I Series and BG troctolite 
using Px-QUIlF software. DFMQ values were obtained using ilmenite and silicate equilibria for SB I troctolite 
(compare with results in Table III.19) or olivine leucogabbro which bear chromian spinel (reported in Table III.20 for 
the latter) but olivine composition is inappropriate for modelling with the oxybarometer Ballhaus et al. (1991).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Troctolite samples including chromite with anomalously high Mn contents were also selected to 

test the effect of secondary alteration on intensive variables (Table III.19). The high Mn contents in 

chromite have a negligible effect in O2 estimates (up to 0.3 log units) but result in a slight overestimation 

of olivine-spinel equilibrium temperatures. DFMQ estimates from high-Mn chromites concur with the 

observations made in section III.2. 5 that Mn incorporation in chromite has a negligible effect in elemental 

ratios and is not related to Fe3+ variation. Because Mn preferentially replaces Fe2+, the resulting small 

decrease in #Fe2+ is nonetheless enough to account for up to 100 ºC in overestimated equilibrium 

temperatures. 

Figure III.101- Relationships between TOl-Spl temperatures (A) or DFMQ (B) and olivine composition. 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

302 

Temperature-composition relationships suggest that chromite with higher #Mg (Figure III.102C) 

ceased to equilibrate at higher temperature than minerals with lower #Mg. Chromite with the higher #Mg 

coexists with the most forsteritic olivine for which there is a faint trend of decreasing Fo with increasing 

temperature (Figure III.101A). Both trends are consistent with Fe-Mg subsolidus exchange between 

chromite and olivine as predicted by reaction (III.11; section III.2.1.5). Nevertheless, thermometric data 

support that reequilibrium was not too extensive or it should be expected that high-Fo olivine would occur 

with chromite with the lowest #Mg and equilibrium temperatures.  

 

Figure III.102- Relationships between Spl-Ol equilibrium temperatures or O2 (as retrieved by Spl-Ol or Ilm-Slct 
equilibrium) with spinel chemistry.  

 

The positive correlation between chromite #Cr and temperature (Figure III.102A) suggests that 

Al-rich chromite ceased to equilibrate at lower temperatures. The most straightforward interpretation 

would be that stronger reequilibrium affects Al-rich chromite which should be an early crystallisation 

product. However, it must be noted that a Rum trend (Henderson, 1975) was identified, and probably 

accounts for the composition of the most Al-rich spinels in LGS troctolite, particularly those of BG. 

Because the Rum trend involves a decrease in Cr/Al and #Fe3+ of chromite at relatively constant #Fe2+, 

minerals affected by this reaction should expectably: (i) display lower #Cr than other chromite with 

equivalent #Mg; (ii) yield lower equilibrium temperatures than what should be expected from early 

crystallized, Al-rich spinel (note also that the compositional shift Rum trend begins at lower temperature 

than Ol-Spl Mg-Fe exchange because the onset of plagioclase crystallization postdates olivine formation); 
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and (iii) yield lower DFMQ estimates than minerals of the same suite with similar #Mg because the Rum 

trend affects chromite #Fe3+. All these three conditions verify for BG and SB I Al-rich chromite for which a 

superimposed secondary Rum trend was suspected on the basis of chromite-plagioclase relationships.  

DFMQ-composition relationships for chromite #Mg (Figure III.102D) concurs with the inferred fO2 

evolution of LGS primitive melts; from strongly oxidizing towards progressively more reduced conditions, 

as spinel composition became closer to the (Usp-Mgt) solid solution. In contrast, there is a wide 

dispersion in DFMQ - #Cr relationships. The stippled arrows in Figure III.102B emphasize that LGS 

chromite presents nearly continuous solid solution between the Chr-Spl s.l. and Usp-Mgt. The high #Cr of 

some SB I troctolite and olivine leucogabbro do not reflect an increase in chromite Cr contents but rather 

a higher (Usp-Mgt)ss component. Accordingly, the negative correlation between spinel #Cr and DFMQ, 

suggests that minerals with higher (Ti + Fe3+), as well as lower Al/Cr ratio, crystallized under more 

reduced conditions. 

Magnetite bearing assemblages 

Results for inter-oxide and oxide-silicate equilibria are reported in Table III.22, whereas 

relationships between estimated variables and oxide composition are displayed in Figure III.103. Oxide 

micro-textures show that magnetite, (in particular), experienced reequilibrium upon slow cooling. 

Accordingly, for most rocks, the temperature and oxygen fugacity estimates record the conditions at 

which the oxide assemblage ceased to equilibrate. The strong positive correlation between magnetite 

Usp contents and TOxd (Figure III.103A) is consistent with textural and mineral chemistry data, indicating 

that oxides occurring in higher modal abundance ceased to equilibrate at higher temperatures and 

magnetite retained more of its original Ti content. DFMQOxd-Usp variation further shows that most oxide 

assemblages bearing magnetite with Usp40 ceased to equilibrate at oxidation conditions below FMQ 

(Figure III.103B). Nonetheless, Figure III.103D clearly demonstrates that oxygen fugacity increases 

linearly with Hem contents in ilmenite, as it should be expected.  

Buddington & Lindsley (1964) oxide geothermobarometric data indicate that the slope of 

magnetite and ilmenite isopleths in a T-O2 diagram are sub-parallel to O2 and T, respectively. Estimates 

of inter-oxide T-O2 variations in LGS rocks are consistent with this behaviour, indicating that, the oxide 

assemblage in most LGS rocks evolved as a closed system during cooling along a path subparallel to 

FMQ buffer, (in spite of subsolidus reequilibrium). Accordingly, DFMQ estimates should be nearly 

equivalent to those that prevailed during the initial oxide-silicate crystallization. This feature validates the 

method to estimate O2 at silicate equilibrium temperatures (DFMOxd-Slct@TCpx-Opx) by recasting magnetite 

compositions that prevailed at those temperatures.  

Comparison between DFMQ estimates at silicate closure temperature with those provided 

exclusively by the oxide assemblage at TOxd, show a small variation (Table III.22). The difference 

between O2 at TCpx-Opx and O2 at TOxd estimates increases for the oxide assemblage that ceased to 

equilibrate under more oxidizing conditions (Figure III.103F); this feature suggests that those rocks were 

affected by external factors (e.g. late magmatic or hydrothermal fluids) that displaced their cooling path 

from a route parallel to FMQ. The shape of the TOxd-DFMQOxd path (Figure III.103C) grossly mimics the 

TOxd-Hem variation (Figure III.103E) and shows two distinct trends: (i) one displaying positive correlation 

between increasing TOxd with oxidation for rocks that ceased to equilibrate at O2  FMQ; and (ii) another 
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revealing larger dispersion for oxide assemblages that ceased to equilibrate at O2 > FMQ (for which 

DFMQOxd increases with decreasing temperature).  

Trend (i) corresponds to rocks that show the best fit between DFMQOxd and DFMQOxd-Slct; trend (ii) 

shows greater variance between both O2 estimates. This is consistent with the inference that oxides 

ceasing to equilibrate at lower O2 cooled under closed system conditions. Conversely, rocks evolved 

along trend (ii) record more oxidizing and lower temperature closure conditions; they should have been 

affected by external factors during cooling, raising the oxidation state of the system and leading to 

significant subsolidus modification of the oxides. 

 

Figure III.103- (A-D)- Relationships between inter-oxide equilibrium temperatures (TOxd) and oxygen fugacity 
(DFMQOxd); (E)- TOxd vs. DFMQOxd; (F)- Variation between inter-oxide oxygen fugacity (DFMQOxd) and bulk oxygen 
fugacity using reconstituted magnetite at TCpx-Opx oxide-silicate (DFMQOxd-Cpx).   
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Table III.22- Results from modelling of magnetite-ilmenite bearing assemblages with Px- QUIlF as described in the introductory section. Remarks: (i) Opx #Mg estimated using Ol and 
Cpx composition on the basis of Ol-Opx and Cpx-Opx relationships and then selecting an Opx with the estimated #Mg from the same Series; (iii) TOxd = TMgt-Slct; grey shaded areas 
correspond to assemblages where TCpx-Opx >> TOxd and, therefore, not ideal for applying magnetite reconstitution techniques; however silicate-oxide variables estimates are in good 
agreement with related oxide assemblages that yield better convergence between oxide and silicate equilibrium temperatures.  
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Table III.23- Silicate equilibria estimates using Px-QUIlF software for SB II, ODV I-III Series. Remarks: (i) Opx #Mg estimated using Ol and Cpx composition on the basis of Ol-Opx 
and Cpx-Opx relationships and then selecting an Opx with the estimated #Mg from the same Series. 
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Silicate equilibria 

The main variables defined by silicate equilibria are, the temperature (provided by Ca-rich and 

Ca-poor pyroxene) and silica activity. Silicate equilibria estimates for SB I and BG rocks is listed in Table 

III.21; results for other Series are displayed in Table III.23 and Table III.24. 

Clinopyroxene-orthopyroxene equilibrium temperatures  

Two pyroxene estimated temperatures (using QUIlF; Andersen et al., 1993) range from 831 to 

1046 ºC, display no regular variation between or within Series, except for SB I Series, wherein troctolite 

facies consistently display lower equilibrium temperatures relative to olivine leucogabbro rocks. An 

inspection of Table III.23 and Table III.24 further evidences that low temperatures (usually <900 ºC) are 

recorded by coarse-grained rocks with a strong cumulate character (e.g. ODV III #CVD-6A porphyry sub-

facies; BRG I #CNT-25, #CNT 15A pyroxene rich troctolite cumulates); a less consistent trend is 

observed between BRG II pyroxene gabbro vs. olivine leucogabbro; the latter display decreasing 

equilibrium temperatures from Basal to Intermediate Groups.  

Pyroxene equilibrium temperatures are strongly dependent on Ca contents and less so on #Mg. 

Figure III.104A and B show that estimated two pyroxene temperatures are in accordance with theoretical 

constraints (Lindsley, 1983). Due to the convolute shape of isotherms within the pyroxene quadrilateral 

field, higher equilibrium temperatures will correspond to a decrease in the length of tielines between Ca-

poor and Ca-rich pyroxenes. Figure III.104A shows the expected positive correlation between Ca 

contents in orthopyroxene and temperature. 

SB I Series displays a trend of decreasing temperature with increasing #Mg on both pyroxenes. 

Although there is no correlation between pyroxene #Mg and temperature for other Series, during 

modelling it became clear that pyroxenes with lower #Mg consistently yielded higher temperature; 

therefore, those estimates are the ones reported in the tables and plotted in Figure III.104. The negative 

correlation between #Mg and T remains noticeable only for SB I Series because of the steep fractionation 

trend it encompasses compared to other Series. This trend is common to many layered intrusions such 

as Skaergaard and Bushveld (Lindsley, 1983), resulting from subsolidus exsolution of low Ca-pyroxene 

from clinopyroxene or pigeonite.  

As previously discussed (section III.2.1.6), orthopyroxene included in LGS rocks appears to have 

derived from olivine reaction with more siliceous melt and external granule exsolution from clinopyroxene, 

(as evidenced from orthopyroxene coronas surrounding both minerals). There are no visible 

orthopyroxene or pigeonite lamellae in clinopyroxene. Accordingly, the textural relations between 

orthopyroxene and clinopyroxene indicate that exsolution proceeded to develop external granules, 

(similar to what occurs with external exsolution of ilmenite from magnetite), for which high diffusion rates 

(at high temperature) are required. Because there are no textural or chemical evidence documenting the 

pre-existence of pigeonite in LGS rocks, the origin of intercumulus orthopyroxene oikocrysts remains 

unresolved (intercumulus melt vs. pigeonite inversion).  

The inverted temperature-composition trend in clinopyroxene is explained by external exsolution 

of orthopyroxene from clinopyroxene, as follows. Silicate compositional relationships discussed in section 

III.2.1.6 show that #Mg Cpx > Opx. Accordingly, orthopyroxene exsolution from clinopyroxene will result in 
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a relative increase of clinopyroxene #Mg. Consequently, assuming that all clinopyroxene grains in a given 

rock had initially the same #Mg, those that exsolved orthopyroxene will yield lower temperatures and 

have higher #Mg than those that were not affected by exsolution (therefore yielding higher equilibrium 

temperatures, but comparatively lower #Mg).  

  

Figure III.104- Relationship between pyroxene equilibrium temperatures and composition. 

 

Wo contents in clinopyroxene are also expected to increase during orthopyroxene exsolution 

because the small amounts of Ca that are needed to form orthopyroxene should be cancelled by the 

relative decrease of (Fe+Mg). These relationships allow understanding the lower temperatures obtained 

for SB I troctolite, (and other coarse grained clinopyroxene poor cumulates). Due to the relatively low 

modal amount of clinopyroxene present in these rocks, they were more likely affected by orthopyroxene 

exsolution; the same explanation can be extended to the trend of BRG II olivine leucogabbro, yielding 

lower equilibrium temperatures relative to underlying pyroxene gabbro facies (where the much higher 

modal amount of clinopyroxene allow diluting the effects of orthopyroxene exsolution). By opposition, 

higher, near liquidus equilibrium temperatures correspond to fine grained quenched rocks such as those 

of SB II as well as those rocks previously recognized to represent magma inputs at the end of the 

transitional domain in ODV III Upper Group (#CDV-2D) or other similar domains (e.g. BRG I #SB-S3; 

BRG II #MB-1). 
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Table III.24- Silicate equilibria estimates using Px-QUIlF software for BRG I and II Series. Remarks: (ii) TCpx-Opx to 
estimate aSiO2  from adjoining rocks. 

 

Silica activity in the melt  

An inspection of the results shows that silica activity values estimated at liquidus temperature are 
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consistently higher than those at lower temperatures (TCpx-Opx or TOl-Spl), as expectable from numerical 

relationships expressed in (III.25) (see also Carmichael et al., 1970). The negative correlation between 

aSiO2 estimated with Px-QUIlF on the basis of reaction (III.3) and olivine or orthopyroxene #Mg (Figure 

III.105) thus reflect the increasing silica activity values with magmatic differentiation.  
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Figure III.105- Relationships between aSiO2 (estimated with Px-QUIlF with reaction (III.3)) and Ol or Opx #Mg. 

 

III.5.1.3. Stratigraphic variations of O2: critical features controlling LGS evolution  

Figure III.106 displays the results of DFMQ estimates along LGS stratigraphy. SB I crystallized 

from an oxidized (DFMQ = [+1.3 ; + 2.6]) primitive magma that can be considered as the LGS parental 

magma.  

 

Figure III.106- Bulk and oxide DFMQ variations along LGS stratigraphic sequence. DFMQOxd- O2 estimates for Mgt-
Ilm pairs at oxide equilibrium temperature (TOxd); DFMQOxd-Slct- O2 estimates for the bulk assemblage (oxides + 
silicates) at two-pyroxene equilibrium temperature (TCpx-Opx). For details on calculation procedures and significance 
see sections III.5.1.1. and III.5.1.2 (“Magnetite bearing assemblages”), respectively. 
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The high oxygen fugacities determined for LGS primitive rocks are consistent with available 

experimental data (e.g. Hill & Roeder, 1974) and account for the absence of a conspicuous “spinel gap” 

(see section III.2.1.6) in the transition from SB I to SB II Series. As the oxidized residual magmas 

gradually attained Fe3+-Ti saturation and the availability of Cr and Al decreased, Cr-Al spinels gave way to 

the (Mgt-Usp)ss.. Fe3+ consumption in the magmatic liquid led to a pronounced drop of O2, clearly seen 

in the SB I-SB II transition. Accordingly, much lower O2 conditions are observed for the oxide-rich 

cumulates occurring at the base of ODV I Series. Those oxides (enclosing type I mineralization) show 

high closure temperatures and, consistently, rare late oxy-exsolution reactions. Such features are 

interpreted as reflecting high modal proportion of the oxides, which buffered the overall mineral 

assemblage; thus, retaining their original composition.  

Following the oxide ore-forming event, a gradual recovery of O2 is observed, with DFMQOxd 

approaching 0  1 at the top of ODV I basal cumulates. Significant reversals towards lower O2 conditions 

related with oxide deposition are also observed within ODV I olivine leucogabbros, at the basis of ODV II 

Series, at the top of ODV III Series and BRG I Upper Group.  

Fractional crystallisation paths: consequences for O2 estimates 

In magmatic systems, oxygen fugacity is a function of primary melt composition and mineral 

reactions occurring during crystallization. Quite often, O2 conditions are internally buffered by the 

crystallising mineral assemblage. In this situation, cooling and crystallization of the melt will progress 

along an oxygen buffer (e.g. FMQ; Frost, 1991a). Less commonly, oxygen fugacity may be externally 

buffered; in this situation, sudden changes to the normal course of crystallization path will lead to 

modifications of the mineral assemblage as a response to variations in intensive and extensive variables. 

In the case of LGS, magma replenishments by melts with different oxidation states relative to resident 

residual magma may be envisaged as transient situations that cause oxygen fugacity to be externally 

buffered; then, upon entering the magma chamber and mixing with residual magma, the resulting (hybrid) 

melt may recover crystallisation along an oxygen buffer.  

The wide compositional range recorded by SB I Series LGS chromian spinel, coupled with the 

absence of abrupt spinel compositional shifts, are consistent with the arguments favouring the progress of 

crystallization throughout extensive crystal fractionation of a single magma batch. Oxygen fugacity was 

most likely internally buffered during crystallization of most SB I Series. Significant increases of Fe3+/ Fe2+ 

in spinel during subsequent crystallization led to a gradual decrease on the bulk oxidation in the system. 

From SB I-SB II to ODV I the melt underwent decreasing oxidation conditions that reached minimum 

values during precipitation of large amounts of Fe-Ti oxides in the Lower Group of ODV I Series.  

The second most relevant oxide rich domain within LGS occurs within BRG I Series Upper 

Group. The presence of type III sulphide mineralization just below the oxide rich layers provides clues to 

understand the subsequent oxide-forming event. The immiscible nature of Ni-Cu sulphide implies large 

consumption of ferrous iron in the coexisting silicate melt; this leads, consequently, to a relative increase 

of Fe3+/Fe2+ and O2 in the silicate melt, which should have been sufficient to trigger abundant oxide 

deposition further determining a subsequent strong lowering of O2.The same process may account for 

abundant oxide deposition in olivine leucogabbro I layers of BRG II Series Lower Group exposed at the 

Figueirinha quarry, occurring above the pyroxene gabbro I presumably hosting type III Ni-Cu sulphide 
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mineralization. The close relationship between sulphide and oxide mineralizing events observed for BRG 

I and II Series raises a fundamental question concerning the SB I-SB II-ODV I suite: considering: (i) the 

accumulating evidence for a compositional “jump” between the most evolved members of SB I Series and 

SB II Series; (ii) the magnitude of the oxide-forming event in ODV I Series; and (iii) the extreme Ni-

depleted character of ODV I Series rocks; there is a strong possibility that a major Ni-Cu sulphide event 

took place somewhere at SB I – SB II transition. Evidence of crustal contamination is fundamental in 

order to provide the needed source of sulphur. This is an issue that will be explored in PART IV 

concerned to LGS metallogeny. 

Constrains to O2 conditions from plagioclase composition  

The limited number of oxide chemistry data prevents a continuous monitoring of oxidation 

conditions in LGS by modelling of intensive variables. Nevertheless, plagioclase chemistry allows 

establishing additional constraints to the evolution of oxidation conditions during crystallization of LGS 

rocks. Petrographic interpretation of the relative timing for oxide precipitation, (namely concerning the 

tendency for oxides to crystallize in gradually later paragenetic positions from the base to the top of the 

various magma sequences; see III.2.1.5) also provide fundamental information that must be considered in 

any petrogenetic/metallogenic model.  

The experimental and natural documented relationships of ferric iron increase with decreasing of 

An contents in plagioclase (Hofmeister & Rossman, 1984; see section III.2.1.3) allow concluding that (i) 

low-iron contents in plagioclase An>80 of SB I Series can be related with the low Fe/Mg of these rocks, 

(most of the available Fe2+ being partitioned to ferro-magnesian silicates, especially olivine, which is 

cotetic of plagioclase); (ii) low-iron concentrations in sodic plagioclase included in ODV I + SB II oxide-rich 

rocks and other Series, (relative to its An-rich peers), can be ascribed to a decrease in bulk oxidation 

state, leading to a Fe2+/Fe3+ increase in the residual melt following oxide fractionation; and (iii) the 

decrease in bulk iron contents with decreasing An and increasing stratigraphic height, from ODV II to 

ODV III, BRG I and BRG II, could reflect the decreasingly lower oxidation state of new magma batches 

towards the top of LGS stratigraphic sequence. 

Evolution of the oxidation state of LGS source zone throughout time 

It has been pointed out that the major control on the distinct oxidation conditions that constrain 

the slower rate of iron enrichment experienced by calcalkaline relative to tholeiitic series is, a 

consequence of their more oxidised source regions (e.g. Carmichael, 1991). The evolution of the 

oxidation state of LGS source zone throughout time may be inferred taking in consideration constraints 

from intensive variable modelling together with indications from mineral chemistry.  

Results (discussed above) show that LGS parental magmas had an oxidized character. However, 

precipitation of oxides became a progressively later crystallising event (from base to top) of the various 

LGS magma sequences which is consistent with an upward Fe3+/Fe2+ decrease in the resident magma. 

This feature suggests that the strongly oxidized state inferred for the most primitive LGS melt appears to 

have been successively diluted in subsequent magma replenishments. Accordingly, although conditions 

should have remained predominantly oxidized in the source zone, a gradual decrease in oxidation state 

occurred as magma was continuously extracted.  
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III.5.1.4. Thermometry of BIC mesocratic rocks 

Evaluation of results 

Results of plagioclase amphibole thermometry for the various mesocratic rocks suites are 

summarised in Table III.25. Provided that amphibole is within the appropriate compositional range, the 

software developed by Holland & Blundy (1994) retrieves for each mineral pair a set of temperatures (for 

each thermometer) at four different pressure conditions: 0, 5, 10 and 15 kbar.  

Considering the pressure estimates for LGS suite of about 4  1.5 kbar and the similar 

geochronological ages for LGS and the diorite suite, the choice of 5 Kbar is appropriate for most tested 

rocks. Geochronological constraints for the pegmatoid (342  9 Ma; Jesus et al., 2007c) and amphibolitic 

gabbro (338  1 Ma; Dallmeyer et al., 1993). indicate that these rocks developed after the regional uplift. 

Nevertheless, field, mineralogical and geochemical criteria suggest their genesis is closely related to LGS 

suite therefore the 5 Kbar choice may represent only a slight overestimation.  
 

Table III.25- Results of Pl-Amph thermometry in the various suites of mesocratic rocks; N= number of pairs tested. 

 

Thermal constraints on the evolution of mesocratic rocks 

Temperature-composition relationships illustrated in Figure III.107 agree with observations 

(section III.2.2.3), showing an increase in temperature from tremolite/actinolite + albite bearing suites 

(such as pegmatoid) towards ATT and BG anorthosites, to suites bearing Ti-, Na- rich hornblende and 

calcic plagioclase (such as diorite and amphibolitic gabbro).  

Within the diorite suite, amphibole-rich, quartz-free rocks retrieved lower temperatures (X= 627-

668 ºC), reflecting late-magmatic alteration; quartz-diorite (# CVD-19) and the matrix or reaction rims of 

the diorite breccia (#CVD-19C) generally yield high temperatures, perhaps reflecting the better 

preservation of their original assemblage. Because all rocks display optically (compositionally) zoned 

plagioclase, each amphibole was paired with several representative plagioclase compositions to explore 

variations of temperature for increasingly sodic compositions. Figure III.107D puts in evidence that, within 

each sample, plagioclase domains with more calcic composition (usually mineral cores) provide higher 

temperatures. Higher temperatures also correspond to amphibole with lower #Mg (Figure III.107C), 

which usually have higher Na and Ti contents (see sections III.2.1.6 and III.2.2.3), however this 
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relationship merely reflects the presence of (low #Mg, Ti-, Na-rich) hornblende versus (high #Mg, Ti-, Na-

poor) tremolite/actinolite which prevails in suites with a hydrothermal component such as the pegmatoid 

or ATT/border facies.  

 

Figure III.107- Relationships between amphibole-plagioclase equilibrium temperatures and composition. 

 

Thermometric data provide some additional interesting features, namely concerning sample 

#ODV-G-43; plagioclase-amphibole pairs analysed in the same thin section indicate a thermal gradient of 

more than 300 ºC. The amphibolitic gabbro area records high temperature values typical of this suite (X= 

839 ºC) and is intruded by tonalite/trondhjemite siliceous melt of the ATT suite, which yield significantly 

lower equilibrium temperatures (485 – 532 ºC). Finally, it is also important to stress that equilibrium 

temperatures obtained for border facies anorthosites are well above maximum temperatures of regional 

metamorphism (amphibolite facies). This is valid for both amphibole rims surrounding LGS clinopyroxene 

(X= 691 ºC) and new-formed amphibole (coexisting with albite  quartz in mortar envelopes; X=677 ºC), 

pointing to a magmatic origin for these rocks, (albeit with concurrent strong syn/late-magmatic 

recrystallization). 

III.5.2. Constraints from oxygen stable isotope thermometry 

Oxygen stable isotope data obtained for mineral pairs in the ODV I most primitive gabbro (#ODV-

G-26: pyroxene + plagioclase) and mafic diorite (#CVD-19B: amphibole + plagioclase) enable obtaining 

thermometry constrains on the basis of several published calibrations. Pyroxene and plagioclase oxygen 
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isotopic equilibrium temperatures were estimated using the following calibrations: 

(i) Based on fractionation factors experimentally determined by Chiba et al. (1989) with the 

technique of equilibrium isotopic exchange in calcite carbonate instead of water (developed by Clayton et 

al., 1989). The albite-diopside and anorthite-diopside fractionation coefficients (A) of 1.81 and 0.76 

respectively, are fit into equation (III.26), where T is temperature (in Kelvin) and 1000 ln the measured 

fractionation factors for the mineral pair (see section III.4.2.): 

(III.26)  2610ln1000  TA  
 

Equilibrium temperature estimates obtained for each plagioclase end-member are displayed in 

Table III.26. As demonstrated by Zheng (1993a), isotopic fractionation is linearly dependent on 

plagioclase composition. Accordingly, although Chiba et al. (1989) formulation does not take into account 

the precise composition of plagioclase, a value for the mean composition of plagioclase in the gabbro 

sample was additionally obtained by linear regression of the end-members results. 

(ii) Bottinga & Javoy (1975) determined fractionation factors by semi-empirical methods and 

obtained plagioclase-pyroxene coefficients A= (1.70-1.04) and B = 0 to be applied in equation (III.27), 

where  is the An molecular content of plagioclase; other variables are as in (III.26): 
 

(III.27)   BTA  2610ln1000   

 

(iii) Dunn (1986) applied a regression to the fractionation curves of Kyser et al. (1981) and 

obtained equation (III.28) which can be used as a thermometer for plagioclase-pyroxene assemblages in 

magmatic rocks (uncertainty  60°C).  
 

(III.28)    PxPlOCT  18º 2391320  

 

(iv) Zheng (1993a) used theoretical techniques to determine thermodynamic isotope factors for a 

series of anhydrous silicates that allow obtaining expressions for the temperature dependence of isotopic 

fractionation for different mineral pairs; for plagioclase-diopside fractionation, isotopic equilibrium 

temperatures (in Kelvin) may be obtained from the expression (III.29):  

(III.29)      x
T

x
T

xDiPl 57.096.0
10

34.128.2
10

21.042.0ln10
3

2

6
3   

 

Estimates of isotopic equilibrium temperatures for the amphibole-plagioclase in the diorite were 

obtained with the semi-empirical geothermometer of Bottinga & Javoy (1975) using the fractionation 

coefficients A = (2.178-1.04) and B= -0.30 in expression (III.26), where  represents the An molecular 

content in plagioclase.  

Evaluation of results  

Thermometry results for ODV I gabbro and Ventoso diorite are displayed in Table III.26. The 

highest temperature for ODV I fresh gabbro were obtained with the empirical thermometer of Dunn 

(1986). This value lies, within uncertainty, in the range of temperatures 935  15 ºC determined with 

QUIlF for pyroxene-orthopyroxene equilibrium (see section III.5.1.2). This thermometer typically retrieves 
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high temperatures, which have been shown (e.g. Dunn, 1986; Chalokwu et al., 1999) to be significant 

within the evolutionary framework of the studied intrusions. The values obtained with this calibration 

should bear an upper threshold for plagioclase-pyroxene isotopic equilibrium in ODV I gabbro.  

Increasingly lower temperatures were obtained using the Zheng (1993a), Chiba et al. (1989) and 

Bottinga & Javoy (1973) calibrations. The variance found between these three determinations is within 

the range reported by Zheng (1993a) while testing the results of his theoretical thermometer against the 

other author’s calibrations. Thermometry data are consistent with criteria presented in the original oxygen 

isotopic section (III.4.2) and indicate that plagioclase and pyroxene in ODV I gabbro retained its original 

oxygen isotopic composition, remaining closed to the oxygen exchange at residual magmatic 

temperatures  800º C. 
 

Table III.26- Thermometry results (oxygen stable isotope equilibrium temperatures) estimated on the basis of 
different calibrations here denoted by reference to the original published works (see text for details); for each mineral 
pair/ calibration, values in bold text indicate estimates obtained using plagioclase mean composition in that sample; 
(*)- value obtained by linear regression for the precise plagioclase composition using the values obtained for pure Ab 
and An end-members.  

 

 

 

 

 

 

 

 

 

 

Temperatures obtained from plagioclase-amphibole fractionation in diorite using Bottinga & Javoy 

(1975) calibrations are somewhat lower than those indicated exclusively on the basis of mineral chemistry 

(see section III.5.1.4). Since plagioclase in the mafic diorite encompasses a wide range of compositions 

due to strong zoning, the minimum and maximum values for An in plagioclase were additionally 

considered (Table III.26). The inverse relation obtained between plagioclase anorthitic content and 

isotopic equilibrium temperatures is the opposite of that observed with thermometry results obtained from 

plagioclase – amphibole chemistry. Plagioclase albitic rims isotopic temperature (583 ºC) are closer to 

those obtained from amphibole-plagioclase thermometry (X= 627; [684 – 568] ºC) relative to more 

anorthitic cores (495 ºC). These features suggest that the calcic cores experienced stronger post-

magmatic modification, which is consistent with petrographic observations.  

Discussion 

Plagioclase-amphibole equilibrium temperatures and isotopic fractionation factors determined by 

Bottinga & Javoy (1975) for a wide range of rock types are shown in Figure III.108. The temperatures 

obtained for BIC diorite fall within the lower range of those values typical of granodioritic rocks with larger 

fractionation factors due to lower temperature isotopic equilibrium.  

Isotopic fractionations between minerals in plutonic mafic rocks are, on average, about twice as 
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the corresponding fractionations observed in their equivalent extrusive rocks (Faure, 1986; Hoefs, 2009). 

As predicted by T-18O relationships, oxygen thermometry for plutonic rocks typically retrieves 

temperatures that are lower than those prevailing during crystallisation. This process of “isotopic memory 

loss of crystallization temperatures” for slowly cooled rocks was termed retrograde exchange by Bottinga 

& Javoy (1975); it may result from redistribution of oxygen between minerals of a rock during prolonged 

cooling, or post-crystallization exchange reactions of the plutonic rocks with a fluid phase.  

As noted by Bottinga & Javoy (1975), rocks crystallized from melts with higher water contents 

with difficult retain their original isotopic signature and, therefore, do not indicate their temperature of 

formation. An inspection of Figure III.108 reveals that equilibrium temperatures for gabbroic and 

particularly tonalitic rocks tend to be higher than for diorites and granodiorites. This relationship is 

consistent with derivation of gabbroic and tonalitic rocks from drier melts relative to diorite and 

granodiorite, which ought to make them prone to experience the effects of isotopic retrogradation 

exchange. 

If the ≈ 550ºC equilibrium temperatures obtained for the diorite rock plagioclase-amphibole pair 

represent a superimposed hydrothermal event, full recrystallization of the magmatic mineral assemblage 

would be expectable (e.g. as seen in gabbroic rocks within the hydrothermal halo enveloping type II 

sulphide Cu mineralization at the Ventoso quarry); however, this feature is not observed. The relatively 

low plagioclase-amphibole isotopic equilibrium temperatures recorded by the mafic diorite suggest the 

effects of retrograde exchange during cooling, favoured by the hydrous and intrusive nature of the diorite 

suite. The question however remains if cooling in a wet environment proceeded in a closed system; 

despite of mineral isotopic signatures being reset, bulk oxygen isotopic data would reflect the nature of 

the magmas and some contribution of crustal, heavy isotopic component. Alternatively, if cooling occurred 

in an open system, it should had involved a fluid source with distinct oxygen bulk signature; possible fluid 

sources include magmatic water from crustal contaminated intrusions, metamorphic-derived fluids and 

modified meteoric solutions. 

Although meteoric-derived fluids have a depleted 18O signature, fluid-rock interaction at low 

temperatures (≈ 250ºC) and high water/rock ratios may generate 18O enrichment (Campbell & Larson, 

1998). For example, at the Sonju Lake intrusion in Minnesota 18O values in plagioclase in excess of 7‰ 

are thought to result of interaction with a moderately 18O depleted fluid (3-5 ‰) at temperatures less than 

250 ºC and high water-rock ratios (Park et al., 2004). A similar mechanism accounting for BIC diorite high 

18O values is precluded on the basis of estimated isotopic equilibrium temperatures, but also by the 

preservation of various magmatic features. Reaction with meteoric-derived fluids at high temperatures (as 

those indicated by thermometric data) would result in depleted oxygen isotopic signatures, as seen for 

proximal amphibolitic gabbro. Plagioclase-amphibole equilibrium temperatures obtained on the basis of 

mineral chemistry, indeed support the hypothesis that the low 18O values for amphibolitic gabbro 

hornblende are a consequence of mixing of magmatic fluids with depleted meteoric-derived fluids at 

temperatures between [764 – 890] ºC (see sections III.5.1.4 and III.4.2). 
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Figure III.108- Stable oxygen isotopic equilibrium temperatures and fractionation factors (18O) for mineral pairs 
included in different rocks studied by Bottinga & Javoy (1975) where data for BIC diorite are plot for comparison.  

 

Within the range of temperatures determined for BIC diorite, the high 18O mineral values indicate 

a contribution from fluids with a heavy oxygen signature. The most likely candidate for providing such fluid 

would be the ATT tonalite melt that accounts for the development of diorite magmatic breccias. The 

diorite-tonalite breccia has a lower 18O value (#CVD-19C: 7.5‰) than the most primitive quartz-diorite 

(#CVD-19: 8‰). Because bulk rock oxygen isotope data that can be directly compared are not available 

for the mafic diorite under consideration (#CVD-19B), a rough estimate can be made on the basis of an 

plagioclase : amphibole modal ratio of 1 : 1 (considering oxygen molar proportions); the resulting bulk 

rock 18O value of ≈ 6.6‰ is slightly below to the diorite-tonalite breccia (18O=7.5‰). Since the breccia is 

significantly quartz-rich, a lower bulk rock oxygen isotopic value is expectable for the mafic diorite, 

therefore suggesting similar degrees of isotopic modification for both suites. Nevertheless, the difference 

in those values may simply reflect uncertainties involved in the estimation of the bulk rock oxygen isotopic 

signature for the mafic diorite.  

Crustal contamination based on Nd-Sr data has been established for the ATT suite (see section 

III.4.1.3) with decreasing of radiogenic Nd at relatively low radiogenic 86Sr/87Sr, consistent with 

assimilation of lower crustal (s.l.) components. The diorite suite displays a distinct contamination style 

with moderate to strong decoupling of 86Sr/87Sr initial ratios at apparently constant and primordial 
143Nd/144Nd ratios, suggesting the influence of a fluid phase derived from upper crustal rocks. It is 

therefore concluded that the high 18O mineral values for the Ventoso mafic diorite do reflect retrograde 

exchange with closure between 495 and 583ºC due to cooling in a wet environment; this should had 

favoured the Sr and O isotopic exchange between coexisting mineral phases and heavy oxygen upper 

crustal-derived fluids (Hoefs, 2009). 

III.5.3. Constraints from trace element modelling: the equilibrium distribution 

method (EDM) 

One of the main difficulties regarding the interpretation of trace elements abundances in cumulate 

rocks concerns the evaluation of the extent that elemental concentrations reflect the primary 

characteristics of the melt or, alternatively, record simply the effects of solid/melt partition coefficients 
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upon their mineralogy. These features render difficult petrogenetic considerations regarding the 

interpretation of the magma source zone or contamination processes. Although these difficulties may be 

partially overcome by using trace element ratios, (as in the analysis of basaltic rocks), significant 

uncertainty persists. 

In order to elucidate the origin of some of the observed trace element features in LGS rocks, the 

inversion technique proposed by Bédard (1994) was applied on selected samples to obtain an estimate of 

melts compositions in equilibrium with cumulate rocks. This method further enables assessing the 

trapped melt fraction in equilibrium with the cumulate rocks through objective criteria. General principles 

and results of this modelling are presented and discussed below.  

III.5.3.1. The equilibrium distribution method: general assumptions and concepts 

The equilibrium distribution method (EDM; Bédard, 1994) enables estimating the composition of 

the melt in equilibrium with minerals of the cumulate rock. The method is based on simple mass-balance 

equations that allow obtaining the concentration of trace elements in minerals as function of their 

solid/liquid partition coefficients, modal proportions and bulk rock measured concentration.  

The fundamental simplifying assumption is that all minerals in the rock crystallized from the same 

melt at near-liquidus temperatures. The geochemical effects of the trapped melt fraction (TMF; for a 

definition see section I.1, Vol. II) are explicitly accounted, as follows. During consolidation of a cumulate 

rock, compaction may result in expelling of an unknown TMF portion (eventually its whole). Accordingly, it 

is assumed that TMF corresponds to the portion that remained after the rock was sealed of the main body 

of magma at near liquidus temperatures. Based on this reasoning, a distribution coefficient equal to unity 

(kdi
TMF = 1) for TMF simulates the effect of a portion of melt trapped along with the cumulate minerals. 

Neglecting the geochemical effect of TMF results in overestimation of trace element concentrations; 

therefore, even when trace element concentrations are available for mineral separates or in-situ analyses, 

the effect of TMF must be accounted (e.g. Charlier et al. 2005).  

The original mineral mode of the rock is corrected to account for TMF modal proportion, in a 

process chiefly comparable to the methodology underlying the use of melting modes in partial melting 

modelling. The modal correction (or back-stripping procedure) is iteratively repeated to accommodate the 

varying TMF proportion until the final adjustment is achieved. The criteria used in accounting the TMF 

modal proportion, melting modes and partition coefficients together with other assumptions are reported 

in section III.5.3.2.  

Numerical formulation 

The concentration of an element i in a rock (Ci
rock; whole rock data) composed of a multi-mineral 

assemblage (n minerals) can be expressed as a simple mass balance (III.30), considering the i constants 

in each mineral j (Ci
j) times its modal proportion ( j; as mass fraction of j). The phase labelled TMF refers 

to the trapped liquid fraction coexisting with the cumulate minerals and, its partition coefficient is assumed 

to be one (1). 
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From the partition coefficients (kdi
min/melt) for each mineral, e.g. clinopyroxene, olivine and 

plagioclase (III.31) results: 
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Equations such as those shown in (III.32) or (III.33) allow relating the concentration of a given 

element in two coexisting minerals; in the given example, clinopyroxene and olivine  
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or clinopyroxene and plagioclase.  
 

(III.33)      Pl
i

Cpx
i

Pl
i

Cpx
i

Pl
i

Cpx
i

Pl
i

Cpx
i

melt
i

Pl
i

melt
i

Cpx
i

Pl
i

Cp
i kdkdCCCCkdkdCCCCkdkd ///////   

 

On the basis of modal abundances and elemental concentration in the rock (from whole-rock 

data), equations of this type are replaced into equation (III.30), which can then be solved for each mineral 

species, as exemplified in (III.33) for clinopyroxene; the equation can be expanded to accommodate the 

necessary mineral species of the rock. The concentration of each element in the melt is finally obtained 

using expression (III.34), which relates the concentration of an element i in coexisting clinopyroxene, 

olivine and plagioclase.  
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III.5.3.2. Methodology and assumptions while modelling LGS rocks  

Partition coefficients 

In his original work, Bédard (1994) provides a compilation of partition coefficients which are 

appropriate for rocks of basaltic composition at liquidus temperatures (Table III.27). Is noteworthy that 

partition coefficients for Ni in olivine, as for Sr or Ba in plagioclase, were calculated individually for each 

modelled sample on the basis of forsterite and anorthite molecular proportions (see Table III.27 caption). 

In a later work, Bédard (2001) provides a slightly different set of partition coefficients for rocks of evolved 

basaltic composition which may be appropriate for modelling of ODV I or SB II rocks. In order to maintain 

consistency among all modelled compositions, the partition coefficients listed in Table III.27 were used for 

all rocks. Only Ti partition coefficients were optimized to model rocks with evolved composition and high 

oxide modal content (by combining the values in both sets provided by Bédard; 1994; 2001); those values 

are listed at the bottom of Table III.27. 

Estimating the TMF 

In order to bring some objectivity to the estimate of TMF proportion, measured EPMA Ti 

concentrations in clinopyroxene were used to calibrate each sample. TMF was fixed upon reasonable 

convergence between EPMA-measured and EDM-estimated Ti concentrations in clinopyroxene. Cr and 

Ni concentrations in clinopyroxene and olivine, respectively, are also available and could be used as 

calibrants; however, the nugget effect in whole-rock measurements caused by the presence of sulphides 
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or chromite, prevents using Ni and Cr concentrations in olivine and clinopyroxene, respectively for the 

calibration procedure. Albeit less precise (Bédard, 2001), Cr and Ni concentrations obtained for the model 

melts are enough to evaluate the primary character of the most primitive LGS magmas. 
 

Table III.27- Partition coefficients used in modelling of LGS rocks; for references see Bédard (1994). (*), (**)- The 
expressions for calculating Sr and Ba partition coefficients (RT ln kdPl

Sr =26 800 – 26700 x An; RT ln kdP/
Ba = 10200 - 

38200 – An) are from Blundy & Wood (1991) wherein R is the ideal gas constant (8.314) and T the temperature (in 
Kelvin), which was assumed as near-liquidus (≈ 1200ºC); (***): the expression for calculating kdOl

Ni (-0.8480769 x 
(100xFo) + 87.37307692) is applicable for olivine compositions with Fo>65 that fits the majority of LGS rocks but not 
few ODV I rocks with more fayalitic olivine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Most LGS rocks include minor amounts of ilmenite and magnetite (magnetite + ilmenite  ≈ 1 

volt%) which are rather late intercumulus phases and therefore crystallized from small amounts of 

residual trapped melt. For these rocks, accessory oxides were promptly eliminated from the residual 

mode and allotted to TMF; back-stripping of the silicate assemblage proceeded from that point, using the 

“normal” silicate melting modes. As suggested by petrographic mineral inclusion criteria, oxides often 

started crystallizing at early stages and continued throughout the liquid line of descent. Nonetheless, 
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ascribing the oxide assemblage to TMF should be fairly accurate, since oxide fractionation ultimately 

culminated at the latest crystallization stages. For rocks with oxides in minor abundance, it is also likely 

that a significant part of ilmenite is derived from magnetite by sub-solidus exsolution. Hence, according 

with petrographic criteria 50 to 75% of ilmenite modal quantity was added, i.e. accounted as magnetite. 

Even though this procedure is more realistic from a petrological and mineralogical point of view, the 

underlying uncertainty has no consequences on the final modelled compositions since, as soon as the 

oxide-bulk content is accounted as TMF, the partition coefficient of 1 for all elements is considered.  

Besides the oxides, orthopyroxene is the most obvious candidate to account for TMF during the 

back-stripping process given its late intercumulus origin. Accordingly, following oxide elimination, gradual 

amounts of orthopyroxene were consumed and incorporated into TMF using the appropriate melting 

modes. If convergence between measured and estimated Ti concentrations in clinopyroxene was 

achieved before all orthopyroxene was consumed, a correction was made in order to proportionally 

reincorporate orthopyroxene in clinopyroxene and olivine, in accordance with its late magmatic to 

subsolidus origin. Although in rocks with accessory amounts of orthopyroxene the correction leads to 

undistinguishable results (standard deviation  2% for all incompatible elements), it is relevant from a 

formal standpoint, since one of the basic assumptions underlying the method is that only liquid phases 

should remain in the residual mode once a suitable TMF is determined. Rocks with higher modal 

proportion of orthopyroxene (≈ 10 vol %) yielded more significant differences between orthopyroxene 

corrected vs. uncorrected results. Accordingly, in those rocks, orthopyroxene was allowed to persist in the 

residual mineral mode since it should (at least in part) represent a liquidus phase. Melting modes used in 

modelling of LGS rocks are listed in Table III.28. 
 

Table III.28- Melting modes used in modelling of LGS rocks with equilibrium distribution method (Bédard, 1994; 2001) 

 

 

 

 

 

Modelling oxide rich rocks 

As stated by Bédard (1994, 2001) results for rocks containing abundant Fe-Ti-oxides are less 

rigorous than those for Fe-Ti-oxide poor rocks. Two possible methodologies based on distinct petrological 

assumptions are possible to apply in an effort to retrieve approximate melt compositions: (i) these rocks 

are in fact cumulates of magnetite + ilmenite; (ii) the high Fe-Ti contents reflect an extremely high TMF, 

with Fe and Ti residing in the trapped melt. A third possibility for Fe-Ti-P rich rocks (see Bédard, 2001) 

implies that rocks represent normal gabbroic cumulates subsequently metasomatized by a percolating 

oxide and phosphorous rich melt. This is a recurrently discussed and highly contested argument to 

account for the very particular petrological features of oxide-apatite rich jotunitic rocks related to massive 

anorthositic massifs (see references in VOL II- I.2.). Besides of all evidence pointing to a normal 

fractionation path for the oxide assemblage (in opposition to metassomaticaly introduced), this 

assumption is clearly not pertinent for LGS rocks where phosphorous is present but in trace amounts and 
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apatite is found solely in few samples; therefore it will not be further mentioned.  

Regarding hypothesis (ii), in which the high oxide content is envisaged as having crystallized from 

TMF, the modelling procedure is similar to rocks bearing accessory amounts of oxides. Tests revealed 

that an extremely high TMF would be required in order to obtain a minimal acceptable convergence 

between EPMA-measured and EDM-estimated Ti contents in clinopyroxene. This would result in 

unrealistically low incompatible element abundances that chiefly mimic the original cumulate rocks.  

Petrographic and mineral chemistry evidence suggests that LGS oxide-rich rocks indeed 

represent silicate-oxide cumulate assemblages22. This inference is in accordance with experimental 

results obtained for mineral-melt equilibria and phase relations in ferro-basaltic liquids (Toplis & Carroll, 

1995, 1996) suggesting that ilmenite, magnetite or both (essentially depending on the O2 of the system) 

are common cotetic cumulus phases along with plagioclase/clinopyroxene/olivine. Even so, convergence 

between modelled and measured Ti concentrations in clinopyroxene for the most oxide-rich ODV I and 

SB II rocks was never achieved unless extremely high TMF proportions were assumed; the possible 

causes for this mismatch are discussed in the results section III.5.3.3. In order to obtain a reasonable 

estimate for melts in equilibrium with LGS oxide-rich rocks, TMF values from closely related oxide-poor 

rocks (that show good adjustment between measured and estimated Ti concentrations in clinopyroxene) 

were used in their modelling.  

Setting TMF for SB II Series gabbronorite was render difficult by the very peculiar features of this 

rock and, consequently, the lack of analogues to perform further testing. In the following paragraphs, the 

procedure employed in modelling SB II Series is described. This also serves as a practical example to 

illustrate the criteria applied to other rocks which presented similar (though considerably less complex) 

difficulties in modelling. Figure III.109 shows plots of REE and incompatible element (CN and PM 

normalized, respectively) as well as the evolution of convergence for Ti concentrations in clinopyroxene 

with varying values of TMF. The choice of a value for TMF30% implies the elimination of 50% of the 

modal content of orthopyroxene, whereas consuming all orthopyroxene in the rock results in an extremely 

high TMF of 58%. Although in the latter case the estimated Ti concentrations in clinopyroxene are quite 

close to the average Ti concentration in ODV I rocks, the required TMF proportion is unusually high and 

trace element abundances become very close to that of the original cumulate. In view of the underlying 

uncertainties, TMF was fixed at a conservative value of 30%. 

Finally, modelling oxide-bearing cumulus assemblages requires appropriate melting modes to 

back-strip orthopyroxene modal proportion. None of the mineral melting modes reported by Bédard 

(1994, 2001), or the cotetic proportions obtained in the experimental work of Toplis & Carroll (1995, 1996) 

allow orthopyroxene to coexist with olivine and magnetite because the three phases will be invariably in 

disequilibrium. Toplis & Carrol (1995, 1996) allow magnetite proportion to vary by readjusting the silicates 

to 100%; this approach is also adopted by Bédard (2001) while adjusting silicate melting modes available 

in the literature to incorporate cumulus oxide assemblages. For LGS rocks, a value of 8% cumulus oxides 

                                                      
22 At this point it is perhaps useful to restate that the position of interstitial oxides within silicate (cumulus) framework is interpreted 
as an inescapable consequence of the balance of superficial energies during the evolution of the cumulate (see section II.5.1.5), 
which forces them to occupy an apparent intercumulus position due to grain boundary readjustment during textural maturation. Rare 
exceptions such as SB II gabbronorite, where oxides are mostly sited as tiny blebs in clinopyroxene, are likely the result of the 
combination of several factors, namely, an incipient stage of cumulus oxide fractionation, coupled with negligible postcumulus grain 
boundary readjustment promoted by a relatively rapid cooling period; the latter observation, in turn, concurs to the hypothesis that 
these rocks are akin to chilled margins. 
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based on the calculated Fe-Ti oxides cotetic average for the magnetite-bearing sequence of Bushveld 

(Cawthorn & Molyneux, 1986 in Bédard, 2001) was added to the appropriate silicate melting modes 

followed by recalculation to 100% (1 in the current notation). The same procedure was performed to 

incorporate minor amounts of cumulus chromite in SB I rocks, considering a cotetic proportion of ca. 0.2 

vol% chromite.  

Figure III.109- Chondrite normalized REE (values of Palme & Jones, 2003) (A) and primitive-mantle normalized 
multi-elemental distributions (values from Palme & O’Neill, 2003) (B) showing the effects of variable TMF considered 
while modelling SB II gabbronorite. Comparison between estimated and measured Ti concentration in Cpx for 
different TMF are displayed in (C), wherein vertical bars represent the range of Ti measured values by EPMA; the 
stippled vertical bars represent the range of Ti concentration in clinopyroxene present in ODV I rocks. 

III.5.3.3. Results of modelled melt compositions 

Estimated modelled melts for each individual sample included in different LGS Series are listed in 

Table III.29 to Table III.35. 
 

Table III.29 (Right page)- Trace element concentrations for original rock and estimated model melts for rocks 
included in SB I and SB II Series. Additional listed features include: (i) mineral/melt distribution coefficients for each 
individual sample for Pl (Sr and Ba) or Ol (Ni); (ii) Ol and Cpx Ni and Ti + Cr concentrations measured by EPMA and 
estimated with EDM (“mineral compositions” row); (iii) the mineral modes under the “ROCK” and “MELT” columns 
represent each rock initial (as determined by least squares regression) and final residual modes (i.e., after back 
stripping); (iv) the listed “melting modes” represent the final iteration; and (v) the “minerals consumed” row (below the 
melting modes heading) account for the modal proportion (x100%) for the various minerals subtracted from the 
original mode of the rock during back stripping and allotted to TMF; the absence of a percentage indicates the 
mineral was completely eliminated and accounted to as TMF, as can be understood by comparing the initial and 
residual mode. 
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Table III.30- Trace element concentrations for original rock and estimated model melts for rocks included in ODV I 
Series. All features as in Table III.29. 
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Table III.31- Trace element concentrations for original rock and estimated model melts for rocks included in ODV I, 
plus one from ODV II Series. All features as in Table III.29. 

 

 

 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

328 

Table III.32- Trace element concentrations for original rock and estimated model melts for rocks included in ODV II 
Series. All features as in Table III.29. 
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Table III.33- Trace element concentrations for original rock and estimated model melts for rocks included in ODV III. 
All features as in Table III.29. 
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Table III.34- Trace element concentrations for original rock and estimated model melts for rocks included in BRG I 
Series Lower Group. All features as in Table III.29. 
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Table III.35- Trace element concentrations for original rock and estimated model melts for rocks included in BRG I 
Series Intermediate and Upper Groups. All features as in Table III.29. 
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Results evaluation 

As shown in Figure III.110 (except for oxide-rich rocks) there is reasonable convergence 

between EPMA measured and modelled Ti concentrations in clinopyroxene, enabling petrological 

interpretation of the modelled melts (MM) to proceed with some confidence. The misfit for oxide-rich rocks 

is a consequence of estimated Ti concentrations in clinopyroxene being systematically higher or lower 

than those measured by EPMA. The reasons for this discrepancy, (most noticeably for SB II and ODV I 

Series), warrant explanation. Several tests were made with variable magnetite : ilmenite ratios or 

proportion of cumulus oxides in the melting mode for SB II and ODV I Series rocks. Convergence did not 

significantly improved; therefore, the higher uncertainty in establishing oxide (original) modal proportions 

is not the source for mismatch; notwithstanding, errors in modal estimates or even the choice of melting 

modes have been shown to produce minimum effects in EDM modelling results (see Bédard, 1994). 

Possible causes for the observed deviations regarding ODV I and SB II rocks include (i) kd’s for 

Ti may not be appropriate for oxides (as well as silicates?) in high Fe/Mg melts, resulting in a systematic 

excess of Ti that is allotted to clinopyroxene; and (ii) clinopyroxene lost some of its original Ti content due 

to re-equilibration with the oxide assemblage. As shown by Bédard (1994), mineral/melt distribution 

coefficients are the main source of variation in results obtained by EDM modelling; modelling of oxide-rich 

rocks from other Series using modified kd’s for Ti (see Table III.27) allows elucidating the source of error 

for ODV I and SB II Series. 

Among all oxide-rich rocks, those of ODV II present the best-fit between measured and estimated 

Ti concentrations in clinopyroxene; BRG I Series show the opposite trend, with estimated Ti 

concentrations in clinopyroxene being lower than those measured by EPMA. When modelled with 

“normal” kd’s for Ti, BRG I oxide-rich rocks retrieved huge TMF proportions or did not converge at all, 

thus suggesting that intermediate kd’s between those used in oxide-poor vs. oxide-rich rocks would be 

required. These features strongly suggest that Ti kd’s for oxides vary according with the Fe/Mg of the 

melt. Nonetheless, clinopyroxene re-equilibrium should also influence the observed discrepancies as 

supported by the lowest measured Ti concentrations in SB II clinopyroxene (where oxides are 

preferentially sited, therefore favouring easily silicate-oxide reequilibrium).  

This evaluation confirms Bédard’s observation that results from modelling of oxide-rich rocks are 

less rigorous. Nonetheless, they are presented here since these results are consistent with other rocks 

from their host Series and provide valuable indications.  

Analysis of modelled trapped melt fractions  

Modelling results (Table III.29 to Table III.35) indicate that most LGS rocks have relatively low 

trapped melt fractions, typically between 2 and 5%; few rocks of ODV I or ODV III Series reaching ≈ 7.5% 

TMF. The bulk low TMF% for most LGS rocks is consistent with the remaining geological evidence, 

reinforcing the idea that compaction played an important role in the genesis of LGS layering features (see 

section II.5). Although it is not possible to assess the original porosity of LGS cumulates, the existence of 

some rocks within the same Series with very different TMF values (e.g. SB I) suggests that, until the 

system become closed, variable amounts of TMF were lost from the original cumulates. 

TMF estimates (with a minimum accuracy) for amphibolitic gabbro rocks were only possible to 

perform for those included in BRG I Series. Even so, in order to obtain minimum convergence for 
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clinopyroxene compositions, a proportion of TMF higher than what was set would be required. Because 

increasing the TMF for this rock would result in unrealistic low trace elements abundances, a value of 

21% was fixed, which fairly accounts for its trace element signature. Estimates for TMF in ODV I Series 

amphibolitic gabbro are precluded by the widespread replacement of primary ferromagnesian minerals by 

a newformed hydrous assemblage.  

Factors influencing the distribution of TMF 

The spatial distribution of TMF within the intrusion is interpreted as the result of several 

concurrent processes, as follows. Unless significant deviatory stress is involved, compaction will expel the 

melt upward and downward along the semi-consolidate cumulate pile. Therefore, for rocks crystallizing 

closer to the top of the cumulate pile, melt will be preferentially lost to the main magma reservoir relatively 

to rocks lying deeper in the sequence. Rocks at the bottom of each sequence may thus experience 

repeated influxes of melt migrating downwards from the pile undergoing compaction.  

Melt density plays an important role in its migration path since melts with higher Fe/Mg are 

denser than more primitive magnesian melts (see section III.2.1.6). More evolved, iron-rich melts will be, 

therefore, more difficult to expel via compaction and tend to pond within, or at the bottom, of the cumulate 

framework. Accordingly, as it is apparent from Figure III.110, oxide-rich or otherwise compositionally 

more evolved rocks with lower Fo-olivine consistently show slightly higher TMF proportions than their 

more primitive counterparts. Relationships between TMF proportion and Fe/Mg of the melt within ODV I 

Series seem to escape this logic, wherein the most oxide rich rocks bear lower TMF proportions relatively 

to the most magnesian, oxide-poor rocks. The most primitive and oxide-poor rocks from ODV I Series 

(#ODV-G-25 and #26) offer guaranties of a more robustly constrained TMF (see Figure III.110) and 

indicate that ODV I Series rocks have consistently higher TMF proportions than other LGS Series. In the 

proposed evolution model for ODV I Series (see section III.2.1.6), the oxide-rich cumulates and olivine 

leucogabbro comprising the basal domains of Lower Group are envisaged as highly evolved ponded melt 

resulting from extensive crystal fractionation of magma similar to the overlying more primitive olivine 

leucogabbro. The high density of the oxide-laden melt is thought to have led to convective overturning, 

which accounts for the presence of the most primitive and less dense olivine leucogabbro on top. 

Accordingly, even though the relative TMF proportion roughly estimated for the basal oxide domain is low, 

at a broader scale they can be envisaged as huge amounts of melt that ponded at the floor of the 

chamber when magnetite and ilmenite became liquidus minerals. 

Despite the uncertainties in the correct amount of TMF for SB II Series, results from modelling 

confirm that the fine-grained gabbronorite is characterized by high TMF ( 30%). Much lower TMF (5%) is 

needed to account for BRG I microgabbro geochemical signature. Excluding SB I troctolite, which 

probably represent cognate xenoliths from deep seated portions of the magma chamber, there is an 

increase of estimated TMF towards the lowest portion of each Series and the margins of the intrusion as 

is schematically depicted in Figure III.111. The large TMF increase throughout SB I (culminating within 

SB II Series), is likely influenced by several factors, one being the concurrent increase of Fe/Mg of the 

melt towards SB II Series. Nonetheless, the high TMF in SB II gabbronorite should be primarily 

constrained by the increasing proximity to the margins of the intrusion where ponding and rapid cooling of 

the melts are favoured by the physical and thermal barrier effect exerted by the cold country rocks. This 
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effect may be only inferred on the basis of SB I – SB II relations since the presence of the marginal 

diorites and tectonic reactivation of most LGS contacts has obliterated direct evidence from intrusive 

outcrops.  

Evidences for infiltration metasomatism 

Many samples from BRG I Series were considered unsuitable for modelling due to the lack of 

reasonable convergence during calibration with clinopyroxene compositions. In contrast with oxide-rich 

samples, EPMA-measured Ti concentrations in clinopyroxene for this group of samples was found to be 

systematically lower than those estimated by EDM at TMF=0. Trace element concentrations are 

overestimated at nil trapped melt fraction which indicates that abundances for strongly incompatible 

elements are depleted relatively to Ti (which has a moderately incompatible behaviour in the absence of 

significant oxide precipitation).  

The imbalance among incompatible concentrations raised the suspicion that re-distribution of 

some trace elements took place after the system became closed to magma exchange with the main 

magma reservoir. This process, termed as infiltration metasomatism or constitutional zone refining 

(McBirney, 1987) is well documented in many layered intrusions (e.g. Skaergaard: McBirney, 2002; 

Stillwater: Meurer & Boudreau, 1998; Boudreau, 1999). It happens when residual melt and/or admixed 

fluids expelled by compaction, are redistributed and re-equilibrate significantly with the adjoining layers. 

TMF and intra-facies lateral compositional variations 

It was previously demonstrated that both Series of the Ferreira Beringel sector display intra-facies 

lateral variation, wherein mineral compositions become progressively more primitive from west to east. 

Because this trend is pervasive in facies with prominent lithological features (e.g. BRG I Intermediate 

Group pyroxene porphyry gabbro and BRG II Basal pyroxene gabbro), poorly constrained stratigraphic 

control may be ruled out as a cause for this feature; thus, a primary origin is privileged. Within facies 

lateral compositional variations may be conditioned by (the path of melt) during replenishment events: if 

the magma was fed predominantly from east to west, it may be anticipated that concurring crystal 

fractionation during the westward progression of the melt could produce the observed compositional 

trends. This inference is supported by the higher abundance of cumulate primitive domains which may 

correspond to the locus of dense magma fountains surging within and above the column of less dense 

cumulate pile plus resident melt (see section III.2.1.6).  

The lack of trace element data for BRG II Series (and therefore TMF estimates) prevents a more 

in-depth analysis of lateral facies variation. Moreover, data for BRG I Series are somewhat scattered due 

to poor outcropping and hindered by evidence for infiltration metasomatism (see above). Nonetheless, 

results of EDM may further bring some light to the within facies lateral compositional variations, as 

follows. As far as can be assessed with the available data, the distribution of domains with higher TMF 

tends to follow the path of compositionally more evolved rocks, as well as the proximity to the margins of 

intrusion. It is therefore suggested that increasing amounts of TMF towards the western domain may also 

have contributed to the lateral facies variation. 
 

Figure III.110 (right page)- Comparison between Ti concentrations in Cpx EPMA- measured and EDM-estimated. 
Convergence is expressed by the deviation from the 1 : 1 line, vertical bars are Ti EPMA concentration ranges; grey 
points- Oxd-rich rocks. Stippled vertical bars for SB II Series: range of Ti concentration in Cpx for Oxd-poor ODV I. 
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Figure III.110 (cont.)  
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Figure III.111- Schematic depiction of the spatial distribution of TMF along LGS as obtained by modelling. 

 

Although the inference that TMF may account for lateral facies variations remains assumedly 

speculative it is petrologically reasonable. The tilted shape of the intrusion towards SW may have 

promoted the accumulation and ponding of higher amounts of TMF towards SW. Higher amounts of TMF 

in a cumulate promote the already described trapped liquid shift (Barnes, 1986) and therefore more 

evolved mineral compositions in olivine. Exceptions such as microgabbro appear to be controlled by 

development of a basin shaped domain due to the more evolved and denser nature of the melt.  

Analysis of trace element patterns in model melts 

Chondrite-normalized REE distributions and primitive-mantle normalized multi-elemental 

diagrams for modelled melts of different LGS Series are displayed in Figure III.112 and 113, respectively; 

the original cumulate rocks are also plotted for comparison. Additional patterns displayed in each plot 

include BIC mesocratic rocks, as well an envelope for SB II gabbronorite melt compositions that can be 

obtained at 29 or 58% TMF (given the uncertainties in obtaining an accurate TMF for this rock).  

Normalized distribution REE patterns for model melts (MM; Figure III.112) are quite homogenous 
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for each Series as it is expectable from cogenetic suites. This confirms that the high variety of shapes and 

abundances observed in the REE patterns for the original cumulates are chiefly controlled by mineral 

accumulation effects. The most prominent feature of REE distribution in LGS MM are moderate to high 

LREE/HREE and LREE/MREE enrichments ((La/Yb)CN [1.5 - 7.8] X= 2.9; (La/Sm)CN [1.0 – 3.0] X= 1.4) 

and faint negative (to neutral) Eu anomalies ((Eu/Eu*)CN= [0.7 - 1.4] X= 0.9). Melts in equilibrium with 

anorthosites and other plagioclase-rich rocks (such as SB I troctolite) maintain positive Eu anomalies and 

low HREE abundances, giving rise to the highest observed LREE/HREE fractionation; similar features are 

reported for anorthosite and troctolite rocks of the Nain Province (Bédard, 2001). The range of REE 

abundances in the model melts for different Series (88-8 x CN) are consistent with bulk geochemical 

evidence, supporting the inference that SB I and ODV I plus SB II Series represent the most primitive and 

evolved end-members within LGS, respectively. 

The field of low-Ti diorite was chosen for comparison given its higher REE and incompatible 

elemental abundances relatively to the high-Ti group. Most LGS Series, noticeably ODV I, have bulk REE 

abundances that are marginally higher than high-Ti diorite. ODV I and SB I Series display LREE 

enrichment similar to high-Ti diorite; however, SB I Series further evidence flattened HREE segments 

whereas all other Series maintain their higher MREE/HREE fractionation. SB I Series therefore displays 

REE patterns that most accurately mimic those of high-Ti diorite. Excluding SB I and ODV I, MM for all 

other Series have bulk REE abundances that are constrained by the compositional field of uncertainty for 

SB II model melt, with higher MREE/HREE fractionation and variable LREE enrichment.  

Inspection of PM normalized incompatible element diagrams (Figure III.113) for MM puts in 

evidence bulk abundances (10 - 100 x PM) ca. one order of magnitude higher than those of the original 

cumulates (1 - 10 x PM). The depleted character of Cs, Rb and K relative to La in SB II Series is also 

imprinted in the estimated MM. Towards the top of LGS stratigraphic sequence, there is a tendency for 

bulk abundances to become increasingly lower, (relative to the sketched field of SB II Series). 

Accordingly, MM for the lowermost Series (SB I, ODV I and ODV II Series) have higher bulk LILE 

abundances than SB II Series, (often reaching or surpassing the field of diorite for Rb or Cs). In contrast, 

the uppermost Series gradually display the same pattern of LILE depletion observed for SB II, except for 

pronounced negative anomalies for most HFSE.  

Elements most affected by mineral accumulation display distinct relative abundances in MM when 

compared with the original cumulate. Accordingly, significant elemental ratios (Table III.36) for Ba or Ti 

show variable discrepancies between cumulates and their MM, whereas other ratios (such as Zr/Hf, Zr/Y, 

P2O5x104/Zr or Rb/Cs) remain remarkably constant. The most significant difference regarding REE ratios, 

are the bulk higher LREE/HREE (La/Yb or Ce/Yb) and LREE/MREE (La/Sm) in MM relatively to the 

original cumulates. The higher LREE/HREE chiefly reflect the relative increase in LREE abundances; 

indeed, the steepness of MREE-HREE remains remarkably constant as indicated by nearly unchanged 

(Dy/Yb)CN ratios. These relationships agree with the general principles that: (i) incompatible element 

ratios in cumulate rocks provide a reasonable approach to their equilibrium melts, provided such 

elements are truly incompatible for all minerals (i.e. for all minerals their kd <<1) and; (ii) in opposition, 

element abundances (or their ratios) that have high partition coefficients with one or more primary mineral 

phases (e.g. Ti, Ba, K or Sr) display strongly enhanced abundances in cumulates and, therefore, require 

an additional effort to assess their relative abundance in the equilibrium melts.  
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Figure III.112- REE distributions 
(normalising values from Palme & Jones, 
2003) for LGS MM. Several patterns are 
plotted additionally for comparison: the field 
for SB II gabbronorite corresponds to MM 
obtained at 29 or 58% TMF (upper and lower 
limit of the field, see text and section 
III.5.3.2), the original cumulates for each 
Series as well as some mesocratic rocks, 
such as pegmatoids and the field for low-Ti 
diorite in particular. 
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Figure III.113- PM multi-elemental 
diagrams (normalizing values from 
Palme & O’Neill, 2003) for LGS. All 
compositions additionally plot as in 
Figure III.112. 
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Table III.36- Relevant incompatible ratios (median and range values) for model melts and the original cumulate rocks. 

 

 

Cs, U, Ba and Rb (approximately by that order) are all enriched relatively to La, whereas K, Th 

and Sr are consistently depleted relatively to La, (though with variable abundances in different Series). Sr 

and Eu display complementary distribution patterns in MM versus cumulate rocks. Eu negative anomalies 

become increasingly pronounced for melts in equilibrium with the most sodic plagioclase compositions 

(e.g. ODV I Series) for which partition coefficients are much higher (Blundy & Wood, 1991). Results 

confirm the hypothesis discussed in III.3.1.4 that, (in spite of plagioclase accumulation), Ba 

concentrations are indeed primarily high in LGS melts, as indicated by (Ba/La)cn  1 (X=1.6), or Ba/Rb 

(X=16; PM=11) significantly higher than PM values. Ba/Rb and Rb/Cs ratios are extremely uniform within 

the oceanic basalt spectrum and thought to be diagnostic of their source zones (Hofmann, 2003); their 

values for LGS thus suggests derivation from a source slightly enriched in Ba and Cs relative to Rb. 

In the absence of oxide accumulation, all HFSE are (variably) depleted compared to Sm or Nd; 

the following pattern of relative abundance emerges: P  Y  Ti > Hf or Zr, implying supra-chondritic Ti/Zr 

(X=162; CN=119) and near-chondritic Ti/Y (X=271; CN=294) ratios. Excluding Ti, relationships for HFSE 

elements are extraordinarily consistent between MM and their respective original cumulate rocks. 

Significantly higher Zr/Hf ratios for ODV I + ODV II rocks relative to ODV III + BRG I, as well as the higher 

relative enrichment of P relative to REE in SB I, SB II and ODV I Series, are also confirmed by modelling 

results.  

In conclusion, results from modelling support the mild to moderate LILE enrichment relative to 

variable depletions in HFSE which characteristically display abundances above or below 10 x PM, 

respectively (Figure III.113). The resulting decoupling between LILE and HFSE leads to sub-chondritic 

HFSE/LILE ratios, such as Zr/Ba, Ti/Ba or Hf/Th (Table III.36).  
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III.6. Petrogenetic discussion 

This section aims to present a consistent petrogenetic model for LGS and related mesocratic 

rocks on the basis of accumulated geological and geochemical evidence.  

III.6.1. Crystal fractionation processes 

LGS mineralogical features summarized below, suggest a complex magmatic evolution, from melt 

extraction at mantle source to final emplacement. Some aspects of that evolution, closely related to 

crystal fractionation processes are discussed in this section. 

Review of LGS most prominent mineralogical features 

LGS rocks encompass a wide spectrum of olivine composition (Fo88-55), that is limited to a 

relatively narrow domain covered by SB I – ODV I Series, (separated by SB II Series which is devoid of 

olivine). Olivine compositions as primitive as those of SB I Series are yet to be found within other LGS 

Series that are characterized by a much more limited compositional range (Fo78-66). Particularly relevant is 

the presence of primitive troctolite rocks within the SW edge of the intrusion that are textural and 

mineralogically similar to those included in SB I Series. These troctolites occur within the large domain 

encompassed by the anorthosite-trondhjemite-tonalite (ATT) suite corresponding to the border facies, 

which is clearly intrusive and therefore late-emplaced relative to the remaining LGS suite; both lithologies 

form the composite unit labelled as Border Group (BG). The occurrence of troctolite within the border 

facies is interpreted as a consequence of the highly dynamic tectono-magmatic regime that prevailed 

during the emplacement of border facies and allowed blocks (?) of troctolite to be ripped and/or 

tectonically upthrusted from a lower domain of the magmatic chamber.  

III.6.1.1. Parental versus primary magmas 

In order to assess the primary character of LGS magmas, olivine composition may be used to 

broadly determine the Fe/Mg (or #Mg21) of the melts, based on the relationships defined by Roeder & 

Emslie (1970) (III.35); (as previously noted, the distribution of Fe and Mg in olivine and equilibrium melt 

are insensitive to temperature, melt composition and oxygen fugacity):  
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The most forsteritic olivine compositions found within each Series were used to estimate #Mg of 

the least fractionated melt in each Series; results are listed in Table III.37. In order to estimate Fe/Mg in 

the melt for olivine-free SB II Series, the fictive olivine composition of Fo64.4 obtained by linear regression 

on the basis of #Mg relationships between olivine and coexisting clinopyroxene in other Series was used; 

as noted in section III.2.1.6, the validity of this estimate is supported by the observed consistency of 

olivine-clinopyroxene mineral compositional relationships.  

Additional constrains to the primary character of a magma are provided by Ni and Cr contents in 
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model melt (MM) compositions for each Series estimated by EDM (Table III.37). Listed Cr concentrations 

for SB I Series refer to samples with lower amounts of cumulus chromite (since small variations in the 

estimation of spinel original modal proportions yield spuriously large variations in the MM). Hence, Cr 

values in the melt in equilibrium with the most primitive members of SB I Series are expectably higher 

than the values showed in Table III.37, which represent lower thresholds. Even though there are no EDM 

data for BRG II Series, comparison of the maximum Ni and Cr concentrations in olivine (or pyroxene) with 

those of BRG I Series, as well as with the #Mg estimate for the melt (on the basis of olivine composition), 

indicate that Cr and Ni values estimated by EDM for BRG I Series are also appropriate for BRG II. 
 

Table III.37- Geochemical features indicative of the degree of primitiveness for each Series, including mineral 
chemistry data for olivine and clinopyroxene (“EPMA” columns) and whole-rock (“WR”) data. The samples listed 
under the “WR” columns correspond to those hosting the most primitive olivine composition; accordingly, other 
samples in the same Series may bear higher Ni or Cr concentrations due to mineral accumulation effects of olivine, 
sulphide or clinopyroxene. The values listed in the “Melt” column are obtained from EDM modelling (see section 
III.5.3.3) or by calculating olivine-melt equilibrium from expression (III.35) of Roeder & Emslie (1970) 

 

Olivine in equilibrium with upper mantle mineralogy should lie in the range Fo90-86; a basaltic liquid 

in equilibrium with that olivine would yield #Mg0.68 – 0.75; Ni and Cr contents in mantle-derived primitive 

basalts fall between 250-300 ppm Ni and 500-700 ppm Cr, higher amounts usually reflecting olivine or 

clinopyroxene accumulation, respectively (e.g. BVSP, 1981; Wilson, 1989). An inspection of Table III.37 

reveals that #Mg estimates for melts in equilibrium with the most forsteritic olivines in SB I rocks (or BG 

troctolite) are within the lower range of compositions in equilibrium with upper mantle mineralogy. 

Therefore, it may be concluded that SB I troctolite are proxy for LGS parental magmas, as well as for 

primary magmas that must have experienced little fractionation since extraction from their mantle source. 

Cr concentrations are within the lower range reported for primary magmas whereas Ni contents estimated 

by EDM are somewhat lower than the reference 250 ppm.  

Olivine Ni contents measured by EPMA [2218-468 ppm] are quite variable within SB I Series, 

although within the range of [3000-1000 ppm] reported for olivine in primitive ocean floor basalts (BVSP, 

1981). A coarse estimate for Ni in the melt using olivine with the highest Ni concentration22 yielded ca.180 

ppm at #Mg0.63. This estimate indicates that Ni concentrations in SB I melt may achieve the [177-262 

ppm] range measured in fresh unfractionated MORB glasses with #Mg0.66-0.72 (Langmuir et al., 1977). This 

estimate is also consistent with Cr concentrations for SB I MM, that are well within the range for of those 

determined in primitive MORB Cr [510 -700 ppm] (see explanation above concerning Cr values in SB I 

Series). Following this reasoning, the apparent moderate depletion in Ni relative to Cr may not be primary 

                                                      
22 #RS-8- a wehrlite that was extensively altered not analysed for whole-rock and therefore not modelled by EDM 
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feature of LGS parental magma, as discussed below.  

Assuming that all LGS rocks are derived from the same mantle source, (albeit representing 

different degrees of crystal fractionation), and that Ni depletion is an inherited feature, at least SB I 

primary magmas should show similar degree of Ni depletion. However, as perceived from the features 

mentioned above and the partial superimposition to the field of layered intrusions reported by Simkin & 

Smith (1970; section III.2.1.1, Figure III.23), Ni depletion in LGS rocks is strongly heterogeneous: some 

BG and SB I troctolite lie within the Simkin & Smith’s field, while there is an increasing amount of minerals 

which plot within the non-depleted Ni field, from ODV II, to ODV III and BRG I + II Series. It is therefore 

concluded that LGS rocks are not derived from a Ni depleted source and that the heterogeneous 

character of Ni depletion reflects distinct evolutionary paths that must be further investigated. One reason 

that could account for such heterogeneous depletion is the interaction with sulphide melts. Modelling of 

crystal fractionation processes in the following section will allow further evaluation of the uneven 

character of Ni depletion, for which ultimate answers are sought in PART IV.  

The most primitive magma compositions for SB II and ODV I Series have low estimated #Mg 

values (0.35 and 0.40), whereas other LGS Series show remarkably limited values that cluster around 

#Mg0.50. Estimated Cr, and particularly, Ni concentrations in MM for all Series (i.e. excluding SB I) are 

much lower than reference values for primary magmas. It is evident that all these Series do not represent 

primary magmas. Therefore, deriving those Series from parental magmas with primary features similar to 

SB I, implies significant crystallization, since extraction from their mantle sources until final emplacement.  

III.6.1.2. Evidences for a multi-stage evolution 

The slab break off hypothesis proposed by Jesus et al (2007b) and Pin et al (2008; see 

discussion in PART V) is the most plausible mechanism accounting for the major incursion event of 

primitive mantle melts along-strike OMZ SW border at 350  5 Ma, within the framework of the Variscan 

orogeny. This hypothesis accounts for the genesis of LGS, as well as other mafic, mesocratic and felsic 

regional magmatic events that took place from early to late collisional times. On the basis of 

thermobarometry P-T constrains reported in Jesus et al (2007c; 1154  37 ºC and 4  1.5 kb) LGS 

magmatic chamber may be roughly placed at ca 12 ± 4.5 Km23. At such middle/upper crustal depths, 

staling of the mantle-derived melts should have been favoured by density and rheological contrasts 

between dense basaltic magma and the lighter, meta-sedimentary OMZ crustal rocks.  

Geophysical data obtained for OMZ in the last decade demonstrate the existence of several deep 

crustal conductive layers (Simancas et al., 2003; 2004b; Monteiro Santos et al., 2002; Carbonell et al., 

2004; Vieira da Silva et al, 2007; Pous et al., 2004; Muñoz et al, 2008) that are interpreted by some 

authors (see Muñoz et al, 2008 and references therein) as major décollements, namely: at ca. 15-20 Km 

(whose upper portion should correspond to the 2 second thick, highly-conductive layer known as IRB-the 

Iberian Reflective Body- of Simancas et al., 2003; Carbonell et al., 2004) and the Moho at 30-35 Km. It 

seems reasonable that the rheological and mechanical decoupling that characterizes OMZ crustal profile, 

would easily favour staling and ponding of LGS mantle derived, primitive magmas at deeper crustal 

levels, before reaching their final depth of emplacement at middle/upper crustal levels. Upon reaching the 

                                                      
23 Using a conservative estimate of 3 Km Kbar-1 in the continental crust. 
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Moho, magma underplating (e.g. Huppert & Sparks, 1988; Fyfe, 1992) should be favoured by a 

combination of mechanical, density and thermal contrasts. Nevertheless, it can not be excluded that given 

time, additional staling and ponding of magmas took place at the IRB, 15-20 Km discontinuity.  

Staging of LGS melts at deep seated ephemeral magmatic chamber(s) should represent a 

transient evolutionary period before their final emplacement at middle/upper crustal levels. Although there 

is no direct testimony for underplating s.l. such as the occurrence of granulitic or amphibolitic xenoliths 

documented within the surveyed area, some features of the LGS evolution provide additional support for 

the proposed hypothesis. The primitive character of SB I primary magmas (including the correlative, late 

exhumed, troctolite blocks embedded in border facies) is apparently unique. Excluding the much more 

evolved ODV I Series, all other Series share identical primitive end-members with olivine at Fo78. Deriving 

those primitive end-members for the various LGS Series from parental magmas with primary features 

similar to SB I, implies significant crystallization since extraction from their mantle sources until final 

emplacement. Although the thermal contrasts at the locus of underplating should have favoured 

significant in-situ crystallisation (considering temperatures at the lower crust of ca. 600 ºC, for a reference 

lithosphere model; Krabbendam, 2001), persistency of the thermal anomaly and the high compressibility 

of melts should have eventually favoured storage within transient magma chambers at depth, wherein 

crystal fractionation could proceed (Petford & Gallagher, 2001; Annen & Sparks, 2002). Crystal 

fractionation of the magmas at depth should eventually cancel the lack of density contrasts with 

surrounding crustal rocks and favour their more or less episodic upraising to higher crustal levels; tapping 

of the magmas could be further facilitated by concurrent tectonic activity. The degree of evolution then 

reached for each Series, should have largely been conditioned by low-pressure fractionation, thus 

corroborating that ODV I Series likely resulted from the previous evolution of more primitive melts. 

Crystal fractionation at depth allows explaining the noticeable compositional homogeneity of LGS 

Series primitive rocks, much like it has been invoked in some CFB provinces (e.g. Wilson, 1989; Farmer, 

2003). These features and those discussed in the previous section allow proposing a multi-stage 

magmatic evolution that may be summarized as follows: 

(i) Development of deep and transient magma chamber(s) where precipitation of Cr-spinel + Ni-

rich olivine from primitive magmas should lead to depletion of both elements in all the subsequently 

extracted melts. Interaction of different magma batches with sulphide (to be verified in the forthcoming 

section) may have contributed to heterogeneously deplete Ni concentrations in the melt, as bear out by 

olivine concentrations in parental and late-derived melts. The extent of fractionation is not necessarily 

constrained by the lower limit of the most primitive compositions within each Series (see point ii). 

(ii) Episodic to more or less continuous tapping of variably fractioned melts from deeper magma 

reservoirs, eventually promoting polybaric fractionation en-route to the surface. By the time the magma 

was emplaced at the upper level chamber, its composition should be approximately equivalent to the 

observed primitive compositions in each Series (Table III.37); the upper chamber should correspond to 

the LGS current exposure level.  

(iii) Upon emplacement and mixing with variable proportions of resident magma in the shallower 

chamber, low-pressure fractionation drove the melt towards the most evolved compositions observed 

within each Series. Due to precipitation of chromian spinel + olivine  interaction with sulphide melt 

batches, all the melts derived from SB I type parental melts are homogenously depleted in Cr and 
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heterogeneously depleted in Ni. 

Numerical constrains of crystal fractionation processes and geochemical analysis in the next and 

forthcoming sections, respectively, will tentatively refine the proposed framework of evolution for LGS 

here presented.  

III.6.1.3. Numerical constrains for a multi-staged evolution: simulating differentiation 

processes 

The evolution outlined above and the pattern of magmatic cycles (replenishments vs. crystal 

fractionation) established on the basis of mineral chemistry data may be numerically constrained in terms 

of the amount of crystal fractionation (%), as defined by the Rayleigh equation for perfect fractional 

crystallization (in Rollinson, 1993) (III.36):  
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Even putting aside the effects of crustal contamination via assimilation of country rock or its 

derived partial melts, and considering only low pressure processes taking place at the upper crustal 

magmatic chamber, modelling of LGS rocks necessarily involves further complexity, namely: magma 

replenishment, mixing with residual resident magma (from prior replenishments) and different oxidation 

states of the various magma masses. The effects of these concurring processes operating within a 

periodically replenished, continuously fractionating magma chamber are more easily tested with a 

simulation model such as CRFRAC software, developed by Munhá et al. (1988).  

Main features of CRFRAC simulator 

CRFRAC allows simulating low-pressure differentiation processes of mafic magmas in an open-

system magma chamber where concurring fractionation, assimilation (ASS), replenishment (REP) and 

eruption (not used for modelling of LGS rocks) are taking place. Assimilation and replenishment factors 

are introduced by the operator and represent the ratio between mass fraction of original magma and the 

assimilant or contaminant, respectively. For replenishment, the starting composition is used in each cycle, 

whereas for magma assimilation the composition of the assimilant must be provided by the operator.  

Given a parental magma, (hereafter referred to starting composition- SC, to avoid confusion with 

the strict petrogenetic definition), for each increment of crystallization (set at 0.001 to 0.1%) the program 

calculates: (i) the liquidus temperature and O2 of the melt; (ii) the identity, proportion and chemical 

composition of the mineral phases comprising the liquidus assemblage; and (iii) the mass fraction and 

composition of the residual magma; numerical details and the algorithm of the program are provided in 
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Munhá et al. (1988). It must be emphasized that mineral/melt partition coefficients (kds) are computed for 

each crystallization increment at the appropriate liquidus temperature and composition of the melt. 

Mineral melt equilibria are calculated by combining single component (major or trace element) exchange 

distribution coefficients (KD) with stoichiometric, site occupancy and charge balance constrains imposed 

upon the solid phases.  

CRFRAC deals with the following mineral phases: olivine, plagioclase, Ca-poor (orthopyroxene or 

pigeonite), Ca-rich pyroxene (clinopyroxene), spinel s.l. and ilmenite. Originally, the software considered 

only common major oxide components (SiO2, TiO2, Al2O3, Cr2O3, Fe2O3, FeO, MgO, CaO, Na2O and K2O) 

either as a SC or assimilant. When modelling a mafic magma as an open system, oxygen fugacity is 

required to be input as log units relative to the FMQ buffer (logO2-T), hence roughly corresponding to 

the DFMQ. As previously noted, open system fractionation implies that the T-O2 path of the magma is 

constrained to be parallel to a given (here FMQ) buffer.  

New features in CRFRAC.9  

A new version of the original CRFRAC simulator was recently developed to accommodate a 

series of features with wider applications in igneous petrology and most relevantly, on the metallogeny of 

magmatic sulphides. The new version of CRFRAC is yet to be published but may be acknowledged by 

reference to an internal report of Centro de Geologia (Munhá et al. 2007). CRFRAC.9 allows inputting 

several new compositional components, namely transition metals (Ni, Cu, Zn, Co, Zn and V), sulphur and 

water. It further enables a tighter control on intensive variables, as is briefly addressed in the following 

paragraphs. 

The most remarkable feature of CRFRAC.9 is the possibility to deal with the complex 

relationships between silicate and sulphide melts; these are of interest for metallogenic purposes and are, 

therefore, introduced in PART IV. Concerning the issues dealt in this part of the work, the most 

noteworthy feature introduced in the new version of CRFRAC.9 concerns the possibility to impose 

pressures suitable for the modelled assemblage (although in keeping with LP conditions) and the tighter 

control on the oxygen fugacity of the system, by choosing open versus closed conditions. In most 

differentiation processes modelling the assemblage as an open or closed system will not yield significant 

differences. However, as demonstrated by Toplis & Carroll (1995, 1996), for ferro-basaltic compositions 

such as ODV I and SB II Series where high amounts of Fe-Ti oxides precipitate, the choice of open 

versus closed system fractionation is critical. When modelling in open system conditions, iron may be 

introduced as FeOTot since the program immediately calculates the appropriate Fe2O3 and FeO 

concentrations. When closed system conditions are chosen, the correct Fe2O3 and FeO concentrations 

must be input so that differentiation proceeds from the desired O2 at liquidus temperatures. To be sure, 

given a SC for which only FeOTot is known, a preliminary run in open system at the desired O2 retrieves 

the appropriate Fe2O3 and FeO concentrations. 

Starting compositions (SC) 

The procedure to obtain appropriate starting compositions for different Series is described below, 

firstly for SB I Series and then for all other Series; additional details for the methodology utilized during 

modelling are also briefly described.  
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SB I parental melt 

Although many compositions for primary magmas are available in the literature, in order to bring 

some objectivity to modelling, some effort was put in obtaining a realistic composition using (as much as 

possible) measured mineral and whole-rock data. Because the composition of all minerals is known by 

EPMA analysis, major elements (in their common oxide form) and some trace elements may be retrieved 

if partition coefficients at appropriate conditions are known. A high-Mg tholeiite that crystallizes the same 

mineral assemblages (Ol  Chr – Pl - Cpx) is therefore suitable to obtain the needed kds. Primitive SB I 

troctolite (# RS-6; RS-7) were modified to minimize mineral accumulation effects and reflect the 

composition of primitive basalts, as reported in the BVSP (1981, page 144, table 1.2.5.3). This 

composition (“random melt” in Table III.38) was run under open system conditions at high oxygen 

fugacities (FMQ+2; section III.5.1); melt compositions, and other parameters utilized to obtain the SC 

representative of SB I Series are listed in Table III.38.  

CRFRAC retrieves both the mineral assemblages as well as their equilibrium melt. Therefore, by 

dividing each component (major element oxide or trace element) in a given mineral (the most primitive 

mineral compositions included in # RS-6 and RS-7) by its concentration in the “random melt”, the 

distribution coefficients for each mineral were obtained. Because this procedure was performed for all 

minerals in the rock, there are redundant estimates for the same oxide (e.g. SiO2 in all silicates, CaO and 

Al2O3 from Cpx, Pl and Chr) or trace element (e.g. Ti and Cr from Cpx and Chr). The concentrations 

obtained from each mineral differ significantly when the element is present in trace amounts in the 

mineral structure (e.g. Ti or Cr in Cpx; Ca in Ol). Accordingly, the composition obtained from averaging all 

elements as retrieved from each mineral composition (“4 Melt (mins)”normalized to 100%) shown in the 

next column, is not reasonable.  
 

Table III.38- Data used to obtain the starting composition for SB I Series (last column on the right). See text for 
details. (*)- FeO=FeOTot 

 

The last column in Table III.38 displays SB I Series SC, adjusted by using24: (i) the values 

                                                      
24 Preliminary tests demonstrated that even removing minerals that retrieve erroneous concentrations from the average values 
would still not yield accurate mineral compositions or crystallization sequence for SB I Series. For example, despite the good 
agreement between CaO and Al2O3 concentrations provided by plagioclase and clinopyroxene, a very low CaO/Al2O3 ratio of 0.53 is 
obtained, while using average concentrations from Pl + Cpx + Chr the ratio rises to 1.06 which results in the crystallization of 
clinopyroxene prior to olivine. Since CaO/Al2O3 ratios for primitive MORBs (BVSP, 1981 page 144, table 1.2.5.3) vary between 0.80 
and 0.90, these were used to calibrate the final Ca and Al concentrations. Cr2O3, TiO2 and K2O (the latter not possible to estimate by 
the above described process) were also calibrated to reflect typical concentrations from primitive MORB. 
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retrieved by the minerals that more suitably reflect an element concentration (e.g. FeO and MgO from 

olivine or Na2O from plagioclase); (ii) the average values retrieved by all minerals except those wherein a 

given element is known to occur in very low amounts (e.g. Ca, Ti or Cr in olivine); (iii) a weighted average 

from different minerals where the element occurs in reasonable concentrations that may be detected by 

EPMA analysis. Excluding Ni (see below), other transition elements (BVSP, 1981), water (Wilson, 1989) 

and sulphur concentrations (250  50 ppm; McDonough & Sun, 1995) were also set in accordance with 

typical values for primary magmas.  

Starting compositions (SC) for other Series 

In keeping with the parental nature of SB I mantle-derived melt (SC SB I- 1), compositions for 

other SB I Series were obtained from runs of SB I Series at the desired differentiation stages, i.e. at given 

residual melt fraction (RMF), followed by correction of Fe2O3/FeO ratios to reflect proper oxidation 

conditions. The various SC for SB I reported in Table III.39 (SC SB I- [1-3]) reflect the necessary 

corrections on SB I- 1 at a given RMF to account for the distinct oxidation conditions recorded by SB I 

Series facies; SC for other LGS Series are listed in Table III.40. Modelling of ODV I Series most 

differentiated and oxide-rich domains (SC ODV I- [2 – 8]) posed several difficulties that were 

circumvented using various melts with ferro-basaltic composition published in the literature; due to the 

modelling complexity and the involvement of melts unrelated to SB I, additional details concerning ODV I 

Series SC are provided in the results section.  
 

Table III.39- Starting compositions SB I, SB II and the transition to ODV I Series. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The most primitive rocks from all, other than SB I, LGS Series have homogeneous composition 

(Fo78) and crystallized under lower oxidation conditions than SB I Series, (seldom exceeding ca. DFMQ 

+1). As proposed in section III.6.1.2, this is taken as indirect evidence that, after the SB I- SB II- ODV I 

sequence, magma batches may have experienced crystal fractionation within lower crustal magma 

chamber(s) at depth. Accordingly, SC for ODV II and subsequently developed Series were retrieved from 

SB I- 4, which corresponds to the same composition represented by SB I -2 run at DFMQ +1.25 (starting 

from primitive SB I troctolite Fo88); the chosen oxidation conditions lie between SB I- 2 (troctolite at DFMQ 
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+1.8) and SB I- 3 (olivine leucogabbro at DFMQ +0.8).  

The use of SB I as starting composition for other Series significantly decreases uncertainty from 

estimating several initial compositions. If SB I melt can indeed be parental for all other LGS Series, the 

amount of fractionation required to reach the most primitive composition in each Series may be thus 

estimated. This method further allows evaluating the primary nature of Ni depletion in LGS melts, (as 

indicated by olivine chemistry). It is most important to stress that modelling was performed without 

addition of external sulphur, (i.e. S concentrations were retrieved by the appropriate RMF from SB I 

Series). Accordingly, if sulphide segregation occurs it is due to crystal fractionation, leading to sulphur 

relative increase in the melt. Because relative increase of water contents in residual melt is not processed 

by the simulator, all Series were modelled using a conservative estimate of 0.1 wt% of H2O.  
 

Table III.40- SC and assimilants for: (A)- ODV I, II and III Series. ODV I Series most evolved rocks were modelled 
using ferro-basalt compositions SC1 and SC4A from Toplis & Carroll (1995); the label for each run performed at -
2DFMQ is indicated in parenthesis (see text for details); (B)- BRG I and BRG II Series.  
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Generic modelling procedure 

Given a relevant portion of LGS stratigraphic sequence, each SC was run (with or without 

assimilation and replenishment) to reflect the sequence compositional range using olivine Fo as 

reference.  

Mineral chemistry suggests the occurrence of numerous minor replenishments that account for 

small compositional reversals within each Series or Group (as discussed in III.2.1.6). It could be argued 

that many of these fluctuations are an artifice conditioned by sampling. However, detailed stratigraphic 

monitoring performed at the Serrabritas or Ventoso quarries (where the gabbroic suite is well-layered and 

shows negligible tectonic disturbance), indicate otherwise. Accordingly, after running a SC for a large 

stratigraphic portion (e.g. Group) the results were fit into smaller cycles that mimic the compositional 

patterns from olivine mineral chemistry.  

Assimilation versus replenishment 

Accumulating evidence indicates that the SB I-SB II-ODV I sequence represents a continuous 

fractionation sequence. SB I and SB II Series were modelled according to this assumption (with very 

satisfactory results). However, as noted before, it was not possible to reach ODV I compositions without 

involving additional magma compositions. All other Series were modelled using a very similar reasoning 
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that justifies its description before the presentation of results. 

Depending on the particular features for each Series/Group or facies, modelling consisted in the 

following steps: (i) selecting a SC from an appropriate RMF of SB I- 4 liquid line of descent, and 

performing the necessary correction for O2; (ii) assimilate residual melt at given rate; the assimilant 

corresponds to the melt in equilibrium with the most evolved olivine composition from the underlying 

Series/Group or facies; (iii) choosing an appropriate replenishment factor. 

Because replenishment adds finite amounts of SC throughout fractionation, it does not 

adequately simulate the effect of mixing with resident magma. Since the numerical formulation accounting 

for assimilation and replenishment are equal (see Munhá et al., 1988), the composition of residual 

magma from a previous run allows a proper simulation of primitive magma entering the chamber (SC) 

and mixing with more evolved resident magma. Accordingly, assimilation instead of replenishment was 

much more often used, albeit (concomitant) replenishment has proven useful in modelling Series with 

well-defined compositional plateaus such as ODV II Series or BRG II Series.  

Results 

The main results, i.e. olivine compositions and crystal fractionation estimates, are summarized in 

Table III.41, following the LGS stratigraphic sequence. Crystal fractionation percentages calculated from 

SB I primitive magma composition (Fo88; SC SB I- 2) are referred to as bulk estimates; crystal 

fractionation percentages encompassed by each facies/Group/Series are also reported in Table III.41. 

Because simulations for ODV I Series were performed with compositions unrelated with SB I parental 

melt, crystal fractionation bulk estimates are less well constrained, nevertheless, they are comparable 

with other Series; similar uncertainties affect estimates for (post-) SB II Series residual melt obtained from 

a third fractionation event from SC SB I- 2.  

With the noticeable exception of SB I Series, (where olivine is about 10% more forsteritic), most 

of the Series rapidly reach the point where olivine leaves the liquidus and gives way to orthopyroxene. 

Systematic modelling shows that, unless oxygen fugacity conditions are kept low (usually  FMQ), it is not 

possible to sustain olivine as a liquid phase. This feature supports the inference that the 

(compositionally)most evolved domains of LGS developed under low oxidation conditions, usually 

accompanied by oxide fractionation.  

 

 

 

Table III.41 (Right and next page)- Results from crystal fractionation modelling for (A)- SB I Series, since extraction 
from a slightly more primitive mantle source to the end the end of Ol Leucogabbro, the transition to SB II Series and 
an hypothetic fractionation product developed prior to ODV I Series crystallization; (B)- ODV I Series using several 
compositions from Toplis & Carroll (1995- T&C, see Table III.40); (C) ODV II and III Series; (D)- BRG I and BG II 
Series. Under the first main column “modelled domain” the portion of the stratigraphic sequence is identified and the 
measured (EPMA) compositional range for olivine is provided, including oxygen fugacity and open versus closed 
conditions; assimilation or replenishment rates, and assimilant compositions listed in Table III.40 may be cross 
referenced by the label for each run. 
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SB I-SB II- ODV I sequence 

Olivine included in SB I Series troctolite is sufficiently primitive to be in equilibrium with mantelic 

mineralogy. Nonetheless, SB I- 1 SC run at high O2 (≈ DFMQ=+2) explores the possibility that SB I 

Series experienced some fractionation as a consequence of derivation from a more refractory mantle 

source. Initial Ni concentrations in SB I- 1 were fixed at 500 ppm to reflect the maximum measured 

concentrations in olivine included in SB I troctolite (2500 ppm Ni) at Fo88. Results indicate that ca.10 % 

of crystal fractionation is required to obtain a melt in equilibrium with the most primitive olivine 

composition found in SB I Series (Fo88) departing from a mantelic assemblage with Fo90.8 (Table III.41A). 

Upon reaching SB I primitive troctolite composition (Fo88) conditions were adjusted to DFMQ +1.8 (SC SB 



 
 
 

III – LGS GEOCHEMITRY AND PETROGENESIS 

355 

I- 2); olivine leucogabbro were modelled at DFMQ +0.8 (SC SB I- 3).  

Chromian spinel fractionates in the early crystallization increments from all SB I SC runs and 

shows a good adjustment in #Fe2+ and #Fe3+ ratios relatively to those of SB I Series (Figure III.114); 

model minerals are systematically more Al- (lower #Cr) and Ti-rich than LGS real compositions. 

Therefore, the most primitive Ti-poor LGS spinel reveals the best fit to model compositions. The absence 

of ilmenite in the liquid line of descent for more evolved melt compositions may account the observed 

deviation, at least for TiO2; this feature is further suggested by plotting of the modell chromite outside the 

field for layered igneous intrusions.  

As a whole, SB I Series encompasses a large amount of crystal fractionation (ca. 50%; Table 

III.41A). Despite the fact that troctolite and olivine leucogabbro represent a similar variation of about Fo7.6 

in olivine composition, the most significant amount of fractionation is accounted by troctolite (ca. 40% vs. 

25% in olivine leucogabbro SC SB I- 2; 3; Table III.41A); this suggests that melt composition and/or 

oxidation conditions play an important role in the fractionation rate, an issue that will be discussed ahead. 

Soon after the crystallisation of SB I evolved olivine leucogabbro, the melt leaves olivine stability field (at 

Fo71) and after ca. 30% crystallisation ( 51% bulk crystal fractionation; SC SB I- 3 Table III.41A) begins 

fractionating liquidus orthopyroxene with more magnesian composition (#Mg0.69) than that recorded by SB 

II Series (#Mg0.65). Mineral compositions consistent with SB II Series are reached after ca. 40% crystal 

fractionation of SC SB I- 3, corresponding to about 56% bulk fractionation from SB I troctolites (Table 

III.41A). Upon reaching SB II orthopyroxene composition, the system was closed to oxygen exchange to 

simulate decreasing oxidation conditions towards ODV I Series (ODV I- 1 SC). 

Model magnetite fractionating within the range of SB II Series (X Al2O3= 17 wt%; SC ODV I- 1) is 

also significantly more aluminous than measured compositions (X Al2O3=1.5 wt%); measured Ti 

concentrations in SB II magnetite are modified by subsolidus reequilibrium and do not allow a comparison 

with modelled compositions. Ca-poor pyroxene that fractionates from SB II runs falls within pigeonite field 

(ca. 8 wt% CaO); this result supports the inference that LGS orthopyroxene (SB II included) lost part of its 

initial CaO content during subsolidus reequilibration. DFMQ varies 0.5 log units during crystallization of 

ODV I- 1 SC under closed system conditions. Ti-magnetite with TiO2 concentrations between 10.5 wt% 

(DFMQ +0.9) and 20 wt% (DFMQ -0.2) fractionates continuously until ca. 65% of that magma batch 

crystallises (representing ca. 91% bulk crystallisation from SB I troctolite-SC SB I-2; Table III.41A). One 

significant constraint regarding ODV I-SB II sequence brought by modelling is that, despite their many 

compositional similarities, both Series must represent magma batches that followed distinct evolution 

paths. The significance of these results will be discussed in length in forthcoming sequences on the basis 

of geochemical and isotopic data. 

It is not possible to resume olivine fractionation once it leaves the liquidus, regardless the 

modifications imposed on the system, namely, lowering O2 under open versus closed conditions or 

performing assimilation/replenishment with more primitive, olivine-bearing magma. After Ti-magnetite 

ceases to fractionate from SC ODV I- 1, the residual melt is strongly enriched in silica and depleted in iron 

and titanium (see Table III.40). There is no known evidence for equivalent rocks within LGS exposed 

area; this melt may thus be interpreted as a possible product developed after a first major event of oxide 

deposition that was completely mixed with a new batch, or a compositionally distinct resident magma. 

ODV I Series oxide-rich domains must therefore represent magma that evolved separately, most likely 
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without ever leaving olivine stability field. The siliceous residual melt from ODV I-1 SC was used as 

assimilant for ODV I most primitive rocks (Lower or Intermediate Group) whose SC were obtained from 

SB I Series (SB I- 3).  

Figure III.114- Comparison of SB I Series chromian spinel composition obtained in modelling and analyzed by 
EPMA. For details on the fields from Barnes & Roeder (2001) see Figure III.44 section III.2.1.5. 

 

Modelling of the low-Fo, oxide-rich domains of ODV I Series was performed using the Toplis & 

Carroll (1995) ferro-basaltic magma compositions (Table III.40). The starting material used by these 

authors a synthetic ferro-basalt (#Mg 0.4) with a composition proposed as the parental magma for the 

Skaergaard intrusion (Table III.42) based on a dyke (dyke C; studied by Brooks & Nielsen (1978). SC-4 

composition (Table III.42) represents a residual magma from SC-1 after ca. 40% crystal fractionation, as 

if it was a second fractionation event, much like the reasoning used in modelling of LGS rocks with 

CRFRAC. Trace element concentrations for ODV I model melts were obtained from successive runs 

extracted from ODV I most primitive compositions (SC ODV I- 9 and 10; Table III.40). The ferro-basaltic 

compositions were run under the lowest oxidation of DFMQ -2, within the span of DFMQ [+1 -2] of Toplis 

& Carrol (1995) experimental work. Under these conditions, it was possible to obtain low-Fo olivine 
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compositions consistent with those of ODV I Series (Table III.41B) with simultaneous and abundant oxide 

fractionation. These extremely Fe-, Ti rich, low silica magma compositions, accurately represent melts 

that could have generated ODV I cumulates, thus contrasting with the ODV I-1 SC residual melt.  
 

Table III.42- SC 1 synthetic ferro-basalt used as starting material in the experiments performed by Toplis & Carroll 
(1995). SC-4 represents a residual magma from SC-1 after ca. 40% crystal fractionation.  

 

 

 

 

 

 

 

The portion of LGS represented by ODV I Series has clear resemblances with the ferro-basaltic 

Kiglapait and Skaergaard intrusions and the difficulty in modelling this Series reflects the exceptional 

features of these systems. These similarities support the use of SC-1 and SC-4 derived melts to model 

ODV I Series; however, the difficulty in keeping olivine as a liquidus phase persisted. As can be seen in 

Table III.40 and Table III.41B, modelling of ODV I Series required many different compositions (mixed 

with residual magma); these runs were then fit in numerous small cycles, reflecting the strong 

heterogeneity of this Series. These features do not affect within Series (19%; Table III.41B) and bulk 

crystal fractionation estimates (maximum of 70% from SB I troctolite; Table III.41B), which adequately 

reflect the wider range of olivine composition (Fo =15) and degree of evolution (max #Mg=0.35) relative 

to any other LGS Series (Table III.41B). 

Other Series 

In order to account for the most primitive olivine composition within each Series, between 37 and 

51% of crystal fractionation are required, starting from SC SB I- 4 parental magma (Table III.41C-D). 

There is a good correspondence between the amount of modelled crystal fractionation percentages 

encompassed by each Series and measured olivine compositional ranges, increasing from ODV III (Fo 

=8; 16.5% X’al Frac), through ODV II (Fo =9; 17.6% X’al Frac), BRG I (Fo =10; 16.8% X’al Frac) and 

BRG II (Fo =12; 17.9% X’al Frac) (Table III.41C-D). All Series seem to represent magmas that reached 

similar bulk fractionation degrees from SB I parental magma of ca. 55%, thus, contrasting with the much 

more evolved character of SB II (ca. 62%; Table III.41A) and ODV I in particular (70%; Table III.41B).  

The relationships between decreasing oxidation conditions and the degree of fractionation of a 

given sequence observed for ODV I Series hold true for all other Series (such as BRG I Series Upper 

Group, the transition to BRG II Series and its Basal and Lower Groups; see Table III.41). Excluding low-

Fo, oxide-rich domains modelled at DFMQ  -1, the most common oxidation conditions used while 

modelling LGS rocks vary between FMQ and DFMQ -1.  

All facies that are though to represent lateral equivalents from other Series were modelled 

accordingly, the results obtained being consistent with field and geochemistry based interpretations. For a 

given O2, the effect of replenishment is to slow the rate at which the magma fractionates. Accordingly, 
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modelling further supports that the strongly rhythmic character of ODV II or the most internal parts of BRG 

II Series are owed to nearly continuous magma feeding, which effectively buffered the magma 

composition. The top of BRG II Series may be accounted by a succession of relatively primitive magma 

batches; all these sequences were modelled at FMQ, which is consistent with the inference that magma 

extracted from the source may have became less oxidized with time. If the rate of magma that entered 

the upper chamber was relatively constant, the Intermediate and Upper Groups of BRG II Series may be 

interpreted as late stage resident magmas in lower crustal magmatic chamber(s). Therefore, the 

increasingly primitive character of these magmas could reflect tapping of the most deep seated domains 

of magmatic chambers at depth, wherein magma could have become effectively stratified with time.  

Discussion 

Liquid lines of descent under open versus close system: constraints to oxide deposition 

Modelling results for ODV I oxide rich domains obtained on the basis of Toplis & Carrol (1995) 

experimental work on ferro-basaltic melts, accurately represent olivine and magnetite compositions of this 

Series; these compositions retrieve extremely narrow fractionation ranges within the O2 conditions 

constrained for ODV I oxide deposition (see section III.5.1.1). Nevertheless, it was not possible to model 

the SB I / SB II / ODV I Series transition that should be marked by shifting towards very low oxidation 

conditions and Fe-Ti enrichment. Consequently, the mechanisms that may have favoured ODV I extreme 

Fe-Ti enrichment (both for silicate and oxide phases) and low oxidation conditions remain veiled. ODV I- 

1 SC fully runs out of the olivine stability field, starting within SB II compositional range; as discussed 

previously, this run represents an hypothetic evolved melt that could have developed between ODV I and 

SB II Series, or after the crystallization of ODV I Series oxide rich domains. In spite the impossibility of 

reaching ODV I compositions with SC ODV I- 1 run, the typical lines of descent developed throughout 

crystal fractionation under open (DFMQ + 0.7) versus closed system conditions, displayed in Figure 

III.115 allow shedding some light on the problem under consideration.  

The inversion in melt V enrichment paths for both runs clearly identifies the onset of oxide 

fractionation (Figure III.115B). Oxide fractionation starts broadly at the same stage (after ca. 10% crystal 

fractionation) and progresses nearly continuously throughout both runs. However, there are significant 

differences in the modal proportions and chemistry of magnetite produced under open versus closed 

conditions. Under open system conditions, magnetite precipitates more frequently (218 vs. 187 

crystallisation increments) as well as in higher cotetic proportions (X= 98 wt% vs. 50 wt% per 

crystallisation increment). Such observations are in good agreement with experimental or modelling 

published data (see Toplis & Carrol, 1996 and references therein).  

Due to similar O2 (and temperature) conditions at magnetite liquidus for both runs (DFMQ 

+0.8), initial Ti concentrations in magnetite are very similar (ca. 9.4 wt%). Under open system conditions, 

a small inflexion in O2 marks the onset of oxide fractionation (Figure III.115C). Because oxygen fugacity 

is buffered by FMQ, Ti enrichment in magnetite fractionating under open system conditions remains at 

relatively low values (e.g. Buddington, & Lindsley, 1964); thus, maximum Ti enrichment ( 10.8 wt% TiO2) 

in magnetite is roughly coincident with the peak of V enrichment in the melt, and decreases smoothly to 

concentrations below initial values (minimum  8.0 wt% TiO2 at 60% crystallisation). During crystallisation 
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closed to oxygen exchange, ferric and ferrous contents for the bulk system are fixed, leading to significant 

decrease of Fe3+/Fe2+ ratios and O2 in the melt after the onset of oxide crystallisation (Figure III.115A, 

C). The decreasing oxidation conditions account for continued Ti enrichment in model magnetite towards 

significantly higher concentrations (ca. 18.6 wt% at 60% crystallisation) compared to those prevailing 

under closed system.  

Figure III.115- Residual melt compositions for ODV I- 1 run under open and closed conditions. 

 

The distinct proportions and chemistry of magnetite under closed versus open conditions, have a 

strong bearing on the melt composition. Figure III.115A shows that for open system conditions, the onset 

of oxide fractionation clearly marks the end of iron and titanium enrichment in the melt. The decrease is 

more pronounced for FeO, because Fe2O3 (i.e. Fe3+) is not incorporated in silicate structure and therefore 

experiences a relative enrichment throughout fractionation. The lower modal amounts of magnetite that 

fractionate under conditions closed to oxygen exchange, prevent significant FeO, TiO2 as well as V 

depletion in the residual melt, also leading to milder silica enrichment. (Figure III.115A, B, D).  

The distinctive path experienced by the melt under conditions closed to oxygen exchange 

resembles the extreme iron enrichment or Fenner trend postulated for intrusions comprising magmas of 

ferro-basaltic composition such as Skaergaard and Kiglapait. This question generated intense debate, 

whether if oxide precipitation will terminate iron enrichment and drive the magma towards silica rich 

compositions (Bowen trend) or, continue even after magnetite saturation is reached (Fenner trend; 

McBirney & Naslund, 1990; Morse, 1980, 1981; Hunter & Sparks, 1987 disputed by Brooks & Nielsen, 

1990; McBirney & Naslund, 1990; Morse, 1990). The experimental and numerical modelling works of 

Toplis & Carroll (1995 and 1996, respectively) have somewhat settled that the main difference in plutonic 
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environments relative to geochemically analogous volcanic systems (Iceland, Galapagos) resides mostly 

in the near-closed system evolution of the former. The plutonic environment should allow a less 

pronounced iron depletion (and silica enrichment) in the melt after oxide precipitation. It is therefore most 

encouraging to observe how these features are reflected by CFRAC simulator. Indeed, the results 

discussed above demonstrate that in order to significantly lower oxidation conditions to the levels 

recorded by ODV I Series, profuse oxide deposition (as seen in open system conditions) is not sufficient. 

At some point, (parts of?) the system should have become close to oxygen exchange. Upon reaching 

such low oxidation conditions magnetite becomes effectively Ti-rich, and, as experimentally demonstrated 

(Snyder et al., 1993; Toplis & Carol, 1995; 1996), liquidus ilmenite is predicted to be increasingly 

stabilised. These relationships concur with petrographic observation on the cotetic, cumulus nature of 

both oxide phases in LGS oxide-rich rocks, further suggesting that the absence of liquidus ilmenite in the 

modelled oxide assemblage may be due to ilmenite being less well constrained in CRFRAC simulator 

(and ultimately account for the difficulties in modeling of ODV I Series in particular).  

Oxide deposition is most extensive within ODV I Lower Group but nonetheless, a pervasive 

feature throughout all of ODV I Series. As demonstrated by CRFRAC modelling results, such long-term, 

sustained Fe and Ti enrichment, would be better accounted by melts evolving under closed system, 

wherein Fe, Ti and V depletion occur at much slower rates. It is difficult to assess if the obviously large 

amounts of oxides that precipitated throughout ODV I Series (particularly Lower Group) could be 

accounted by the relatively lower amounts shown to develop under closed system conditions. The role of 

density gradients must have been crucial in oxide accumulation processes as suggested by field data. 

Nevertheless, discrete oxide fractionation events may have been triggered by transient, episodic 

openings of the system (“oxygen pumping”, after Morse, 1980) a feature easily accomplished in a multi-

replenished, tectonically active magma chamber(s) such as LGS. In the case of ODV I Series, where 

replenishment evidences are lacking, additional processes that could trigger oxygen pumping in the 

system include convective overturning due the establishment of thermal-density gradients; thus, allowing 

cooler and denser (oxide-rich) magma to become effectively isolated within the magma chamber (see 

III.2.1.6).  

SB II Series displays mild Fe-Ti oxide deposition that may represent the early steps of the major 

event recorded in ODV I Series. As noted in the results section of crystal fractionation modelling, in the 

spite of these and many other similarities between both Series, the difficulty in bringing the melt back to 

olivine the liquidus lead to suggest that both Series likely represent magma related batches that ultimately 

followed distinct evolution paths. It must therefore be emphasised that such distinct paths may have been 

promoted nonetheless, by the density gradients established during oxide deposition, allowing ODV I to 

continue evolving separately in near-closed system conditions. Further support for this evolutionary 

scenario is sought on the basis of geochemical grounds in forthcoming sections. 

The timing of sulphide fractionation 

Sulphur is incompatible in silicate structures and its concentration increases throughout 

fractionation until sulphur saturation is reached and a sulphide melt segregates (passive sulphide 

saturation; e.g. Mungal, 2005). While simulating the mixing of a SC retrieved by SB I Series with an 

assimilant representative of a more evolved residual resident magma from a previous fractionation 
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sequence, sulphur concentrations usually increase. Although magma mixing is an effective way to raise 

sulphur concentrations in the melt, sulphide segregation without external addition of sulphur occurs at a 

relatively late stage in the sequence, usually after more than 60 % of the magma fractionates (RMF  

0.4). Early sulphide segregation in the sequence (max RMF  0.8%) occurs only in the most evolved melt 

compositions, such as those for ODV I Series. However, in all circumstances, sulphide segregation 

happens long after olivine has left the liquidus assemblage and, (depending on oxidation conditions), 

usually after the onset of oxide fractionation.  

Causes for Ni depletion in LGS olivine 

Figure III.116 compares Ni concentrations in the melt at a given MgO content for the same SC 

(representing SB I Series) run under different oxidation conditions: SC SB I- 4 (FMQ + 1.25; from which 

post-ODV I Series SC were retrieved) and SB I- 2 (FMQ + 1.8; accurately representing oxidation 

conditions for SB I Series). S concentrations (Figure III.116) indicate that the onset of Ni depletion took 

place much earlier than sulphide segregation which occurs at a much later stage (for the represented 

runs, after ca. 75% crystallization); the same applies to simulations for all other LGS Series. Because the 

melt is already Ni-depleted, the effects of late sulphide segregation in Ni concentrations are minimal and 

the resulting model sulphides are mainly enriched in Cu.  

 

 

 

 

 

 

 

 

 

 

Figure III.116- Ni and S variations with MgO for runs performed under different oxidation conditions SB I– 2 ( FMQ 
+ 1.8) and SB I- 4 ( FMQ+1.25).  

 

For a given MgO, the melt is systematically more Ni-depleted under the higher oxidation 

conditions for SC SB I- 2 relatively to SC SB I- 4. These results put in evidence that one primary cause for 

Ni depletion must be related to different oxidation conditions, a feature that may be explained by the 

increasing of Ni partition coefficients in olivine with MgO concentrations in the melt. If a melt is more 

oxidized, there is relatively less Fe2+ available to enter the structure of ferromagnesian silicates, olivine 

included. Higher oxidation conditions thus lead to higher solubility of Mg in olivine and a complementary 

stronger Mg depletion in the melt. A melt with similar composition developing under more reduced 

conditions (here SB I- 4), will begin to fractionate olivine with slightly lower Fo and thus experience a 

slower rate of MgO depletion. Consequentially, Ni partition coefficients will be higher for an oxidized melt 

where Mg decreases more rapidly relatively to a more reduced melt; the cumulative effect, well illustrated 

in Figure III.116C or D, reveals also a more pronounced Ni depletion in the melt or olivine.  
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Figure III.117- Estimated versus measured Ol Fo and Ni contents throughout LGS sequence. The more regular 
arrangement of measured Fo and Ni is due to Ol composition having been ordered by decreasing Fo within each 
sample to provide a better comparison with each cycle obtained by modelling. 
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Figure III.117 (previous page) shows an excellent fit between modelled and measured olivine Fo 

contents compared to a much wider scatter in Ni concentrations. Modelling of crystal fractionation 

processes therefore corroborate that LGS rocks have heterogeneous Ni depletion with primitive olivines 

usually showing stronger Ni depletion relative to what is predicted by model compositions. Ni depletion in 

olivine is one of the hallmarks of Ni-sulphide exploration, both as a measure for an intrusion fertility for Ni-

sulphide ore-forming systems (e.g. Lamberg, 2005), as well as for monitoring sulphide segregation events 

(e.g. Naldrett, 2004 and references therein). LGS Ni contents in olivine are not exceptionally high, most 

likely due to the prevailing high oxidation conditions. The progressively lower degrees of Ni depletion 

seen towards the top of the intrusion, (noticeably BRG II Series Intermediate and Upper Groups) are 

consistent with the gradually more reduced conditions estimated for these magmas (see section III.5.1.3). 

Nevertheless, it is clear from Figure III.117, or the projection in the Simkin & Smith (1979) field for 

layered igneous intrusions (see section III.2.1.1), that LGS olivines do not display pervasive Ni depletion, 

which would trace a highly unfavourable scenario for Ni-sulphide exploration. The most plausible 

mechanism that allows explaining the selective Ni depletion of primitive olivines in particular, is interaction 

with sulphide melts: early segregation of sulphide melts would heterogeneously deplete (portions of) the 

most primitive magmas whose effects could then be diluted by mixing with continuously arriving fresh, 

undepleted (e.g. Li & Naldrett, 1999).  

Results from modelling here discussed demonstrate that in the absence of external sulphur 

addition, sulphide melt segregates at a much more evolved stage than what is encompassed by the 

composition of all LGS Series. These features further support that many LGS Series interacted with 

sulphide melt that must result from addition of sulphur to melt in early crystallization stages. On the basis 

of the main conclusions here outlined regarding sulphide deposition the main goals in PART IV are: (i) 

determining how much and when was sulphur required to be externally added (by gradually increasing 

sulphur concentrations) to account for the observed Ni depletion; and (ii) comparing the composition (in 

particular the Ni/Cu ratios) of monosulphide that fractionates from the modelled sulphide melts, with the 

most significant sulphide accumulations within LGS. 

III.6.2. Multicomponent mixing- geochemical characteristics of the source zone 

versus contamination 

Modelling of crystal fractionation processes coupled with geological and geochemical evidence 

(III.6.1.2) support a multi-stage evolution for LGS, which should involve the following components: (i) 

extraction from a mantle source; (ii) ponding and underplating of the mantle-derived melts at OMZ lower 

crust; (iii) low pressure fractionation within a magmatic chamber at middle/upper crustal levels, 

corresponding to the current level of exposure. In this section, isotopic and geochemical evidence for 

these three components is sought by examining the petrogenetic significance of LGS main geochemical 

features, as well as results from Nd-Sr modelling. This section aims assessing LGS source components 

and the nature and extent of crustal contamination processes. 

III.6.2.1. Constrains from modelling of isotopic Nd-Sr data 

Results from modelling of Nd-Sr isotopic data presented in this section aim to discriminate 

between potential lower and upper crustal contamination styles for LGS and BIC mesocratic rocks. The 
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contamination trends here discussed provide a framework to decipher LGS petrogenetic evolution and its 

genetic links to BIC mesocratic rocks, discussed in forthcoming sections. A brief analysis of LGS rocks 

cropping out in the eastern compartment, as well as Aguablanca (and related suites), is also undertaken. 

Numerical formulation and mixing end-members (contaminants) 

The equation for binary mixtures of two components A and B with different isotopic ratios 

proposed by Langmuir (1977 in Faure, 1986) was utilized in modelling Nd-Sr isotopic data (III.38): 

(III.38) 
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where X
MR  represents the isotope ratio of an element X in a mixture of components A and B, XA and XB 

are concentrations of X in A and B, and  is the weight fraction of A, as defined in (III.39); A and B are the 

weights of the two components in a mixture, where the concentration of an element X corresponds to 

(III.40). 
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Equation (III.38) allows calculating the 87Sr/86SrT and 143Nd/144NdT isotopic ratios in the mixture, by 

solving it first to Sr and then for Nd; for example resolving equation (III.38) for Sr it takes the form (III.41) 
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Where the 87Sr/86Sr isotopic ratios for the mixture at different mixing degrees (as defined by f) 

may be obtained by introducing Sr whole-rock concentrations and 87Sr/86Sr isotopic ratios for the 

contaminant (Cont) and initial uncontaminated rock (Rock). Increments of =0.002 were used in modelling 

a value that is sufficient to define smooth hyperbolic trends on the basis of discrete values. Rocks that 

plot along mixing lines, may be envisaged as mixtures of both components.  

Uncontaminated end-members 

Isotopic data in section III.4.1 demonstrate that rocks from the base of ODV III Series Upper 

Group consistently display the most primitive signatures; the uniformity between data acquired in the 

scope of this work and reported in Pin et al. (2008) provides an independent validation of the 

uncontaminated character of ODV III rocks25. A coarse grained porphyry gabbro from ODV III Series 

(#CVD-6A) displaying the most radiogenic 143Nd/144Nd and lower 87Sr/Sr86 signature was thus selected as 

proxy for the LGS non contaminated end-member (listed in Table III.15, section III.4.1). Although 

cumulates and melts should display equal isotopic compositions, their trace element concentrations do 

not, and elemental Sr and Nd concentrations play an equally important role in the shape of the mixing 

lines. Accordingly, instead of using the cumulate rock data, whole-rock, Sr and Nd concentrations for 

ODV III Series obtained by EDM modelling were used (listed in Table III.33, section III.5.3.3). 

                                                      
25 Few samples analyzed by Pin et al. (2008) yield marginally more primitive (depleted) isotopic compositions; however, the lack of 
EPMA and modal data for the samples studied by these authors prevents the necessary elemental data for EDM modelling. 
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Contaminant end-members  

Finding suitable contaminants for LGS rocks involved a comprehensive survey of a growing 

amount of isotopic data available in the literature that deals with the regional Variscan problematic. 

Despite the significant increment of published work for the Portuguese part of OMZ during the last years, 

when dealing with the choice of potential contaminants it becomes evident that compared to the amount 

of data published for the Spanish side of OMZ, isotopic and geochronologic data for Portugal are still 

noticeably lacking. Prospective upper crustal contaminants include pre-Variscan metasedimentary and 

(meta-) igneous rocks, the latter chiefly corresponding to granitoids and their extrusive equivalents related 

with the growth of the Cadomian magmatic arc (Salman, 2004; Simancas et al., 2004a). A significant 

number of published compositions were tested, including several granite, tonalite and rhyolite that crop 

out in Spain (Schäffer, 1990). Zircon U/Pb dating in (conventional method) for these rocks retrieves late 

Cadomian ages, between 458 and 585 Ma. Sample BOD-1, a 458 Ma aged porphyry rhyolite from the 

Bodonal-Cala Complex, was selected as proxy for the upper crustal contaminant (Table III.43). 
 

Table III.43- Isotopic and geochemical data for rocks used as proxy for upper (from Schäffer, 1990) and lower crustal 
(from Villaseca et al., 1999) contaminants of BIC rocks.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Several potential lower crust contaminants, also studied by Schäffer (1990), comprise high-grade 

rocks (amphibolites and para-gneisses) exhumed at the migmatitic core of the Monasterio Antiform 

(Azuaga Gneiss). Metasedimentary, low-grade rocks of the Série Negra (Tentúdia Group in Spain) have 

been pointed to play an important role on OMZ lower and middle crustal evolution (Pous et al. 2004). 

Mixing lines obtained with these components proved unsuitable in accounting for both LGS and 

Aguablanca mafic magmas contamination that host the Ni-Cu-PGE mineralization (and related 

mesocratic rocks from the adjoining Sta. Olalla Complex; see discussion). In the absence of isotopic data 

representative of OMZ lower crustal rocks, instead of arbitrarily selecting among a wealth of data for 

granulitic xenoliths worldwide (see Rudnick & Gao, 2003 and references therein) the decision of using 

data representative of the adjoining Central Iberian Zone lower crust appeared geologically more 

reasonable. Villaseca et al. (1999) documented a series of felsic meta-igneous, meta-pelitc and 

charnockite granulitic xenoliths carried by Mesozoic alkaline ultramafic rocks hosted in dyke swarms that 
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intrude the Variscan basement of the Spanish Central System. The felsic xenoliths largely overcome in 

volume the other two types, supporting that CIZ lower crust is chiefly of felsic nature, and therefore, was 

not underplated by mafic magmas as was OMZ by LGS and similar mafic suites in Spain. Because 

geophysical data strongly suggest that OMZ lower crust is of predominant mafic (meta-igneous and 

metasedimentary) nature (Monteiro et al., 2002; Pous et al. 2004), only meta-pelitc xenoliths reported by 

Villaseca et al. (1999) were utilized in modelling. The modal and isotopic composition of the xenolith 

samples that retrieved the most satisfactory results are reported in Table III.43, whereas the light grey 

area in Figure III.118 shows the compositional field of all other meta-pelitc xenoliths studied by Villaseca 

et al. (1999).  

In addition to conventional binary mixing described above, the contamination paths between the 

most relevant upper (#BOD-4; Schäffer, 1990) and lower crustal (#U-96; Villaseca et al, 1999) end-

members, were obtained by modelling ternary mixtures (Figure III.118).  

Result analysis 

Figure III.118 shows a conventional Sr-Nd plot at T350 for the various BIC rocks (including some 

from the E compartment), where the computed binary and ternary mixing lines with selected end-member 

and intermediate contaminants, respectively, are superimposed. For reasons explained in PART I, 

particular emphasis is given to comparison of the trends displayed by the Aguablanca and related 

magmatic suites in Spain (for details and the source of the published data see Figure III.118 caption).  

Casquet et al. (1999; 2001) argues that an hyperbolic regression curve can be roughly fitted 

between Aguablanca and the field of sedimentary rocks reported by Schäffer (1990) and Nägler (1990); 

thus, explaining the contamination of the Aguablanca suite in terms of AFC (assimilation-fractional 

crystallization) involving a primitive parental magma of basaltic composition and supra-crustal rocks. In 

the absence of primitive, uncontaminated compositions, Casquet et al. (1999; 2001) used a Middle 

Cambrian basalt from the area (#CEM-113) as proxy for a depleted mantle source to derive mixing curves 

with two low-Rb/Sr ratio metasediments (#MON-4 and #DC-4 from Schäffer, 1990 and Nägler, 1990, 

respectively). The isotopic composition of these rocks is reproduced in Table III.44, where the differences 

between regressing the isotopic data to the reference age used in this work (T350) or the T338 used by the 

Casquet et al. (1999; 2001) is shown to be negligible. Figure III.119 allows comparing binary mixing lines 

computed for both postulated contaminants using LGS or the Mid-Cambrian basalt as uncontaminated 

end-members. 

The major cause for the inadequacy of these contaminants, (as many others from the data base 

of Schäffer, 1990), is their Sr-enriched nature. As can be seen from a cursory inspection of mixing 

equations, elemental compositions (of non-contaminated end-members or contaminants) play a role as 

important as their isotopic compositions in the obtained mixing paths. Because mixing lines are 

hyperbolas that can be mathematically expressed by a general parametric equation, their shape can be 

predicted by the K parameter (III.53) which varies with the Nd/Sr elemental ratio in each component A 

and B (also listed in Table III.43 and Table III.44. The curvature of the mixing hyperbola increases as K 

deviates from unity, which defines a straight line. As K becomes increasingly smaller than unity, the 

hyperbola assumes increasingly concave shapes whereas convex hyperbolas have K increasingly higher 

than unity.  
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Figure III.118- Results from binary mixing between LGS and upper and lower crustal contaminants listed in Table III.43. Additional data includes: samples from Pin et al. (2008) 
previously analyzed in section III.4.1 (LGS rocks from western, high and low Ti diorite, pegmatoid and ATT suite rocks), plus one mafic andesite dyke (#Be-13) that intrudes BIC 
gabbro-diorite rocks at Peroguarda and two gabbros from LGS western compartment; Aguablanca and Sta. Olalla samples from Casquet et al. (2001) and Tornos et al. (2006). 
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Figure III.119- Comparison of results from binary and ternary mixing displayed in Figure III.118 with those obtained by mixing a Cambrian metabasalt from the Aguablanca region (# 
CEM-113) with a metasediment (#DC-4) from the same area or a paragneiss from Monasterio; isotopic data for these samples and references are listed in Table III.44 
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(III.42) 
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For example, the MON-4 paragneiss has 1866 ppm Sr; this end-member Sr concentration results 

in strongly concave mixing lines (KLGS-MON-4=0.1; KBas-MON-4=0.04), wherein 143Nd/144Nd350 values decrease 

at much higher 86Sr/87Sr values (in excess of 0.71072) than those required to account for the 

contamination trends of LGS or Aguablanca suites (Figure III.118). The relevance of elemental 

concentrations is well exemplified by the remarkable differences in the mixing lines obtained for sample 

DC-4 (KLGS-DC-4=0.8; KBas-DC-4=0.24) and the selected U-96 lower crustal xenolith despite their similar 

isotopic composition. 

Despite of the minor differences in the isotopic compositions of LGS (least contaminated) gabbro 

and Cambrian basalt (at T350), the differences obtained for each end-member component mixing lines are 

also due to elemental concentrations. The less concave to quasi-linear shape of LGS mixing lines 

compared to that of the Cambrian basalt are owed to its higher Sr concentrations (LGS=225 ppm; basalt= 

123 ppm), leading to lower 86Sr/87Sr at a given 143Nd/144Nd350. Therefore, melt compositions instead of 

cumulate elemental concentrations were used to obtain mixing lines (e.g. # CVD-6A has 339 ppm Sr, 

while ODV III model melts yield  225 ppm). 

 

Table III.44- Isotopic data tested as possible contaminants for LGS and Aguablanca/ Sta. Olalla suites. #CEM- 113 
and #DC-4 from Casquet et al., 2001 and MON-4 from Schäffer, 1990. Additional abbreviations: And -andaluzite; 
Crd- cordierite. NR- Not reported. The differences in regressing isotopic ratios to T=350 Ma and 338 Ma, the 
reference age used by Casquet et al. (2001), are also displayed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although geologically reasonable, numerical modelling of the contaminants reported by Casquet 

et al. (2001) or Tornos et al., (2004) shows that they are unsuitable on accounting for the small 

contamination amounts of LGS, as well as for Aguablanca and related mesocratic rocks from the 

adjoining Sta. Olalla Complex. This discrepancy demonstrates that fitting hyperbolic regression curves 

between igneous and prospective crustal contaminants rocks may provide graphically appealing 

relationships but yield poor numerical fundament, leading to flawed geological interpretations. 
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Discussion 

Ideally, a sample representing a perfect two or three component mixture plots exactly on a given 

binary or ternary mixing line, respectively. As may be observed from Figure III.118, most samples plot in 

the proximity of a given binary (or ternary) mixing line; additional contamination paths could be designed, 

but this would not increase significantly the accurateness of interpretations and ultimately result in 

unreadable plots.  

Causes for isotopic decoupling in LGS and low-Ti diorite suite 

Although it is expectable that samples from a co-genetic suite show some scatter in relation to a 

mixing line, a cursory examination of Figure III.118 shows that many LGS high-Nd group and low Ti-

diorite samples show a strong displacement towards higher values of 87Sr/86Sr at constant 143Nd/144Nd 

(thus plotting rightwards from the upper crustal contamination mixing line; Figure III.118). This 

displacement suggests a mild decoupling between the Nd and Sr isotopic systems. 

Two processes may account for the Nd-Sr decoupling in BIC rocks: (i) the influence of fluid/rock 

interaction (as signed by the block arrow) similar to what was proposed to account for the low-Ti diorite 

group, (particularly at Ventoso); and (ii) the influence of an additional upper crustal contaminant enriched 

in radiogenic Nd and Sr. There are currently no data that allow ascribing the Nd-Sr decoupling to an 

upper crustal contaminant; given the much higher mobility of Sr relatively to Nd, upper crustal 

contamination by interaction with fluids predominately carrying a radiogenic Sr-enriched component, 

appears the most plausible process to explain the observed decoupling. However, LGS rocks do not 

show hydrous hydrothermal alteration that can be related with post-crystallization contamination, as could 

be the case of the Ventoso low-Ti diorite. Accordingly, incorporation of variable amounts of radiogenic 

enriched fluids into LGS magmas, and perhaps the low-Ti diorite suite should have occurred in an early, 

syn-crystallization/emplacement stage. 

The most likely origin for crustal fluids is by dehydration/degassing of country rocks due to the 

thermal effect caused by the emplacement of BIC rocks. Indirect support to this hypothesis is provided by 

the existence of a regional carbonate reef shelf developed during Devonian times (late Eifelian/early 

Givetian- Machado et al, 2009). The extraordinary CO2-rich character of late developed hydrothermal 

precipitates in OMZ shear- and fault-zones has been pointed out as being related with decarbonisation of 

OMZ authoctonous rocks due to the emplacement of BIC rocks (Mateus et al., 1999). Pin et al. (2008) 

analyzed a mafic dyke of andesitic composition which intrudes LGS coarse grained “gabbro-diorite” rocks 

near Peroguarda (#Be-13) yielding 87Sr/86Sr350=0.705673 and 143Nd/144Nd350=0.512389 (Figure III.118). 

This andesite dyke displays similar decoupling between Nd-Sr noted for many LGS rocks. As suggested 

by Pin et al. (2008), contamination should have taken place by “assimilation of crustal-derived hydrous 

fluids (containing Sr, but virtually devoid of Nd)”. Dacitic dykes also analyzed by these authors crosscut 

the marbles at the Odivelas damn area. Unfortunately these rocks are much evolved and, as far as can 

be assessed, do not evidence significant isotopic decoupling; their isotopic signature could be accounted 

by a mantle source (similar to LGS) that assimilated large amounts of an upper crustal component.  

Further data are required to assess the role of degassing of OMZ carbonate rocks in the isotopic 

decoupling of BIC suites. As noted in section II.5.2.2, the peak of hydrothermal activity (late D2b/D3) in 

OMZ is significantly later in relation to the timing of LGS emplacement (D2a), which is coherent with the 
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time-span required for heat advection to promote degassing in the cold authoctonous sequences of OMZ. 

The trend displayed by some LGS and low-Ti diorite suite perhaps represents, the first documented 

evidence within BIC rocks for that long suspected process (Mateus et al, 1999). Radiogenic Sr-, O-

enriched fluids were apparently incorporated in larger amounts in low-Ti diorite compared to LGS, where 

smaller amounts of Sr (and O?) enriched fluids likely reached the magma before full consolidation, thus 

causing the observed disturbance in the isotopic system. 

Contamination trends for LGS western compartment 

Rocks from ODV I Series display significant degree of contamination, that may be accounted by a 

ternary mixture between uncontaminated gabbro + lower and upper crustal components (Lower : Upper 

crustal component ratio of 10 : 90 or f=0.1; Figure III.118). Together with sample ODV-G-41 (that marks 

the ODV I - II transition), ODV I Series displays the strongest influence from a lower crustal contaminant 

within LGS rocks (Figure III.118). 

Other rocks displaying significant contamination include those from BRG I and BRG II Series, 

which suggest assimilation of an upper crustal contaminant. Excluding BRG II Upper Group olivine 

leucogabbro III (#CNT-4C; that accounts for an important replenishment event and belongs to the high-

Nd group), other BRG II rocks display high degrees of contamination. All BRG I/II rocks that record upper 

crustal contamination, evidence bulk lower contamination degrees than those from ODV I Series, which 

bear additional influence of a lower crustal contaminant (Figure III.118). It should be noted that this 

interpretations does not take into account sample Beja-15B (a leucogabbro analysed by Pin et al., 2008 

ascribed to BRG I Upper Group oxide olivine leucogabbro) since its isotopic signature suggests late 

contamination by adjoining ATT dyke-hosted rocks.  

The crustal contamination trends that emerge for LGS rocks lend some support to the proposed 

multi-stage evolution for LGS, involving underplating and staging of melts at OMZ lower crust followed by 

final emplacement at middle/upper crustal levels. Post ODV I melts display stronger influence of upper 

relatively to lower crustal components, as expressed by their closer relationship to the upper crustal 

mixing line and/or decoupling of Sr isotopic system. This feature suggests that contamination of LGS 

melts extracted after the SB I - SB II - ODV I event, took place mostly within the middle/upper crustal 

magmatic chamber (at their final level of emplacement), either by incorporation of upper crustal derived 

partial melts s.l. or Sr-enriched fluids phases, as discussed above.  

Contamination trends for western compartment BIC mesocratic rocks 

Rocks included in the ATT, high-Ti diorite and pegmatoid suites evidence an increasing influence 

from upper relatively to lower crustal contaminants (Figure III.118). Pegmatoid rocks studied by Pin et al. 

(2008) display the extensive influence from an upper crustal contaminant. The pegmatoid sample that 

plots outside the modelled Sr-Nd space shows significant decoupling towards higher 87Sr/86Sr350. High-Ti 

diorite from Torrão can be modelled along the same ternary mixing line that accounts for ODV I Series 

isotopic features (lower : upper crustal ratio of 10:90 or f=0.1), but displaying lower assimilation amounts; 

likewise ODV I Series, high-Ti diorite do not evidence Nd-Sr decoupling seen in low-Ti diorite or other 

LGS Series. Modelling allow refining that regardless of the much stronger decoupling that characterises 

low-Ti diorite compared to LGS high-Nd group, low-Ti diorite have a mild decrease of radiogenic Nd 
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suggestive of small degrees of crustal contamination s.s. (melt assisted), within the lower range of high-Ti 

diorite. 

Perhaps the most surprising outcome from Nd-Sr isotopic modelling is the evidence that late 

emplaced ATT rocks chiefly display a strong influence from lower crustal contaminants, plotting between 

the binary mixing lines computed for two granulite xenoliths (Figure III.118); accordingly, ATT rocks could 

be accurately accounted by a ternary mixing line between both lower crustal components. As for all other 

BIC mesocratic rocks, the meaning of the results here obtained is discussed ahead, in section III.6.3. 

BIC eastern compartment and Aguablanca/ Sta. Olalla suites  

Rocks cropping out in the eastern compartment, either from BIC or the Spanish suites, generally 

display much higher contamination degree than those at the western compartment. 

The Aguablanca and Sta. Olalla suites show a well-defined trend of progressive contamination 

from the (ultra)mafic rocks of the Aguablanca stock, towards the enclosing diorite and the main Sta. Olalla 

pluton. Even assuming the uncertainties inherent to the nature of the contaminant end-members used in 

modelling, the degree of contamination of these rocks is extremely high. All these rocks display a stronger 

influence from lower crustal components (lower : upper crustal assimilant proportion of ca. 75 : 25 ratio; 

f=0.75), suggesting that the most extensive contamination event related with the Aguablanca ores/rocks 

and related mesocratic rocks took place at lower crustal levels. The ultramafic rocks display stronger 

influence from upper crustal contaminants compared to the mesocratic Sta. Olalla suite (Figure III.118); 

this feature suggests that the hotter nature of the mafic magmas rendered them some assimilation 

capability upon arriving to higher crustal levels compared to cooler mesocratic magmas. This result is 

consistent with the large amounts of partially digested country rocks described in the Aguablanca breccia 

(Tornos et al., 2001; 2006; Piña et al., 2006; Ortega et al., 2004) which should have been fundamental to 

the genesis of the Ni-Cu-ores, as proposed by Casquet et al. (2001) or Tornos et al. (2004). 

All samples representative of BIC eastern compartment display much stronger bulk contamination 

relatively to any of those so far documented in the western compartment. The most contaminated LGS 

gabbro falls outside the modelled domain within the Sr-Nd space; nevertheless, it is relatively 

straightforward that it could be accounted by extrapolation of one of the ternary mixing lines closer to 

upper crustal component, towards higher 87Sr/86Sr values (Figure III.118). Excluding that extremely 

contaminated gabbro, all other modelled rocks from BIC eastern compartment display bulk contamination 

degree between those recorded by BRG I/II Series and those from Aguablanca/Sta. Olalla suites. 

Gabbroic rocks from BIC eastern compartment (ascribed to LGS), display similar contribution from upper 

and lower crustal components (ca 50:50), whereas an evolved granodiorite included in the Cuba Alvito 

Complex shows a stronger influence from lower crustal components, similar to ATT suite rocks from the 

western compartment (Figure III.118). 

Constrains for post-350 Ma Variscan magmatism in OMZ SW border  

The modelled suites are representative of post-350 Ma, Variscan mafic-mesocratic magmatism at 

the OMZ SW border; the results thus allow putting in evidence several prominent features for this major 

magmatic event. All suites display some influence of lower crustal components, particularly the 

geochemically more evolved mesocratic rocks. Considering that Variscan magmatism is diachronic and 
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becomes younger towards East, it seems lower crustal contamination also became more important with 

time. Evolved magmas apparently had a more limited assimilation capability of upper crustal components 

compared to those of mafic nature. However, mesocratic suites show greater amount of bulk 

contamination due to assimilation of lower crustal components.  

Taking the example of LGS-diorite-ATT or Aguablanca-Sta. Olalla suites, mesocratic magmas are 

affiliated with juvenile mafic magmas, for which LGS rocks cropping out in the western compartment 

could be proxy. The incorporation of significant amounts of lower crustal components in OMZ mesocratic 

suites, would thus suggest prolonged storage and differentiation of the mafic juvenile magmas at depth, 

during which incorporation of lower crustal s.l. partial melts and magma hybridization likely took place. 

These features suggest that OMZ lower crustal rocks were progressively re-worked throughout the 

process of underplating, probably promoted by the persistence of the thermal anomalies at depth.  

III.6.2.2. Constrains from incompatible elements geochemistry 

LGS most depleted highly incompatible elements (HIE), Nb-Ta and Rb-Th, are diagnostic 

features for magmas that experienced contamination within the lower crust (e.g. Wilson, 1989; Condie, 

1999; Kelelmen et al., 2003). This contamination style is typically observed in large igneous provinces 

where dense mafic magmas stall or pond at the lower crust/mantle transition, leading to underplating 

(Wilson, 1989). In spite this coincidence, in the absence of physical evidence such as xenoliths from 

lower crustal rocks, assessing the extent in which LGS incompatible element abundances reflect source 

versus contamination features is required to validate this generic observation. On the basis of Nd-Sr 

modelling results presented in the previous section, this discussion focuses on: (i) seeking evidence for 

equilibration of LGS magmas within the garnet stability field, given the inferred granulitic nature of OMZ 

lower crustal rocks (Muñoz et al., 2008 and references therein); (ii) assessing and discussing the most 

viable mechanisms to account for the observed HIE fractionation in LGS magmas, and; (iii) assessing the 

depleted versus enriched nature of LGS source. 

Evidence for equilibration of LGS magmas within garnet stability field 

The imprint of residual garnet in the source of basaltic melts (e.g. OIB) is characterized by strong 

LREE/HREE (high La/Yb or Ce/Yb), as well as steep MREE-HREE segments (high Tb/Yb or Dy/Yb; 

Thirlwall et al., 1994; Hofman, 2003). It should be reinforced that the garnet imprint is not meant as 

implying that LGS melts were extracted from high depths in equilibrium with a garnet-lherzolite mantle 

source such as OIB, but rather as reflecting lower crustal contamination, by partial melts/equilibration with 

garnet-bearing granulite; this contamination should leave an imprint in LGS melts similar (or relatively 

fainter) to that of residual garnet in deep mantelic sources. 

Because LGS cumulate, model melts (MM) display variable LREE enrichment, LREE/HREE 

ratios per se are less effective discriminants since LREE may be significantly enriched without 

modification of HREE concentrations, as for example seen in many BIC mesocratic rocks (namely low-Ti 

diorite). The steepness of MREE-HREE segments, as measured by their (Dy/Yb)CN or equivalent ratios, is 

useful in monitoring the influence for equilibration of LGS magmas within garnet stability field. The higher 

LREE/HREE fractionation, together with (Dy/Yb)CN in LGS cumulates and MM (Table III.36, III.5.3.3) 

relatively to asthenospheric-derived, MORB melts, may thus be interpreted as evidence of lower crustal 
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contamination during underplating.  

Figure III.120 shows that for most LGS Series there is no clear correlation between bulk REE 

fractionation (La/YbCN) and the steepness of HREE segments, all apparently clustering within a range of 

characteristic values for LGS rocks. Tight positive correlations (Figure III.120) between (La/Yb)CN and 

(Dy/Yb)CN for SB I- ODV I Series (with SB II as the low-ratio pole), and less clearly BRG I Series, suggest 

that these Series in particular experienced stronger lower crustal contamination relatively to the 

remainder. LGS Series therefore seem to display different degrees of lower crustal contamination that 

could reflect incorporation of variable amounts of partial melts derived of garnet-bearing granulite. This 

feature suggests heterogeneous contribution from lower crustal rocks through time, perhaps because 

incorporation of the most fertile partial melts derived from OMZ lower crust rocks took place preferentially 

during the early steps of the underplating, i.e. during the genesis of melts related with the SB I - ODV I 

Series sequence. Indeed, given the refractory nature of the granulitic crust, the amounts of partial melts 

that are expectable to be produced are extremely low (see for example Annen & Sparks, 2002; Petford & 

Gallagher, 2001) and therefore, the garnet imprint would expectably faint with time.  

The positive correlation between high (Dy/Yb)CN and (La/Yb)CN for ODV I Series is consistent with 

the stronger influence from a lower crustal contaminant demonstrated by Nd-Sr isotopic modelling; 

sample ODV-G-41 shows a similar relationship between Nd-Sr results and the highest (Dy/Yb)CN within 

ODV II Series. Unfortunately, not all samples can be criss-crossed that way due to lack of data. 

 

 

 

 

 

 

 

 

 

 

 

Figure III.120- (Dy/Yb)CN vs. (La/Yb)CN for LGS MM. r (linear regression correlation factors) between (Dy/Yb)CN and 
(La/Yb)CN for different Series are shown in an inset of (A).  

 

Processes that may account for HIE fractionation 

Chemical systematics for oceanic basalts (MORB + OIB) suggests that LILE incompatibility 

decreases from Cs  Rb  Ba, through Th > U  Nb = Ta  K, to Sr, which is more compatible than La 

(Sun & McDonough, 1989). The established order of incompatibility for oceanic basalt melts puts in 

evidence that the observed fractionation between some HIE for LGS rocks cannot be accounted from 

normal partial melting processes. Rb in LGS is noticeably less enriched than Cs or Ba, which have 

similarly high degrees of incompatibility; Rb/Cs ratios for LGS rocks and MM (model melts) [2 – 41; X= 

5.6] are sub-chondritic (CN=12; PM=34) and clearly much lower than a nearly constant ratio of 80 

reported for oceanic basalts (Sun & McDonough, 1989). Following the same reasoning, Th is significantly 
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more depleted relative to U which has similar incompatibility, whereas Nb and Ta show the strongest 

depletion relative to all other HIE. LGS rocks crystallized from magmas with heterogeneous enrichment in 

incompatible elements due to significant fractionation among different HIE.  

One common cause for fractionation of HIE in mantle-derived magmas is the presence of one or 

more mineral phase in the source residual mineralogy that strongly partitions a given element, leaving the 

melt depleted in that element (e.g. Wilson, 1989). Causes for HIE fractionation in LGS melts are 

discussed below, taking in account the patterns of crustal contamination previously defined that support 

the proposed multi-stage evolution; accordingly, HIE fractionation could have taken place during staging 

of the melt in deeper magmatic chamber(s), or its path en-route to the upper chamber, wherein LP 

fractionation took place.  

Nb-Ta depletion 

Mantle-derived melts showing relative depletions on Nb and Ta are found in two main petro-

tectonic settings; most distinctively in melts generated at convergent margins (Pearce, 1982, 1983; 

Kelemen et al., 2003) and more variably in some intraplate continental basalts (Continental Flood 

Basalts- CFB; Thompson, 1983; Farmer, 2003). Similar Nb and Ta depletions also characterize the 

continental crust, the main reason being that convergent margins are the primary setting for crust 

generation (ca. 80% of the crust). Consequently, the most distinctive and ubiquitous feature of 

subduction-generated magmas is imprinted on the continental crust (Condie, 1999; Rudnick & Gao, 

2003). Ponding and underplating of basalt at the base of the lower crust, or its upper crustal 

contamination may therefore result in strongly depleted Nb-Ta signatures (Farmer, 2003).  

The primary setting and the mechanisms leading to Nb and Ta depletion in both environments, as 

well as the continental crust, are subject of extensive debate in the literature (e.g. Briqueu et al., 1984; 

McCuloch & Gamble, 1991; Green, 1995; Kelemen et al., 2003; Rudnick & Gao, 2003). The following 

mechanisms have been proposed for generating Nb-Ta depletion: (i) fractionation of Fe–Ti oxides, rutile 

or titanite in the subduction mantle wedge promoted by the high oxygen and water fugacities; (ii) 

fractionation of Ti-rich, hydrous silicates such as phlogopite or hornblende in the mantle or crust; (iii) 

relative immobility or insolubility of Ta and Nb in relation to other elements (LILE  LREE) carried out by 

aqueous fluids derived from dehydration of subducted material; (iv) inherited low Ta/Th and Nb/Th from 

subducted sediment; and (v) the presence of residual rutile during partial melting of subducted material. 

Nb and Ta depletion in LGS rocks is not exclusive of facies developed after Fe-Ti oxide 

fractionation but a feature imprinted in all Series. Therefore, it is unlikely that Nb and Ta depletion was 

attained during LP fractionation at the upper magmatic chamber, but rather represents an inherited 

feature from staging at deep magmatic chambers or source zone; the same reasoning can be applied to 

amphibole or phlogopite which are readily consumed in the first low temperature melting increments thus 

requiring relatively low partial melting degrees to be exhausted from the source zone. There is no 

evidence suggesting that LGS melts were derived from low degrees of partial melting. Instead, the low 

bulk HIE budget suggests relatively high degrees of partial melting, similar to MORB. This interpretation is 

further consistent with the high Sc concentrations in LGS MM (X= 35 [14-54] ppm; MORB 38 ppm; BVSP) 

that preclude that significant amounts of clinopyroxene were left in the source zone. Accordingly, the 

presence of residual amphibole or phlogopite in the source zone may also be ruled out as causes for Nb 
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and Ta depletion due to their lower melting point.  

The high oxidation conditions estimated for primitive LGS melts open the possibility that residual 

titanite or rutile could be stable phases during staging at depth and therefore account for Nb and Ta 

depletion (e.g. Briqueu et al., 1984). However, as noted by Kelemen et al. (1993), for any of those titanate 

phases to precipitate from a primary, mafic basaltic magma unusually high Ti and Zr concentrations 

would be required, making this an unlikely possibility. Finally, precipitation of titanate phases at depth (in 

the source and/or deeper magmatic chamber) would expectably generate Ti depletion, which is clearly 

not supported by LGS rock or model melts PM normalized patterns.  

The presence of residual rutile during partial melting of eclogitized basalt and/or metasediments 

has been considered the most plausible explanation for Nb and Ta depletion in subduction generated 

melts. As discussed by Jesus et al., 2007c (see PART V) and Pin et al. (2008), geochronologic and 

geodynamic constrains for OMZ southern border preclude that the generation of LGS melts took place 

while subduction at the OMZ south margin was still active. Nonetheless, given the spatial and temporal 

proximity of the subduction and slab break-off events it cannot be disallowed that portions of subduction 

modified/metasomatized mantle and/or subducted slab were recycled during the genesis of LGS 

magmas. Such possibility is hard to demonstrate at this point and would require additional isotopic tracers 

for LGS rocks, (namely from Pb systematics). Moreover, given the likely involvement of lower crustal 

components the Nb and Ta depletion relatively to La may have been acquired via crustal imprint (Rudnick 

& Gao, 2003; see above). 

Without disregarding the possible recycling of ancient, subduction modified mantle or subducted 

slab, an additional explanation proposed by Kelemen et al. (1993) provides a conservative view to the 

problem. Experimental data show that Nb may be fractioned from other incompatible elements such as K 

or La by (garnet-bearing) mantle mineralogy due to Nb mineral melt distribution coefficients for 

orthopyroxene and garnet (in particular) being much larger than for K or La. Accordingly, melts migrating 

through a thick column of mantle peridotite (such as in a supra-subduction wedge) or staging within the 

lower crust may become Nb-depleted and display strong Nb(Ta)/La fractionation by reaction with the 

mantle or lower crustal minerals, respectively. Following these authors view, Nb-Ta depletion in LGS 

melts could have been acquired by equilibration with (granulitic) garnet-bearing OMZ lower crustal rocks 

during transient staging at depth. 

Th  Rb depletion 

Th, Rb ( U) concentration in LGS MM (or cumulates) are lower than in MORB type sources 

(Table III.36, section III.5.3.3) suggesting their initial concentrations should not have been significantly 

increased by upper or lower crustal contamination (considering the decoupling of Rb, Th and U between 

the lower and upper continental crust; Rudnick & Gao, 2003). As previously referred, low concentrations 

of radiogenic elements coupled with Nb-Ta depletion in deep seated magma provinces have been 

ascribed to lower crustal contamination (e.g. Wilson, 1989; Farmer, 2003), a feature consistent with the 

evolution for LGS here proposed. The extent that initial Th and Rb concentrations in LGS melts were 

actually lowered by a scavenging or dilution effect at the lower crust cannot be quantified, the original 

degree enrichment of LGS source in those elements therefore remaining veiled. Nevertheless, comparing 

patterns of HIE fractionation among different LGS Series provides useful information.  
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SB I Series MM present distinct HIE fractionation with higher Rb and Th abundances, particularly 

evident considering the primitive nature of those melts. While higher Rb/K or K/Ba ratios may be 

conditioned by the large mobility of LIL elements during secondary alteration, the significantly higher 

Th/La ratio for SB I Series ([0.08-0.13]; X LGSMM = 0.06) cannot be ascribed to secondary processes due 

to Th immobility in late-stage fluid phases. Despite the late tectonic exhumation of SB I Series 

(constrained to be contemporaneous of BRG II crystallization; II.5.2), these primitive magmas were likely 

the first emplaced at the middle/upper crustal domain, and therefore had a higher possibility for becoming 

more contaminated than subsequently emplaced magmas; the primitive and hotter nature of SB I Series 

magmas would further render them a larger assimilation capability of country rocks. The higher 

contamination potential s.l. of early developed magmas, is also consistent with the apparently higher 

degrees of lower crustal contamination (as discussed in the previous sections) that characterise SB I 

Series and related ODV I Series. 

LGS Series with less primitive character, and therefore lower assimilation capability, could also 

become contaminated provided they experienced high residence times at lower or upper crustal levels. 

That would clearly be the case of ODV I Series that besides of “inheriting” SB I Series lower crustal 

imprint (as suggested by ODV I high Dy/Yb ratios), has an evolved geochemical nature suggesting 

prolonged crystal fractionation within mid/upper crustal levels; the same explanation may account for the 

upper crustal contamination (as revealed by Nd-Sr modeling), that characterises geochemically evolved 

parts of BRG I and II Series. The increase in radiogenic Nd-Sr isotopic ratios for ODV I and BRG I/II 

evolved portions, would anticipate concomitant modifications on HIE fractionation (note that high 

resolution trace element data are lacking for BRG II Series). However that is not the case since HIE 

fractionation pattern do not diverge significantly from other Series/domains for which Nd-Sr radiogenic 

isotopes show negligible crustal contamination. Moreover, while ODV I marginally higher elemental Rb, 

Th concentrations are consistent with its more differentiated nature, BRG I Series (and BRG II ?) shows 

noticeable incompatible element depletions. Possible causes for this feature are discussed at the end of 

this section (III.6.2.2). 

Depleted versus enriched character of the source 

The moderate K depletion in LGS MM along with the high La/Nb or Y/Nb confirms the sub-

alkaline character of LGS suite suggested by other geochemical data. Nb and Ta elemental ratios (see 

Table III.13, section III.3.1.4) clearly distinguish the LGS suite from the oceanic basalt spectrum (MORB + 

OIB), and preclude the existence of a predominant within plate component. Figure III.121 shows present 

day 87Sr/88Sr and 143Nd/144Nd ratios for a series of abyssal, orogenic and ophiolitic peridotites, where the 

fields of OIB, MORB and mantle xenoliths are discriminated (Bodinier & Godard, 2003). The LGS Nd-Sr 

isotopic signature, Nd values in particular, are significantly lower than those typical of melts derived from 

truly depleted sources, such as MORB type sources or many orogenic peridotites. LGS rocks plot at the 

lower tip of the MORB field and are fully overlapped by the OIB field, which is representative of rocks 

derived from undepleted mantle sources. Positive Nd350 values (between +1.25 and +4.05) suggest that 

LGS melts were derived from a time-integrated mildly depleted radiogenic source, nevertheless, with 

some influence of enriched source components, as bear out by the relatively high 87Sr/88Sr ratios (0.7043) 

of high-Nd, uncontaminated rocks with no signs of Nd-Sr decoupling. 
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Figure III.121- Nd-Sr systematics for orogenic, abyssal and ophiolitic peridotites showing present day 87Sr/88Sr and 
143Nd/144Nd ratios adapted from Bodinier & Godard (2003). The grey field represents LGS isotopic composition. 

 

Highly incompatible elemental ratios are commonly used to investigate the characteristics of the 

source zones of basaltic rocks (e.g. Pearce, 1982; Lesher et al., 2001), allowing to “see through” the 

effects of crystal fractionation. If partial melting is fairly extensive ( 10%), incompatible elements with 

identical mineral/melt distribution coefficients should not be fractionated from each other during partial 

melting. Diagnostic incompatible elemental ratios that should reflect the ratios of LGS mantle source 

(Wilson, 1989; Sun & McDonough, 1989) are discussed below.  

Since only the lightest REE are truly incompatible, the (La/Ce)CN ratio is considered to be 

diagnostic of the mantle source, for example discriminating well between MORB-N in relation to MORB-P. 

Although according with Hofmann (2003) this common MORB nomenclature stands for more or less 

artificial end-members, they do reflect variable contributions from differently enriched sources: the so-

called MORB-N are therefore uniformly LREE depleted, showing (La/Ce)CN< 1 and (La/Sm)CN<1; MORB- 

P display (La/Ce)CN>1 and may or not be LREE enriched, thus revealing variable (La/Sm)CN>1. Both LGS 

MM (X= 1.4) and cumulates (X= 1.0) have higher (La/Sm)CN ratios than MORB-N, more variable for 

cumulates due to the effects of clinopyroxene accumulation. Median (La/Ce)CN for MM ([1.0 – 1.5]; X = 

1.2) or rocks ([0.89 – 2.02]; X = 1.2) are systematically higher than unity, further supporting that LGS 

melts are not derived from a MORB-N, depleted mantle source. As supported by Nd-Sr data, LGS melts 

should bear a small contribution (or “flavour”, as often referred in the literature, e.g. Hofman, 2003) from 

enriched mantle sources.  

The known immobility of Th and REE allow using positively correlated (Th/Sm)PM and (La/Sm)PM 

ratios for LGS MM as discriminants for depleted versus enriched sources (Figure III.122A). Given the Th 

depletion for LGS MM (as well as cumulates), they expectably display a (Th/Sm)PM ratio lower than unity; 

which is thought to indicate provenance from depleted mantle sources, e.g. due to previous magmatic 

events (Lesher et al., 2001). (Th/Sm)PM >1 for SB I troctolite were previously ascribed to upper crustal 

contamination promoted by the earlier emplaced and hotter nature of SB I magmas.  

Th/Ta ratios are also useful in monitoring source components using Yb as a normalizing factor 
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(Figure III.122B26; for additional details on the significance of the plotted features see caption). The use 

of Ta is particularly convenient since it has a geochemical behaviour similar to Nb but due to its higher 

distribution coefficients for oxide minerals was more effectively retained in few oxide-rich LGS cumulates. 

This plot again supports that LGS was not derived from a depleted MORB-type source and bears a faint 

contribution from enriched mantle sources, in what may be described as a mildly depleted geochemical 

signature. 
 

Figure III.122- Plots that enable assessing the depleted versus fertile character of LGS source zone. Including LGS 
MM (model melts) and mesocratic rocks (those studied by Pin et al., 2008 are represented by smaller symbols). (A)- 
The stippled line for (Th/Sm)PM =1 separates provenance from enriched (>1) versus depleted (<1) mantle source 
zones due, for example, to previous magmatic events (Lesher et al., 2001). (B)- The 1:1 line defines the mantle array, 
along which MORB and OIB plot, the latter towards higher Ta and Th values as expected due to derivation from 
undepleted lower mantelic sources; the labels for depleted and undepleted (within plate component-WPB) sources 
accordingly illustrate this relationship, the typical field where MORB plot being further outlined. Vectors shown in the 
figure intent to illustrate what may be expected from the influence of crystal fractionation (X’al Frac) or a WPB 
component which will both cause a proportional increase in both Th and Ta. Contrastingly, a subduction (S) or crustal 
contamination (CC) component will lead to an increase of Th but not Ta, as this element is depleted in both petro-
tectonic settings, as previously discussed. The fields of oceanic island arcs and continental active margins therefore 
display the influence of a subduction and (subduction + WPB or CC component, respectively. 

 

The vectors shown in the Th-Ta plot demonstrate that continental active margins are amongst the 

most complex petro-tectonic settings, since they may reflect the contribution of three main components: 

subduction (with or without involvement of subducted sediment), sub-lithospheric mantle and continental 

(upper or lower) crust (Wilson, 1989). BIC mesocratic rocks studied in this work bear obvious 

geochemical resemblances to suites generated in active continental margins. Likewise LGS, the 

emplacement of BIC mesocratic rocks took place subsequent to subduction blocking (Jesus et al., 

2007d), and was either contemporaneous (diorite), to variably later (pegmatoid, ATT suite) than LGS. As 

suggested by the path defined between LGS and BIC mesocratic suites (see the vectors in Figure 

III.122B), the enriched components for mesocratic suites would reflect the involvement of sub-lithospheric 

                                                      
26 Due to the relatively low available data for the elements involved in both plots, data concerning BIC mesocratic rocks are plot to 
avoid redundancy; this provides further means to compare amongst their geochemical signature relatively to LGS suite. 
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mantle or crustal s.l. components. Resolving between both end-members must take in account 

geochemical and isotopic data previously presented, as well as the genetic relationships between LGS 

and BIC mesocratic suites; these and related features are therefore discussed in section III.6.3. 

Conjectures on the causes for (progressive?) HIE depletion of LGS melts 

In this final section one prominent feature of LGS magmas is addressed and tentative 

explanations are proposed on the basis of the available data. In previous sections it was established that 

LGS magmas bear mild enrichment in LREE + Ba and HIE fractionation, with strong to moderate 

depletion in Nb + Ta and Th + Rb. Higher Rb-Th abundances as well as Dy/Yb vs. La/Yb ratios for SB I 

parental magmas suggest larger degrees of both upper and lower crustal contamination, respectively, 

favoured by their early emplaced and hotter nature; related Series such as ODV I, display similar 

(“inherited”?) lower contamination features, whereas isotopic data for subsequently emplaced magmas 

evidence variable but mild degrees of upper crustal contamination. The fainting sign from lower crustal 

contamination towards the top of LGS may have been conditioned by the refractory (presumably 

granulitic) nature of lower crustal rocks, which likely was not able to produce additional/significant 

amounts of partial melts following the early stages of the inferred underplating. It was also noticed that 

isotopic data support predominant upper crustal contamination towards the top of LGS, either by 

incorporation of crustal (?) Sr-enriched fluids (leading to isotopic decoupling) or partial melts s.l.; upper 

crustal contamination is particularly noticeable in geochemically evolved (e.g. ODV I) Series or Groups 

(e.g. BRG I Upper Group and transition to BRG II), likely conditioned by longer upper crustal residence 

times. These Series that evidence isotopically coupled, presumably not fluid-dependent upper crustal 

contamination, do not show an increase in HIE budget typically diagnostic of upper crustal contamination. 

Instead, regardless of isotopic evidence for upper crustal contamination, there seems to be a progressive 

depletion in incompatible elements for successively emplaced batches of melt, from ODV I  ODV II 

relatively to ODV III + BRG I. BRG II Series further presents an increase in mafic character (including Ni 

in olivine) towards the top. 

The absence of HIE increase in crustal contaminated (or otherwise towards the top of LGS), 

suggests that incompatible element abundances in LGS melts did decrease gradually throughout time; 

possible explanations for this feature include gradual exhaustion at the mantle source zone, and/or 

progressive dilution of the HIE budget during staging of the magmas at lower crustal depths. Low HFSE + 

HREE abundances in LGS rocks were likely controlled by their source regions and lower crustal 

evolution. PM-normalized incompatible element patterns for LGS cumulates or MM demonstrate that 

HFSE depletion is chiefly limited to Zr  Hf. Recent advances on the interpretation of Zr/Hf relationships 

may allow shedding some light on this prominent LGS feature. 

Nb/Ta (16.8 ± 3.1) and Zr/Hf (36.6 ± 2.9) ratios for oceanic basalts were thought to be uniform 

relative to the chondritic reference (Jochum et al., 1986; Sun & McDonough, 1989). High precision data 

acquired on a large variety of rock types has demonstrated significant variation in both ratios (David et al., 

2000; Linnen & Keppler, 2002; Hofman, 2003). Although the causes for variation of canonical ratios are 

currently an open debate (see Hofman, 2003 and references therein), there is sufficient evidence 

supporting that: (i) increasing Zr/Hf ratios are expectable during clinopyroxene crystal fractionation due to 

KdCpx
Zr < KdCpx

Hf and; (ii) decreasing Zr/Hf from MORB to OIB seem to reflect increasing degrees of 
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partial melting during to decreasing DZr relative to DHf.  

An inspection of Figure III.123 suggests that increasing Zr/Hf ratios in LGS MM are consistent 

with increasing degrees of crystal fractionation, as supported by positive correlations with Zr (r=0.83) and 

less clearly, with Sc (r=0.37). Negative correlations between Zr/Hf and Sc (also supported by positive 

correlations between Zr/Hf and Zr) due to extensive clinopyroxene fractionation were observed in alkaline 

OIB by David et al. (2000). Nevertheless, Sc concentrations in tholeiitic MORB (BVSP, 1981) are 

expectedly constant, or tend to increase with differentiation, as seems to be the case of LGS. Those 

Series that attained higher degrees of differentiation such as ODV I or ODV II, therefore present supra-

chondritic Zr/Hf ratios ([35-49]; again it should be stressed that cumulates and MM have identical Zr/Hf 

ratios as discussed in III.5.3). Surprisingly, the most differentiated, (oxide-rich) domains of BRG I Series 

do not present high Zr/Hf ratios. In fact, all other LGS Series, including parental SB I (Zr/Hf=30), show 

sub-chondritic Zr/Hf ratios, with values spanning as low as 15.  

Sub-chondritic Zr/Hf ratios (as well as Nb/Ta) have been documented in melts derived from 

mantle sources that have been depleted by successive events of melting, or in their residual peridotites 

(e.g. Weyer et al., 2003). Since it is highly improbable that SB I rocks are representative of LGS residual 

mantle (their plagioclase-rich nature is rather consistent with cumulates from a high-Mg primitive melt), 

the sub-chondritic Zr/Hf ratio of 30 suggest that LGS parental melts were extracted from a mantle source 

slightly depleted from previous melting events; this interpretation is still consistent with the Th/Sm >1 for 

SB I since it should account for higher degrees of upper crustal contamination. The supra-chondritic Zr/Hf 

ratios for fractionated ODV I or ODV II Series could be accounted by clinopyroxene crystal fractionation, 

as discussed above; SB II Zr/Hf ratio is identical to SB I Series and therefore consistent with its mixed 

features between SB I (e.g. high-An plagioclase megacrysts) and ODV I (oxide-rich, low #Mg). 

Subsequently developed Series, namely most of ODV III and BRG I Series, show Zr/Hf ratios identical, or 

much lower than those of SB I Series, suggesting that ongoing melt extraction events, further depleted 

LGS source and consequently, all subsequently generated melts. This interpretation conveys the current 

understanding that progressive melting of mantle sources with similar Zr/Hf may produce melts with 

decreasing Zr/Hf (e.g. David et al., 2000; Weyer et al., 2003).  

 

Figure III.123- Relationship between Zr/Hf ratios and Zr (A) or Sc (B) for LGS MM. 
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Concluding, Ta/Yb, Nd-Sr or La/Ce relationships support that LGS source is not a truly depleted 

MORB-type source and may actually bear some contribution from enriched mantle sources. Although 

staging at the lower crust may have contributed for progressive dilution/scavenging of HIE in LGS melts, 

Th/Sm versus La/Sm (Figure III.122) and here examined Zr/Hf relationships, all suggest that previous or 

repeated melt extraction events could also account for a bulk lowering of HIE budget with time. Whether 

or not the repeated melt extraction events involved increasing degrees of partial melting is a matter that 

cannot be currently constrained. Nevertheless, it is important to stress that the HT-LP regime that 

characterises most of the Variscan cycle at the OMZ SW border, starting with the inferred slab-break off 

event at ca. 350 Ma (Jesus et al., 2007c), support high heat fluxes, consistent with the persistence of 

LGS thermal anomaly at depth. 

III.6.3. Genetic relationships between LGS and mesocratic rocks 

The diorite and ATT suites represent the crystallisation products from hydrous melts of broadly 

andesitic composition, commonly referred to as granitoids (Brown, 1982a). The abundance of cognate 

xenoliths representative of other granitoid rocks (less commonly gabbroic) and their highly heterogeneous 

textures and composition, indicate that mixing, assimilation, storage and hybridization processes (MASH; 

Hildreth & Moorbath, 1988) were as important as crystal fractionation in their petrogenetic history. 

The network of dyke or sill hosted felsic rocks also represents an important granitoid suite 

included in BIC. These rocks were only subjected to cursory petrographic and mineral chemistry 

examination that revealed the occurrence of K-feldspar and K-mica, indicating they belong to high-K, 

calcalkaline series. This feature distinguishes the felsic suite from all other studied mesocratic suites that 

typically have low total alkali (and K) contents, belonging to low-K, tholeiitic series27. The hypabissal felsic 

suite is clearly intrusive into LGS or other BIC mesocratic suites. The later emplaced and inferred 

calcalkaline character of the felsic suite suggests that they are most likely related to the roots of the 

Baleizão Porphyry Complex (Andrade, 1983). 

The pegmatoid dykes that intrude ODV III Series result of well a delimited magmatic-

hydrothermal event that nevertheless, preserves many features of the original gabbroic rocks. In spite its 

broadly hydrothermal origin, there is a variable magmatic contribution from siliceous melts: pegmatoid 

dykes at the Ventoso sector bear a high hydrothermal contribution, whereas those studied by Pin et al 

(2008; occurring within BAOC) record greater influence from hydrous melts, as far as can be assessed on 

the basis of whole-rock data. The amphibolitic gabbro rim that marks the transition between LGS and the 

marginal diorite suite at the Odivelas sector can be further sub-divided in two proximal and distal sub-

types that reflect the increasing influence from entrained fluids  melt related to the diorite suite at east. 

Although amphibolitic gabbro likely bears an important hydrothermal component like the pegmatoid, its 

origin cannot be dissociated from the diorite suite. Accordingly, while the pegmatoid dykes are treated 

separately, ODV I amphibolitic gabbro are discussed together with the diorite suite. 

A petrogenetic model for BIC mesocratic rocks must take in account the following features: (i) the 

overlapping time framework for the genesis of LGS and diorite (Pin et al., 1999; 2008), (ii) field 

relationships that, in spite of being clear in demonstrating the intrusive character of border facies/ATT 

                                                      
27 It is noteworthy recalling that due to the lack of mineralogical control, it is unclear if the higher potassium contents recorded by 
most high-Ti diorite are a primary or a secondary (alteration induced) feature, as can be assured for the Ventoso high-Ti diorite. 
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suite, are ambiguous concerning the marginal diorite; (iii) the isotopic and geochemical affinities amongst 

different mesocratic suites and LGS, particularly its microgranular facies such as SB II Series; and (iv) the 

importance of BIC mafic unit, embodied by LGS, as the most probable parental source component or the 

driving heat source that enabled melting of pre-existing crustal rocks.  

In order to build a petrogenetic model for BIC granitoid suites there is an obvious need to expand 

the fragmented database acquired in the scope of this work (complemented with that obtained by Santos, 

1990 and Pin et al., 2008), namely by undertaking comprehensive field-based geochemical and isotopic 

studies. Bearing in mind these restrictions, the main objectives of this section are outlining a provisional 

petrogenetic model for BIC granitoids and complementing LGS petrogenetic model regarding the origin 

and significance of LGS microgranular rocks, such as SB II Series or BRG I microgabbro. The 

mechanisms that triggered the development of the Ventoso pegmatoid dyke are also discussed, with 

emphasis on its relationships with type II sulphide mineralisation (addressed in PART IV).  

III.6.3.1. Petrogenesis of the diorite suite 

Geochronological dating of Torrão diorite obtained by Pin et al. (2008; II.2.3.2) yield 352  2 Ma, 

an age that is indistinct from those obtained by Pin et al. (1999) in LGS rocks from Torrão (352  4 Ma) or 

Serpa (350  4 Ma). Modelling of crustal contamination trends (III.6.2.1) suggests that the diorite and LGS 

gabbroic suites from BIC western compartment were extracted from a similar mantelic source; compared 

to many LGS Series, the diorite experienced smaller degrees of crustal contamination and assimilation. 

The inversion of LGS cumulates further shows that the trace element signatures of LGS MM are chiefly 

identical to that of the diorite, albeit low and high-Ti diorite display similarities to different Series. 

Accepting that the diorite suite was indeed derived from LGS mantle source, the mechanisms that may 

have allowed the genesis and emplacement of magmas with distinct water enrichment (and 

consequentially mineralogy), within an overlapping spatial and time framework are briefly discussed 

below; this discussion accounts for the distinctive nature of both diorite types and their relationships with 

LGS Series, hopefully shedding some light on the genesis of LGS microgranular suites, particularly SB II. 

Low versus high Ti diorite 

Despite the lack of mineralogical data for diorite rocks from Torrão studied by Pin et al (2008), 

whole-rock chemical compositions and radiogenic Nd-Sr isotopic data enable clearly distinguishing two 

groups of diorite rocks, labelled high- and low-Ti on the basis of their distinctive titanium and iron 

enrichment. Low-Ti diorite show higher bulk REE, LREE abundances, flattened HREE segments, 

negative Eu, Sr and Ti anomalies and increasing enrichments in Th, U, Rb and Ba relatively to La and 

HFSE. High-Ti diorite have lower bulk and LREE enrichment, but distinctive higher MREE/HREE 

fractionation, within the range of LGS rocks. Positive Eu, Sr and Ti anomalies are indicative of plagioclase 

and oxide accumulation, respectively. All LILE are mildly enriched relatively to HFSE; however, only Th is 

clearly enriched relatively to La with Th/La higher than low-Ti diorite.  

Ti, Ni and Cr contents or #Mg for high-Ti (X= 44; [36-48]) compared to those of low-Ti diorite (X= 

58; [52-69]) indicate that the former represent products of more extensive crystal fractionation. The much 

lower silica contents of high-Ti diorite may be ascribed to the inferred occurrence of oxide minerals. 

However, the high silica (up to 65.3 wt %) contents of the low-Ti diorite and their incompatible element 

ratios indicate that both groups cannot be related by simple crystal fractionation. Accordingly, both diorite 
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types should represent hydrous melts with different degrees of primitiveness and incompatible element 

enrichment, which may ultimately reflect distinct origins and/or evolution. The nature of each diorite type 

is first addressed and only then the origin of water in diorite suite s.l. is discussed. 

The nature of low- Ti diorite  

As noted in section III.3.2, the high #Mg values of low-Ti diorite rocks place them within the range 

of primitive and high-Mg andesite liquids. Their intrusive nature further meets the observation of Kelemen 

et al. (2003) that primitive and high-Mg andesites maybe better represented among plutonic rocks than 

erupted lavas. Variable and sometimes very high SiO2 contents are commonly observed among primitive 

andesites. Although early fractionation of silica-poor assemblages such as liquidus hornblende may result 

in a wider spread of SiO2 for given #Mg, the distinctive high SiO2 contents of these melts may have been 

acquired at their source zone (Kelemen et al., 2003).  

Ni and Cr concentrations in low-Ti diorite are significantly higher than most LGS MM, particularly 

those of ODV I Series. The distinctive combination of primitive but also fertile geochemical character for 

low-Ti diorite chiefly narrows the possible basaltic equivalents from LGS to SB I Series. Results from 

EDM reported in section III.5.3.3 demonstrate a remarkable fit of SB I Series MM to low-Ti diorite CN-

normalized patterns (both in shape, as well in bulk and relative abundances), and support a strong affinity 

between both suites. LILE and HFSE for SB I and low-Ti diorite differ in the lower Th, Zr, Hf and Nb 

concentrations for SB I Series; considering that many of those elements are below detection levels in SB I 

cumulates, only Th/La ratios are distinctly higher for the low-Ti diorite. Despite of the Nd-Sr isotopic 

decoupling ascribed to incorporation of Sr-O enriched crustal fluids, modeling also evidences mild 

contamination degrees, between the lower range of high-Ti diorite and LGS high-Nd group.  

The similarities between SB I Series MM and low-Ti diorite (particularly REE patterns), thus 

suggest that low-Ti diorite could have been derived from primitive and fertile siliceous melts, i.e. enriched 

in incompatible elements, that were early separated from LGS source along with SB I parental magmas. 

Whether the distinctive Si rich character of low-Ti diorite is due to early fractionation of liquidus 

hornblende or a primary feature acquired at the source zone (see above), the source of water is the main 

issue requiring explanation and will be discussed at the end of this section.  

The nature of high-Ti diorite 

As noted previously, the high Fe, Ti enrichment coupled with low SiO2 concentrations displayed 

by high-Ti diorite are comparable to oxide gabbros from ODV I and SB II Series and suggest the 

presence of significant amounts of Fe-Ti oxides. SB II, ODV I Series and high-Ti diorite thus follow Fe- 

and Ti-enrichment with silica or Fe/Mg increasing ratios typical of tholeiitic suites that contrasts with the 

calcalkaline trends displayed by all other LGS or mesocratic rocks. Figure III.124 compares REE and 

multi-elemental normalized plots for SB II and ODV I MM with both diorite groups28. 

 

 

 

                                                      
28 In section III.5.3.3 only low-Ti diorite were used for comparison with all LGS model melts given their bulk higher REE and HIE 
enrichment relatively to low-Ti diorite. 
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Figure III.124- CN and PM normalised REE (A) and multi elemental abundances (B) respectively, for ODV IMM, SB 
IIMM,  high and low Ti diorite; LGS original cumulates were omitted for the sake of legibility. 

 

Table III.45- REE ratios for SB II, ODV I rocks and MM and high/low-Ti diorite 

 

 

 

 

As suggested by the occurrence of plagioclase (i.e., positive Sr + Eu anomalies), and eventually 

oxide accumulation in high-Ti diorite, their bulk elemental abundances may be underestimated relatively 

to those of LGS MM. REE ratios (Table III.45) nevertheless support that the bulk and LREE enrichment, 

as well as PM-normalized bulk elemental abundances (particularly of Rb) of high-Ti diorite lies between 

that of SB II Series and ODV I MM. Nb PM-normalized abundances for ODV I Series MM estimated by 

interpolation between Ta and K segments, yield similar relationships relatively to Rb; accordingly, only Th 

is truly enriched relatively to both LGS Series. The range of #Mg [0.36 – 0.48] for high-Ti diorite is also 

encompassed by those of SB II and ODV I Series (0.35 and [0.40 – 0.26] (calculated on the basis of 

olivine and orthopyroxene composition, respectively; as reported in III.6.1.1). Isotopic modelling for high-

Ti diorite and ODV I Series further support these relationships, most diorite plotting along a ternary 

contamination path (lower : upper crustal ratio of 10 : 90). ODV I rocks however evidence higher bulk 

assimilation ratios relatively to high-Ti diorite that suggest comparatively smaller residence times of high-

Ti diorite melt within the crust. 

The features discussed above suggest that the evolution of high-Ti diorite is tightly connected to 

ODV I and SB II Series, and that its degree of geochemical evolution may be roughly placed within both 

Series; a few conjectures concerning these relationships are discussed bellow whereas issues 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

386 

concerning the source of water in the melts are addressed at the end of the section. 

SB II Series displays several unique features within LGS, among which, the occurrence of 

plagioclase crystals with conspicuous optical and compositional zoning (An82-48) broadly covering the SB 

I-ODV I spectrum and high trapped melt fractions (TMF) are the most distinctive. These features and the 

MREE/HREE fractionation, similar to SB I most evolved olivine leucogabbro, allow suggesting that SB II 

Series may have begun evolving as plagioclase mushes collected at the top of the magma as a stagnant 

layer, lubricated by large amounts of intercumulus melt (mostly crystallised as orthopyroxene, see section 

III.5.3) that separated from SB I melt. Results from numerical simulation of crystal fractionation presented 

in section III.6.1.3 demonstrate that once the melt leaves the olivine stability field (at the end of SB I 

crystallization?) and starts crystallizing liquidus orthopyroxene (SB II Series), it is not possible to obtain 

olivine-bearing assemblages that account for the development of ODV I Series. Regardless if SB II 

domain soon left, or never reached olivine stability field, fractionation of (underlying ?) ODV I basaltic melt 

could have continued in quasi-closed system conditions, never ceasing to precipitate spinel s.l. and 

olivine; all these features are in good agreement with results from modeling of crystal fractionation 

processes, or the demonstrated absence of a spinel gap due to the initial high SB I oxygen fugacities. 

ODV I Series reflects a self-sustained process of oxide deposition/lowering of O2 which should have led 

to strong density stratification of the magma, on top of which, domains related with SB II or fluid rich melts 

such as the high-Ti diorite could have resided. Whether water was a primary feature of high-Ti diorite 

magmas acquired at depth, or added during its upper crustal evolution, additional fluids could have 

collected from crystallization of underlying ODV I magmas.  

SB II Series, as other LGS microgranular rocks (BG I microgabbro), display distinctive trace 

element ratios/abundances relatively to LGS regular gabbros (see III.3.1.4). Partition coefficients in 

amphibole follow an approximate decreasing order of magnitude from K to Ba>Rb>Sr>Th>U (Green, 

1994), which is complementary of the observed depletion in SB II Series in relation to LGS regular 

gabbros. This relationship suggests that SB II Series may have lost these elements during segregation of 

high-Ti diorite volatile-rich melts; thus, SB II Series could represent volatile-poor (gabbroic) residual melts 

selectively depleted in some incompatible elements easily mobilized by a fluid phase that could have 

been effectively incorporated into amphibole, as it entered the liquidus. SB II volatile-poor domains should 

have rapidly chilled against OMZ country rocks, as suggested by their fine-grained nature. Blobs of ferro-

basaltic hydrous melts, precursor of high-Ti diorite, could have repeatedly separated from LGS main 

magmatic chamber and crystallized immediately after, or close to domains previously insulated by chilled 

SB II Series melt. The higher degree of crustal contamination displayed by ODV I melt relatively to high-Ti 

diorite could thus be ascribed to the insulating effect of SB II Series that prevented further crustal 

contamination. Nevertheless, both SB II Series and high-Ti diorite should have crystallized soon after 

their separation from LGS main magmatic chamber, while ODV I Series was still undergoing 

crystallisation. The protracted crystallization time of ODV I Series relatively to high-Ti diorite or SB II 

Series could enable a more prolonged staging within the crust and, therefore, to attain higher degrees of 

contamination. 

Considerations on the origin of water in diorite melts 

A minimum of 4 wt% H2O amount of water is required to stabilise amphibole in a H2O-
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undersaturated calk-alkaline melt (Eagler, 1972). In the broadest sense water in the diorite melts may 

have been acquired at depth or at shallow crustal levels. Possible mechanisms are proposed to account 

for the origin of water in diorite within these two end-member situations.  

Potential sources and mechanism for shallow hydration of diorite magmas 

In previous sections, it was proposed that the increase in radiogenic Sr and heavy oxygen in low-

Ti diorite could be explained by incorporation of crustal-derived fluids such as, formational (conate) 

waters and/or fluids from dehydration reactions in country rocks induced by the LGS-diorite large heat 

anomaly. Cooling of diorite melts in a wet environment promoted retrograde exchange until relatively low 

temperatures (between 495 and 583ºC) when closure of the isotopic system took place (III.5.2). 

Incorporation of crustal derived fluids in upraising primitive fertile melts at relatively shallow depths, could 

supply the necessary water to generate hydrous primitive melts such as low-Ti diorite. This view remains 

consistent the lower degrees of Nd-Sr isotopic decoupling of LGS high-Nd gabbros, which should reflect 

incorporation of lower amounts of crustal derived fluids and/or their dilution in larger volumes of magma.  

The absence of Nd-Sr decoupling in high-Ti diorite suggests that additional fluid reservoirs could 

have been involved in the genesis of the diorite suite s.l. (besides of the possible existence of primordial 

water acquired at depth, as discussed next). Additional constrains may be provided by the Odivelas 

amphibolitic gabbro where a contribution from meteoric, 18O depleted fluids was demonstrated (III.4.2.2). 

Well documented magmatic-hydrothermal systems in gabbroic rocks such as Skaergaard (Taylor & 

Forrester, 1979; McBirney & Creaser, 2003) or the Kap Edvard Complex (Greenland; Felhlaber & Bird, 

1991) show that the variations of radiogenic Sr are often uncorrelated with oxygen depletion. Accordingly, 

the absence of Nd-Sr decoupling in high-Ti diorite does not exclude that modified meteoric fluids, whose 

residual signature is recorded in the Odivelas amphibolitic gabbro, were (also) involved in the genesis of 

diorite. Nevertheless, the influence from crustal continental fluids, well documented by the radiogenic Sr 

and heavy oxygen in primitive low-Ti diorite, could have simply been gradually diluted by mixing with 

meteoric fluids; rising of heat and/or low density hot magmatic fluids from LGS and diorite intrusions could 

have gradually induce the descend of cold meteoric-derived fluids. 

Enrichment in both fluid mobile (e.g. Rb, K) and immobile elements (all the REE spectrum, Th, Y, 

Zr, Hf and Nb) relatively to ODV I regular gabbros support that amphibolitic gabbro resulted from 

entrainment of melts derived from the adjoining diorite. Thermometry results constrain textural and 

mineralogical modification took place under progressively higher temperatures from distal (ca. 500- 600 

ºC, Jesus, 2002) to proximal amphibolitic gabbro (ca 835 ºC). The lower temperature range obtained for 

distal amphibolitic gabbro overlaps amphibole closure temperatures in the Ar/Ar isotopic system. The 

337.9  1.0 Ma age for the amphibolitic gabbro domain obtained by Dallmeyer et al. (1993) may thus 

provide a minimum age for the amphibolitic gabbro domain suggesting the meteoric-hydrothermal 

probably operated until a relatively late stage. 

Potential sources and mechanism for deep hydration of diorite magmas 

As bear out by the common stabilisation of amphibole at the later stages of crystallisation of the 

gabbroic rocks, LGS magmas were not anhydrous in the strictest sense. In isothermal conditions, water 

solubility in the melt increases with pressure (e.g. Burnham, 1994), therefore decreasing during 
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ascension. Calculations of Annen et al. (2006) show that a mesocratic melt that reaches upper crustal 

depths with about 4 wt% H2O must leave lower crustal depths (in excess of 30 km) with ca. 10 wt% H2O 

in order to remain undersaturated and prevent extensive crystallisation during ascension. Therefore, if the 

hydrous character of diorite melts was a feature acquired at depth, it should have resulted of interaction of 

LGS parental magmas with deep crustal rocks with sufficient content of structural water and little isotopic 

contrast relatively to LGS magma. 

In section III.6.2.1 it was demonstrated that Cambrian meta-basalts in amphibolite facies reported 

by Casquet et al. (2001; #CEM-113) display identical isotopic composition to LGS. The occurrence of 

screens of amphibolite intercalated or above the lower crustal granulites is therefore a reasonable 

assumption, further supported by exposures of high grade domains as the Monasterio antiform in Spain 

(Schäfer, 1990). Numerical modelling for the genesis of siliceous crustal melts suggests that up to 30% 

partial melt may be produced by dehydration melting from amphibolite with ca. 0.6 wt% H2O after ca. 0.87 

Ma of the intrusion of dry basalt (with ca. 0.3 wt% H2O; probably less than LGS) at lower crustal depths 

(30 km; Annen & Sparks, 2002; see also Petford & Gallagher, 2001; Annen et al., 2006). Such time lag is 

within analytical error of the diorite and LGS geochronological age but nevertheless may be reduced 

depending in the amount of the initial amount of water in the basalt and crustal rocks, or the mode of 

emplacement of the basaltic melt at depth (Annen et al., 2006).  

One common difficulty pointed for the genesis of siliceous melts at high crustal depths is their 

extractability, due to their lower solidus but mostly because their polymerised29 nature should expectedly 

render them higher viscosity than dry basaltic magmas. As noted by Annen et al. (2006) detachment of 

siliceous hydrous melts from depth is facilitated by their low viscosity and high volatile contents, because 

water ruptures inter-tetrahedral linkages and depolymerises the silicate melt, thus having the opposite 

effect of increasing silica saturation. Diorite melts should have high contents of dissolved water at depth 

and, therefore, relatively low viscosities. These properties should enable diorite melts to attain super-

liquidus behaviour, facilitating their extraction and rapid ascension to upper crustal levels, despite their 

siliceous character.  

The point is to illustrate that hydrous, siliceous melts may be produced at lower crustal depths 

provided adequate source rocks exist, such as the Cambrian amphibolites here proposed. Contamination 

with isotopically indistinct rocks such as the Cambrian amphibolites could also account for the diorite 

marginally higher HIE abundances compared to LGS rocks being noteworthy that the available data for 

these rocks show low (5 ppm) Rb concentrations (Casquet et al., 2001), consistent with the diorite trace 

element signature. 

III.6.3.2. Petrogenesis of ATT suite and border facies 

The nature of ATT melts 

Mineral chemistry, petrographic and field data indicate that ATT suite rocks represent more 

                                                      
29 Because melt composition controls melt structure and the most common components in a silicate melt are Si and O, the 
polymerization degree of a silicate melt may be expressed as the NBO/T parameter, or the ratio of nonbridging oxygens per 
tetrahedrally coordinated cations; a nonbridging oxygen represents an oxygen that bridges from a tetrahedron to a neighbouring, 
non-tetrahedral polyhedron (see review by Mysen, 1990). If NBO/T = 0, a melt is fully polymerized, which is equivalent to a 
tectosilicate (e.g. feldspars); if NBO/T value equals to 1, the melt is fully depolymerized, equivalent to a disilicate or sorosilicate. The 
degree of polymerization of a magma therefore increases with its felsic character. 
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fractionated melts than border facies anorthosites. Accordingly, the outlined petrogenetic framework takes 

into account the relationships between both suites, as well as their highly heterogeneous character. The 

near monomineralic nature of the both suites is not compatible with a melt composition; therefore, it 

implies a non-neglectable cumulate character for plagioclase, whose An contents consistently decrease 

from border facies anorthosites (X=39; [66-29]), towards the more fractionated ATT suite (X=25; [40-14]). 

Both suites were probably emplaced as plagioclase rich mushes comprising a melt phase where large 

amounts of plagioclase were suspended. Border facies anorthosites appear to bear the lowest melt 

fractions, a significant part of which was consumed in metasomatic reactions with LGS rocks.  

In comparison with diorite, the ATT suite crystallized from much more siliceous melts that were 

more depleted in compatible elements (Ni, Cr, Sc and Co) than in moderately compatible elements (Ti, P, 

Y, Nb and P). Modelling of Sr-Nd data for the trondhjemite dyke analyzed by Pin et al. (2008) clearly 

demonstrate a strong influence from lower crustal contaminants. Modelling also shows no evidence of an 

upper crustal contaminant (although it should be noted that the modelled sample has the lowest Zr 

concentrations within ATT suite- 279 ppm), a feature consistent with the stronger depletions in K and Rb 

in relation to other LILE in ATT suite rocks; the high Th (or U) are probably buffered by the unusually high 

zircon abundance, of presumably inherited origin (see section III.1.1.8). Making allowance for zircon high 

partition coefficients with HREE, is seems reasonable admitting derivation from melts with higher 

(La/Yb)CN than those measured in ATT suite and border facies rocks (La/Yb)cn = [3.6-7.0]); zircon effect in 

high LREE enrichment (La/SmCN = [2.6-5.1]) should be negligible. Accordingly, the steep REE patterns 

and low HREE concentrations are consistent with the influence of garnet as a residual phase in the 

source zone suggested by their strong lower crustal isotopic imprint.  

Isotopic data support that ATT suite and border facies results from mixing of mantle and crustal 

melts, of which LGS and OMZ lower crustal rocks are the foremost sources, respectively. The 

incorporation of large amounts of cumulate plagioclase and LGS rock cognate xenoliths (noticeably the 

BG troctolite, besides other unidentified ultramafic fragments; see III.1.1.8) justifies their designation as 

hybrid melts. 

Considerations on the origin of ATT suite/border facies components 

Few considerations are tentatively outlined on the various proposed components on ATT 

suite/border facies hybrid melts: crustal melt, basaltic melt and cumulate plagioclase. 

Isotopic data for ATT suite suggests incorporation of large amounts of crustal melt bearing a 

dominant lower crustal isotopic signature. The refractory nature of granulitic rocks excludes them as a 

potential source for the crustal melt and suggests that more fertile lithologies were involved in the genesis 

of the hybrid melts. The involvement of Cambrian amphibolites represented by sample CEM-113 

(Casquet et al., 2001) as discussed in previous section regarding the origin of diorite melts (III.6.3.1) is 

unlikely given their poor isotopic contrast relatively to LGS rocks. The most likely candidates would lie on 

the metasedimentary pile that overlies the granulitic basement. Although further consideration on the 

nature of the crustal component of the hybrid melts is precluded at this time, it is noteworthy that the path 

of contamination is similar to that of the Aguablanca and related suites in Spain. Moreover, the large 

amounts of crustal melt require prolonged staging at lower crustal depths, consistent with the intrusive 

nature of ATT suite relatively to LGS and the mean geochronological ages of the Spanish suites.  
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The inferred prolonged staging or incubation of the hybrid melts further opens the possibility that 

significant amounts of LGS basaltic residual melt was incorporated in the hybrid melts, as proposed by 

current models for the genesis of granitoid rocks (e.g. Petford & Gallagher, 2001; Annen et al., 2006). 

Numerical modeling shows that large amounts of hydrous, siliceous melt may be produced by 

differentiation of basaltic melt at depth (Petford & Gallagher, 2001; Annen & Sparks, 2002; Annen et al., 

2006): a compacted melt thickness of 1400 m may accumulate after 1.6 Ma. at 30 Km depth. Increased 

amounts of crustal melt will be produced if the basaltic melt fluxes the surrounding crustal rocks with H2O 

(inducing further melting); this requires water exsolution from relatively small basalt melt fractions with a 

starting minimum of 1 wt% H2O. The presence of magmatic amphibole in gabbroic LGS rocks, suggest 

that evolved LGS residual melt fractions could attain relatively high water contents that could effectively 

flux the surroundings promoting enhanced amounts of crustal melting. This hypothesis could account for 

the predominantly felsic character and trace element profile (see above) of the ATT suite melts, as well as 

abundant cumulate plagioclase, as discussed below. The differentiation trend from border facies 

anorthosites towards ATT suite could thus represent participation of LGS derived melts gradually 

departing from broadly basaltic, towards significantly more evolved residual melt compositions.  

At lower crustal pressures, any plagioclase with An≥90 will float in a basaltic liquid (Kushiro & 

Fuji, 1977; in Ashwall, 1993); accordingly, a significant part of plagioclase in border facies anorthosite 

could have crystallised from LGS basaltic melts at depth, since a relatively early stage. Experimental 

studies demonstrate a lowering of An content in liquidus plagioclase with increasing pressure (Longhi et 

al., 1992); this feature has been invoked to account for the An50±10 dominant plagioclase compositions in 

Proterozoic massif anorthosites, whose lower crustal origin is the most widely accepted hypothesis 

(Ashwal, 1993). It is thus suggested that, at least the cores of border facies anorthosites (An39 [66-29]), 

could have grown within LGS deep-seated magmatic chamber, whereas the albitic rims (as most of 

plagioclase in ATT suite evolved melts), likely developed during polybaric and shallow crystallisation.  

Flotation and accumulation of plagioclase as supernatant mushes against the roof of LGS deep 

chamber, could allow tapping of LGS basaltic melts through the mushes by filter pressing. Until 

hybridisation significantly changed melt composition, the mushes may have remained stable. ATT/border 

facies rocks display strong syn-magmatic deformation, consistent with their intrusion under a highly 

dynamic magmatic regime, since their extraction until final consolidation within LGS. Despite successive 

reactivation of shear zones (which may have also played an important role in the ascent of the mushes), 

protoclastic deformation and conformable planar deformed structures such as those recorded by both 

suites, are consistent with their emplacement as crystal mushes, as commonly accepted in massif 

anorthosites (Ashwall, 1993). 

III.6.3.3. Development of pegmatoid dykes 

This section focus on the discussion of the Ventoso occurrences because they are more tightly 

constrained by field and mineralogical data obtained in the scope of this work (as their host rocks, ODV III 

Series). Furthermore, the interaction of the (aqueous?) melts that originated the Ventoso dykes may be 

crucial to the understanding of type II sulphide mineralizations that also occur at Ventoso quarry. Field 

and mineralogical evidence suggests that these rocks developed by percolation of focalised (aqueous?) 

melts within the gabbroic suite (Jesus et al., 2007c).  
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The nature of pegmatoid 

Plagioclase-amphibole thermometry for the pegmatoid (T  565 ºC; [681-542 ºC]) marginally 

overlap the conditions inferred for the development of the reaction rims with the gabbroic rocks of (T  

700 ºC; III.2.1.3), suggesting thermal equilibrium between LGS and pegmatoid precursors. Indication for 

the melt versus fluid nature of the pegmatoid precursor may be extracted from observations performed at 

various scales in the inspected cross-sections at the Ventoso quarry. If the pegmatoid precursor was a 

melt in the strictest sense, the physical evidence for its interaction with the gabbroic cumulates would be 

far more conspicuous (as recorded by the Odivelas amphibolitic gabbro aureole). There is no visible 

evidence for dehydration reactions during the emplacement of the pegmatoid dyke swarm. Instead, a 

significant part of ODV III section exposed at the Ventoso documents extensive hydrothermal alteration 

within the temperature range of the pegmatoid assemblage (and its reaction rims with the gabbro) or type 

II mineralization hydrothermal halo (Jesus 2002; Mateus et al., 2001); plagioclase is usually the only 

preserved mineral within the most altered ODV III rocks, although alteration is strongly concentrated on 

the more vulnerable ultramafic levels. This suggests all three events are contemporaneous (i.e. 

mineralisation, pegmatoid and hydrothermal alteration of ODV III rocks) and further implies that large 

amounts of fluid were consumed in hydration reactions by LGS rocks during the emplacement of the 

pegmatoid dyke swarms.  

Widespread evidence for extensive water/rock interaction therefore suggests that pegmatoids 

developed from a fluid or strongly diluted aqueous melt. In the early stages, the fluids diffused through the 

gabbroic rocks, aided by their high thermal regime and driven by mineral/fluid reactions, like an advancing 

metasomatic front. Fluids then became gradually focalized into discrete structural discontinuities where 

they developed the pegmatoid dyke swarms. Some of these structures are (late developed?) subsidiary 

faults of major polyphasic NNW-SSE shear-zones encrusted by undeformed pegmatoids. The 

undeformed character of the pegmatoid should reflect their emplacement along tension gashes that were 

preserved during late-brittle deformation reactivation events. This hypothesis is supported by evidence for 

compaction-driven deformation subparallel to the layering which is consistent with the high thermal 

regime inferred for LGS (see section II.4.4.2).  

Consideration on the origin of the pegmatoid precursor melts 

Assuming derivation from LGS melts, Nd-Sr isotopic data for the Serpa felsic (pegmatoid) pods 

support large degrees of upper crustal assimilation and mild isotopic decoupling between Nd and Sr. No 

Nd-Sr isotopic data is available for the Ventoso pegmatoids, however gabbros recording mild alteration 

features (actinolite/tremolite  chlorite  magnetite rims in olivine) preserve primitive Nd-Sr signatures 

(e.g. #CVD-6A), all being included in high Nd-group; few samples analysed by Pin et al. (2008) show mild 

enrichment in radiogenic Sr i.e. the commonly observed decoupling between both isotopic systems. The 

immobility of Nd in LGS altered rocks corroborates the predominantly aqueous nature of the pegmatoid 

precursors and/or would imply a melt derivate with poor isotopic contrast with LGS, such as the diorite 

suite or residual LGS magmatic fluids. There is a considerable time interval separating the crystallization 

of diorite (352  2 Ma for those occurring at Torrão, Pin et al., 2008) and the emplacement of pegmatoid 

suite (342  9; Jesus et al., 2007c), between 3 and 17 Ma considering analytical errors. Residual 

magmatic fluids from late diorite intrusions or LGS exsolved magmatic fluids could easily account for the 
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strong Eu, Sr  Ba negative anomalies or REE enrichment in the pegmatoid, however such linkage 

cannot be (dis)proven at the moment.  

The occurrence of significant amounts of carbonate in the pegmatoid and the high 32S of type II 

mineralization (Jesus et al., 2007b or see section IV.4.1.5), must also be taken in account. Accordingly, 

the pegmatoid could bear a significant contribution from (strongly) modified crustal fluids invoked to 

account for Nd-Sr isotopic decoupling in LGS and diorite rocks, perhaps reflecting ongoing de-

carbonatization reactions of OMZ country rocks. The crustal sulphur compositions of type II mineralization 

could have been acquired in a similar way invoked for the radiogenic Sr, i.e. by mixing with crustal-

derived fluid from devolatilization/dehydration of country rocks. Accordingly, the close relationship 

between the pegmatoid, the hydrothermal alteration of ODV III Upper Group rocks and the hydrothermal 

Ni-poor character of type II mineralization (Jesus 2002; Mateus et al., 2001; Jesus et al, 2007b), suggest 

that these are all different expressions of a same hydrothermal event. Admixing of large amounts of 

crustal derived fluids, with residual magmatic fluids from LGS or late emplaced diorite rocks could have 

been promoted by a relatively rapid de-pressurization event. As discussed in Jesus et al. (2007c, and 

PART V), this event was likely the regional uplift of OMZ southern border that followed the slab break-off 

event (that gave rise to LGS mantle derived magmas) by about 5 Ma. 

III.6.4. Petrogenetic evolution of BIC western compartment  

This section integrates the outlined petrogenetic framework for LGS and BIC mesocratic rocks. 

These interpretations take in account current models for granitoid generation in active orogenic areas, in 

an attempt to outline a provisional petrogenetic model for BIC western compartment.  

The granitoid problematic- current views 

The study of granitoid suites (diorite, tonalite, granodiorite, trondhjemite) developed in late 

orogenic collisional stages is a complex subject that has generated a wealth of empiric or experimentally 

based investigations in the literature (e.g. Thorpe, 1982, Rapp et al., 1991; Sisson et al., 2005, Annen et 

al., 2006). The origin of granitoid suites has been ascribed to two main processes: (i) differentiation from 

hydrous partial melting of primary basaltic magmas within the upper mantle or crust (e.g. Mysen, 1982) 

and; (ii) partial melting of pre-existing middle/lower crustal rocks derived from older basaltic rocks after 

metamorphism under amphibolite facies conditions (e.g. Green, 1982; Sisson et al., 2005; Vander 

Auwera et al., 2008); eclogite facies precursors are commonly suggested for Archean tonalite-

trondhjemite-granodiorite-TTG- suites (e.g. Rapp et al., 1991). In either case, the generated magmas may 

be further modified by assimilation of crustal rocks and MASH processes (DePaolo, 1981). Partial melting 

or assimilation involving old igneous rocks (generated at ancient arcs or formed during previous episodes 

of underplating) often results in geochemical or isotopic signatures that are broadly similar to crustal rocks 

s.l. (e.g. Condie, 1999). 

The major problem of any of those models is the mass of parental mafic rocks (or their 

metamorphic equivalents) required to generate the voluminous silicic melts/granitoids, which is at least 

twice the volume of evolved magmas assuming a minimum of 60% of crystal fractionation (Annen et al., 

2006). Shallow magma chambers bearing small volumes of primitive basalt or andesite cannot account 

for the required mass balance whereas geophysical evidence for complementary mafic cumulates in 
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many modern or ancient orogens is usually lacking. This has lead to the generic assumption that the 

emplacement and differentiation of the primary basaltic sources is located at deep crustal levels, their 

absence being ascribed to delamination into the lower mantle (e.g. Arbaret & Burg, 2000; Burg et al., 

1998; Kelemen et al., 2003). Repeated events of basalt underplating at the lower crust are pointed as the 

main cause for lower crust mafic composition, whereas the large-scale consequence of the 

underplating/delamination process throughout geological time is the gradual drive in composition of the 

bulk continental crust to its average andesitic composition (Rudnick & Fountain, 1995).  

Recent models based on based on experimental data and numerical simulation (e.g. Petford & 

Gallagher, 2001; Annen & Sparks, 2002; Annen et al., 2006) have attempted to quantify the effects of 

repeated emplacement of mafic basaltic magma at lower to middle crustal depths considering the 

variation of several factors such as: (i) water content in the starting basalt melt (from cool wet, to hot dry 

basalt with ca. 2 wt% H2O, 1100 ºC liquidus and 0.3 wt% H2O, 1300 ºC liquidus, respectively); (ii) the 

nature and particularly the amount of structural bond water (fertility) in crustal rocks and ; (iii) basalt mode 

of emplacement and rate of replenishment. Two potentially different melt sources are accounted for the 

genesis of granitoid rocks: residual melt from basalt differentiation and crustal melt from (hydrous) partial 

melting of crustal rocks; their relative contribution and the time lag for melt generation (incubation period) 

since the beginning of basalt intrusion, depend on all listed parameters, as well as on the initial geotherm. 

A proposal: BIC as the expression of a deep crustal hot source (DCHZ) zone triggered by 

underplating 

Relevant results from the most recent models for granitoid generation were introduced throughout 

the previous section (III.6.3) to support the proposed petrogenetic framework for BIC mesocratic suites. 

Although Annen et al. (2006) have specifically considered the emplacement of hydrous mafic basaltic 

magma (ca. 2 wt%) at lower or middle crustal depths, their terming of the resulting dynamic system as a 

“deep crustal hot zone” (DCHZ), seems suitable to account for the current view on the genesis of 

granitoid rocks within the context of underplating. 

Geochemical, isotopic and geochronological evidence previously presented support that diorite, 

ATT /border facies and pegmatoid dykes may be genetically related to LGS, all deriving from the same 

mantelic source, bearing different contributions from lower and upper crustal rocks. Following the broad 

definition of Annen et al. (2006), the origin the studied mesocratic suites could be envisaged as products 

of a deep hot crustal source zone (DCHZ) that was triggered by underplating of LGS basaltic magmas at 

OMZ lower crust/uppermost mantle boundary. BIC DCHZ would thus include LGS deep magmatic 

chamber(s), as well as the surrounding, particularly overlying lower crustal domains.  

As noted before, it is not clear if diorite magmas acquired some of their water content at depth or 

exclusively during shallow level processes (by mixing with different proportions of crustal and meteoric 

fluids), being most probable that both processes contributed to the hydration of the magmas. Incubation 

times for the derivation of the first crustal melts from amphibolitic rocks at lower crustal depths (ca. 0.87 

Ma at 30 km; Annen & Sparks) are consistent with the similar geochronological ages for LGS and the 

diorite suite, assuming that at least some of their volatile content was acquired at the DCHZ. The 

involvement of screens of amphibolitic rocks with isotopic composition similar to LGS magmas in the early 

stages of BIC DCHZ would result in isotopically and geochemically similar magmas, that chiefly differed in 
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their volatile content, thus giving rise to LGS gabbros and the marginal diorite. 

The contribution from fertile crustal rocks and significant amounts of LGS residual melt is a 

reasonable possibility given the late-developed nature of ATT suite melts. As discussed in section 

III.6.3.2, the increasingly felsic nature from border facies towards ATT facies magmatism (as well as 

relatively to the early developed diorite) suggests progressive departure from basaltic towards residual 

evolved melt compositions. Accordingly, accumulation of plagioclase at depth and emplacement of 

plagioclase mushes of border facies with residual amounts of basaltic (evolved ?) magma could have 

started at a late stage of LGS+ diorite magmas emplacement and cooling. It must be noted that 

simulations of Petford & Galhagher (2001) and Annen & Sparks (2002) both concur in demonstrating that 

despite lower crustal rocks being less fertile than upper crustal rocks (and only if amphibolitic rocks are 

present), at those depths, larger amounts of residual basaltic melt are produced (compared to shallower 

depths) due to lower heat loss to the surroundings.  

As indicated by modelling of contamination paths, the isotopic homogeneity of the melt produced 

at BIC DCHZ before the emplacement of ATT suite chiefly reflects the composition of the basaltic 

underplated melt, with minor assimilation of lower crustal rocks. Regardless of the exact nature of the 

various components involved in the genesis of ATT suite/border facies, evidence unequivocally points to 

a diversification of geochemical and isotopic signatures through time. This increasing geochemical, 

isotopic and petrological variety is consistent with the expected evolution of BIC DCHZ and continued 

reworking of OMZ lower (and eventually middle?) crust rocks. The much higher volumetric expression of 

late ATT /border facies magmatic event relatively to the early developed diorite shows that BIC DCHZ did 

not became less productive with time.  

Although admittedly tentative, a DCHZ appears to be, within the framework of available data, a 

simple and reasonable process to account for the various geochemical and isotopic features common to 

both diorite groups and LGS as well as later developed ATT/border facies suites. It should be stressed 

that similar conclusions regarding the ower crustal affinities of mesocratic suites and related gabbroic 

were reached in other locations of the Variscan orogen, namely in the Quérigut Complex in the French 

Pyrenees (Roberts et al., 2000) or the Gęsiniec Intrusion in the Polish Bohemian Massif (Pietranik & 

Waight, 2008).  

Constraints to regional magmatism and the interpretation of the Iberian Reflective Body 

The corollary of the inferences outlined above is that basaltic melt underplating should have been 

highly focused at a fixed depth. The opposite situation occurs when thin basaltic sills are emplaced more 

randomly, and by involving numerous screens of crustal rocks, will have higher incubation times for the 

development of the first hybrid crustal melts but much wider compositional and isotopic diversity. The 

accommodation of a large thickness of basaltic melt at lower crustal levels requires a domain of crustal 

weakness, such as a large structural discontinuity or décollement. Such scenario is consistent with a 

décollement tectonics for OMZ proposed by various authors (Monteiro Santos et al., 1999; Almeida et al., 

2005; Vieira da Silva et al., 2007; Muñoz et al., 2008); in this work it is proposed that the main locus for 

basaltic melt underplating was the Moho transition (for details see section III.6.1.2. Several authors 

(Simancas et al., 2003; 2004b; 2006; Tornos & Chiaradia, 2004; Tornos et al., 2005, 2006; Azor et al., 

2008) interpret the IRB (upper portion of the middle-crustal, 15–20 km conductor) as the main locus 
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where a large mafic igneous complex were stored (and currently preserved?); in this view, the conductive 

nature of this prominent geophysical feature (instead of resistive, as expected if were to represent 

crystalline igneous rocks) is ascribed to the intercalation of the magmatic sills with screens of graphite-

bearing metasedimentary rocks (Pous et al., 2004), allowing extensive contamination of the mantle-

derived magmas by the overlying metasedimentary rocks (e.g. Série Negra). It is therefore important to 

stress the implications of the current work to differences in both interpretations.  

The large volume and relatively low contamination degree of LGS magmas is consistent with the 

primary locus of underplating along the lower crustal décollement (broadly coinciding with the Moho 

transition), thus corresponding to the deep magmatic chamber where magmas were temporarily stored 

and equilibrated during their staging at deep crustal levels. The evolution of BIC DCHZ here proposed is 

not compatible with the current presence of significant volume of basaltic magma, being left at depth, or 

with the intrusion of random sills through large portions of crustal rocks. As stated in the “granitoid 

problematic”, worldwide evidence demonstrates that when basaltic underplated magmas are effectively 

retained at depth, their most common fate upon cooling and crystallization is detachment and sinking in to 

the upper mantle. As shown by geophysical data, the paleo surface of the Variscan Moho at OMZ is 

flattened as common in most ancient orogens (e.g. Windley, 1995); accordingly, even if large amounts of 

deeply underplated basalt remained at depth, this geophysical feature suggests that, likewise in most 

documented cases, delamination of the thickened orogenic root or any remnants of dense cool 

underplated basalt took place. Current models (Petford & Gallagher, 2001; Annen & Sparks, 2002; Annen 

et al., 2006) corroborate natural observations in showing that mafic magma intruded at 20  5 Km will 

rapidly crystallise or be erupted; melts accumulated at such depths usually display significant upper 

crustal contamination/hybridisation with geochemically more diverse (and of lower melting point) upper 

crustal rocks; this feature is not supported for LGS or related mesocratic rocks, as emphasised below. It 

thus seems unlikely that the middle-crustal décollement represented by the IRB could have been the 

primary locus of underplating of LGS mantle-derived magma.  

The isotopic diversification and strong lower crustal contamination exhibited by ATT suite 

magmas was interpreted as a consequence of more prolonged staging time at depth, reflecting the more 

expressive contamination of OMZ lower crustal rocks, perhaps involving rocks from the overlying 

metasedimentary pile overlying the granulitic basement. Significant volumes of residual, highly evolved 

basaltic melt were probably involved in the felsic ATT suite magmas, whereas border facies anorthosites 

could incorporate less evolved (basaltic s.s.?) melts, wherein large amounts of cumulate plagioclase were 

suspended; the high number of components account for the designation of hybrid melts for border 

facies/ATT suite rocks. While in the Portuguese sector of OMZ a large volume of mafic magma is 

embodied by LGS + diorite, in Spain, where both upper and lower crustal contamination was far more 

extensive, the volume of mafic magma in the various magmatic centres (II.2.3.2) is usually subordinated 

to evolved magma compositions. Results from Nd-Sr modelling for Sta. Olalla/Aguablanca privilege 

extensive assimilation of rocks with broadly lower crustal affinities. In this view, the protracted 

crystallization ages in Spain and the overall extent of lower crustal contamination of these suites may 

reflect, likewise for BIC ATT suite, a long-lasting incubation period at depth required to generate strongly 

contaminated, hybrid melts. The migration of the main magmatic centres towards NE relative to the 

Portuguese side is interpreted as a consequence of the wedge-shape geometry and SE-directed closure 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

396 

of the EBAD in Spain (Quesada, 1998; Ribeiro et al., 2007, 2010). The cause for later taping of the 

magmas to shallow level crustal chambers should therefore reflect the late closure of the suture zone.  

Synopsis and concluding remarks 

Following current models for granitoid generation, it is proposed that the evolution of the Beja 

Igneous Complex may be understood as a single, long-lived magmatic event. A deep crustal hot zone 

(DCHZ) could have been initially triggered by underplating of LGS juvenile basaltic magmas at OMZ 

lower crust/mantle transition. In this view, the geochemical and lithological diversity of BIC suites reflects 

the incorporation of different components, the most important having been acquired at depth by reworking 

of OMZ lower crustal rocks, with the eventual involvement of middle crustal rocks, latter on. The evolution 

of BIC DCHZ thus produced a diversity of magma compositions that span from primitive basaltic magma 

such as LGS, to HIE-rich hydrous magmas, such as the diorite suite or strongly hybridized magmas such 

as the ATT suite.  

As far as can be assessed, LGS and subordinated diorite magmas were the only products of BIC 

DCHZ that reached upper/middle crustal depths during the initial evolutionary stages. During this period, 

lower crustal contamination in LGS magmas was gradually replaced by a stronger role of upper crustal 

contamination. Due to the large dimension of LGS (upper crustal magma chamber, compared for 

example, to the small Aguablanca stock), the upper crustal contamination effects in LGS western 

compartment are relatively mild. Upper crustal contamination was possibly fluid-assisted due to de-

carbonatization and other transformations of authoctonous rocks that contributed with radiogenic Sr, 

heavy oxygen or sulphur, as documented by the Ventoso sulphide-pegmatoid association. Amphibolitic 

gabbro suggest that entrainment of diorite melts could have occurred until a relatively stage, during 

which, contamination of BIC magmas with meteoric fluids become increasingly important, ultimately 

imprinted in a meteoric hydrothermal system that affected LGS at Odivelas. 

Regardless of the petrogenetic evolution here proposed, the outstanding character of the Beja 

Igneous Complex is clear and surpasses its importance at a regional scale. BIC is one of the most 

prominent expressions of magmatism within the Variscan chain. At a broader scale, it offers the 

opportunity to study a near continuous succession of magmatic events that generated voluminous suites 

with compositions that straddle from mafic to granitic. In order to complement the emerging petrogenetic 

framework, detailed studies are lacking for BIC mesocratic rocks but mostly to the felsic units embodied 

by the Baleizão Porphyry Complex.  
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IV.1. Introduction 

PART IV aims the characterisation and development of sulphide and oxide ore forming systems 

in LGS. As discussed in the introductory chapter, the understanding of magmatic mineralisations can only 

be accomplished on the basis of a solid background on their host intrusions. The genesis of sulphide and 

oxide systems thus strongly relies on LGS architecture and petrogenetic framework reported in PART III. 

Following the presentation of each mineralisation type and correspondent distribution in LGS, 

PART IV is organised in four main sections. The first three focus on the description and discussion of 

oxide and sulphide ore-forming systems in LGS and their economic importance.  

The economic potential for other parts of LGS, namely the eastern compartment is outlined on 

the basis of relationships that can be established between the studied petrogenetic and metallogenic 

features and Cu-soil anomalies. The latter issue reports to results of preliminary targeting for exploration 

areas within LGS performed during the early steps of this work. This task involved the analysis of a wide 

Cu-soil geochemistry database available at IGM, including the outcropping area of LGS and several 

adjoining geological units. The outcomes of this work and their discussion may thus serve as future 

guiding for the search of mineral deposits in the OMZ SW border. 

IV.2. Mineralisation types and distribution of sulphide/oxide phases 

The main features displayed by the three mineralisation types identified in LGS western 

compartment were briefly introduced in II.4.1. This section aims the reporting of geological relationships 

of each mineralisation type with their host rocks, as well as the distribution of domains bearing relevant 

oxide or sulphide minerals within LGS western compartment. 

Type I mineralisation 

The ores occur within ODV I Series Lower Group, and are hosted by gabbroic domains 

significantly enriched in interstitial Ti-magnetite and ilmenite. They comprise coarse-grained, equant 

aggregates of magnetic spinel showing anomalous schlieren where large ilmenite oikocrysts occur 

(Figure IV.2A). The irregular bodies of massive, magnetic Fe-Ti-V oxide aggregates comprise masses up 

to 50 tonnes each, according to estimates of exploration surveys performed in 1944 (Silva & Carvalho, 

1946; Silva 1945). Figure IV.1 reproduces the morphology of the ore-bodies as depicted in the original 

report of Silva & Carvalho (1946); no accurate reserve determinations are presently available. 

Field relationships between oxide masses and their host rocks are poorly known because 

contacts cannot be presently observed due to extensive agricultural activity (Jesus 2002); the nearest 

outcrops of gabbroic rocks around the oxide bodies are located up to 100 m away from them. These 

accumulations of oxides may have economic interest as discussed in Mateus et al. (2001a; b) on the 

basis of studies carried out by Fonseca (1999) and Gonçalves et al. (2001), who evaluated the available 

geophysical and soil geochemistry data, respectively. The results obtained show that magnetic anomalies 

are not limited to the small area surveyed for Fe-ores in 1944 (Silva 1945; Silva & Carvalho, 1946), and 

that mineralized bodies are quite enriched in Ti and V (up to 10.05 wt% of TiO2 and up to 0.99 wt% of 

V2O5). A recent aeromagnetic map is available for OMZ southern border, obtained by Rio Narcea, 

covering LGS and adjoining geological units prospect areas. Unfortunately, likewise the old (conventional) 
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magnetic maps available from IGM, this aeromagnetic survey did not cover the critical domain 

underneath Cenozoic cover between Soberanas and Odivelas sectors.  

 

Figure IV.1- Morphology of the oxide-ore bodies mapped in the evaluation shafts performed by the SFM in 1944; 
vertical scale equivalent to 1 : 250, horizontal scale to 1: 500. (Adapted from Silva & Carvalho, 1946 and Jesus, 
2002). 

 

The eastern part of the Odivelas sector, wherein type I mineralisation occurs, is also not 

encompassed by the aeromagnetic map; for this reason, and to illustrate the possible extension of the 

ores above noted, a reproduction of the vertical magnetic field anomaly map elaborated for the Odivelas 

sector by Fonseca (1999) is displayed in Figure IV.3. 

Type II mineralisation  

Type II mineralisation comprises an irregular network of massive sulphide-veins (enriched in Cu 

and Co) hosted by a metasomatic halo that affects the gabbroic sequence (pyroxene gabbro II) of ODV III 

Series Upper Group exposed at the Ventoso quarry (Figure IV.2B-D).  

The first occurrence was assessed in 2000, by the end of field-work survey (Mateus et al., 2001a 

Jesus, 2002). By the end of 2004, when performing detailed mapping and sampling at the Ventoso 

quarry, the first documented mineralisation was no longer visible, but a similar occurrence was identified 

at another location of the quarry (Figure IV.2F). The massive sulphide occurs as what appears to be the 

infill of a discrete dilatational structure associated with a south dipping (80ºS) NNW-SSE (130-150º) and 

E-W shear zones; whitish-carbonate (likely calcite) infillings and breccias were observed in close relation 

to the sulphide pockets (Figure IV.2E). 
 

Figure IV.2 (right page)- Representative features concerning the three mineralisation types documented within LGS. 
(A)- Type I mineralisation. (B)- Type II mineralised vein where samples in (C) and (D) were extracted. (E)- Carbonate 
breccia that occurs in the latest observed occurrence of type II mineralisation (F)- Type III mineralisation samples 
collected at the Figueirinha (G) and Serrabritas (H) quarries. Graphic scales in E, F, G and H= 10 mm; Lablels in A, C 
and D = 4.5 cm 
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Figure IV.3- Vertical magnetic field map covering the portion of ODV I Series where type I mineralisation occurs and 
surrounding oxide-rich domains. Geophysical data from IGM processed by Fonseca (1999) with facies and structure 
contours as presented in Jesus (2002).  

 

Figure IV.2F shows that, in the latest collected samples, the texture of the ore is very similar to 

that often observed in type III mineralisation, with the sulphides mimicking intercumulus textures that are 

typical of primary developed sulphide assemblages. It is however clear that the amount of sulphide 

increases from nearly massive (at the margins) to interstitial (at the core of the sample) as a consequence 

of progressive infilling of the fracture network related to sulphide deposition; a comparison with Figure 

IV.2G or H (type III mineralisation) further evidences the greenish colour of the silicates due to their 

extensive replacement by amphibole and chlorite during sulphide deposition. As discussed in section 

III.6.3.2, evidence supports a relationship between this mineralisation and the pegmatoid dykes emplaced 

at 342  9 Ma (SHRIMP U-Pb age, Jesus et al., 2007c).  
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Type III mineralisation 

Type III represents intercumulus or semi-massive sulphides enriched in Ni-Cu-Co. The most 

important occurrences so far identified are hosted by clinopyroxenites of BRG II Lower Group (pyroxene 

gabbro I) and olivine norites of BRG I Upper Group (olivine leucogabbro III), located at the Figueirinha 

(Figure IV.2G) and Serrabritas quarries (Figure IV.2H), respectively. Both occurrences are distinct from 

type II mineralization by the: (i) Ni-bearing mineral assemblage (pentlandite); (ii) intercumulus character of 

the sulphides, developing typical net-textured to (semi-) massive arrangements; and (iii) preserved 

character of primary silicates, consistent with a magmatic origin for sulphides. 

The mineralised domain at Figueirinha was never observed outcropping; the samples were 

offered by local workers who reported occasional clogging of the mills by similar hard and magnetic rocks. 

By the timing of field work, the level of the quarry where the mineralised rocks were reported to occur was 

submersed, and in spite the 2003/2004 drought, it never become exposed again. Drilling performed at the 

quarry by Rio Narcea never intersected equivalent mineralised occurrences, nor coarse grained 

clinopyroxenites as those hosting the mineralisations; as noted in section II.4.3.4, the cm-thick 

clinopyroxenite levels exposed at the quarry are fine grained and equant, not reaching the extraordinary 

coarseness and heterodimensional character of the mineralised clinopyroxenites.  

The mineralised domain at Serrabritas was at the time exposed at the lowest topographic level of 

the quarry and easily detectable by typical staining in the host rocks. The cm-thick, dark olivine norite 

level occurs a few meters below the oxide-rich olivine leucogabbro. In comparison with the sulphide 

bearing olivine norite, the oxide-rich levels are much easier to follow and comprise a good mapping guide 

in the far surroundings of the quarry due to their higher metallic mineral content and thickness (at least 2 

meters of rocks heavily enriched in oxides). Nonetheless, disseminated sulphides were commonly 

observed in the corresponding stratigraphic level in particular at the vicinity of the quarry.  

Metallic mineral distribution map 

The locations listed above represent the currently documented occurrences for each of the three 

mineralisation types whose characterization is provided in the forthcoming sections. One relevant feature 

of type I mineralisation is the existence of an envelope of gabbroic rocks displaying heterogeneous oxide 

enrichment. These domains are most conspicuous and a major distinguishing feature of ODV I Series; 

however, all other Series include areas with relevant oxide enrichment, sometimes attaining very high 

modal abundances such as within BRG I Upper Group. As far as could be assessed during field work, 

neither type II or III mineralisation are accompanied by a mesoscopic halo (i.e. with cartographic 

expression) of sulphide enrichment as occurs nearby the massive oxides at Odivelas. Notwithstanding, 

there are several domains that display sulphide dissemination worthy of note.  

Given the ubiquitous presence of ferromagnetic minerals in either oxide (magnetite) or sulphide 

(pyrrhotite) assemblages, the amount of metallic minerals was qualitatively assessed during field work by 

visual observation of hand-specimens and a hand-magnet. The results from this evaluation can be 

expressed in a map of relative enrichment according with a graphic (colour) scale, as depicted in Figure 

IV.4. For oxides, the high and therefore variable modal amounts justify a scale with four different degrees 

of relative enrichment: very high/high/medium/low bulk-oxide enrichment, while two distinct enrichment 

degrees are sufficient to discriminate rocks bearing accessory or abundant disseminated sulphide. The 
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oxide and sulphide enriched domains are briefly listed for reference, following the LGS stratigraphic 

sequence from bottom to top. 

Oxide rich domains 

- SB II Series gabbronorite. 

- ODV I Series is remarkable given the development of massive ores and its bulk oxide 

enrichment. The area adjoining type I mineralisation is by far the most oxide-rich; the anomalous domain 

extends through all the western border of ODV I Series in contact with the Cenozoic cover. Recent 

observations confirm the inference from geophysical data that show strong magnetic anomalies in the 

southern margin of the Odivelas stream. The northern portion of ODV I Series is also enriched in oxides, 

although more heterogeneously, being worthy of note that the anomalous areas often superimpose with 

the distal and proximal amphibolitic gabbro halo. The strongest oxide enrichment within the proximal 

amphibolitic gabbro occurs at the transition to the diorite. Despite poor outcropping conditions, it was 

possible to assess the oxide-rich character of the SE edge of ODV I Series, where (remobilised ?) blocks 

of massive ore were found along a WNW-ESE shear-zone.  

- Oxide-rich domains within ODV II Series are chiefly limited to heterogeneous and highly 

circumscribed domains at the transition from ODV I Series and, more regularly, in the upper portions of 

the Series.  

- ODV III Series Lower Group bears few scattered oxide-rich portions that should be correlative 

with the upper portion of ODV II Series. The most significant oxide-bearing rocks occur at the olivine 

leucogabbro III that crops out within the Ventoso quarry and extends to the limit with Cenozoic, often 

associated with dark-coloured, coarse grained anorthositic facies. 

- BRG I Series seconds with ODV I in what concerns potential for oxide mineralizations. Given 

the wide outcropping extension and heterogeneous character of this Series, there are numerous 

circumscribed oxide-bearing domains; however two main facies are noteworthy by their modal and 

stratigraphic consistency. The Lower Group olivine leucogabbro I, documented by macroscopic 

observation of loose blocks (as conditioned by poor outcropping conditions), and several cumulate (s.s.) 

(ultra?) mafic domains bearing high to very high amounts of disseminated oxides. The occurrence of 

coarse-grained, dark-coloured, oxide-rich anorthositic rocks is common and supports its correlation with 

ODVII olivine leucogabbro III. Towards east, Lower Group rocks are noteworthy mostly by their sulphide 

content; however, in the vicinity of the microgabbro sub-facies, several oxide-rich domains occur, some of 

them associated with ultramafic cumulates, including clinopyroxenite. The most important (and best 

documented) oxide-rich portion of BRG I Series corresponds to its Upper Group. The oxide modal 

abundance is higher and laterally more constant within the lowermost oxide-rich olivine leucogabbro 

compared to the overlying thicker domain (corresponding to oxide-rich pyroxene gabbro). 

- BRG II Series oxide bearing rocks usually occur within olivine leucogabbro facies, i.e. at the top 

of each of the four Groups. In spite of the usually low modal proportions, olivine leucogabbro II includes 

the most extensive oxide-rich area. The transition from Lower to Intermediate Group is also noteworthy 

since several portions of the overlying pyroxene gabbro III, in particular those with porphyritic texture (“m” 

sub-facies), also include few oxide bearing domains. 
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Sulphide rich domains 

Although sulphides are common accessory phases in most LGS rocks, rocks bearing significant 

modal amounts occur in very circumscribed domains, of which the following are worth noting. 

- Within ODV I Series, a ENE-oriented string of rocks occurring WNW of the Odivelas village have 

abundant disseminated chalcopyrite ( pyrrhotite).  

- The discrete olivine norite level at the base of ODV II Series (observed in an abandoned quarry) 

includes net-textured sulphide. 

- ODV III Series pyroxene gabbro I (Lower Group) and II (Upper Group) bear abundant 

disseminated sulphide; within the latter, the fine-grained (ultra-)mafic levels observed at the Ventoso 

quarry are conspicuously more enriched than the enclosing gabbroic rocks. 

- BRG I Series Lower Group has two important domains where sulphides occur associated with 

coarse grained cumulate, including those from pyroxene gabbro and olivine leucogabbro II. Within the 

latter, the area to the N and WNW of Serrabritas is of great importance for its extension with a high 

number of recorded occurrences. 

- Within BRG II Series, the most significant sulphide bearing rocks were observed within 

pyroxene gabbro II (Intermediate Group), at the top of olivine leucogabbro III and bottom of pyroxene 

porphyry gabbro (Upper Group), although only to WNW of Mombeja. 

IV.3. Oxide ore-forming systems in LGS 

The petrographic and mineralogical features of oxides (Ti-magnetite and ilmenite) occurring 

disseminated in LGS rocks, were reported and discussed throughout PART III, where modelling of 

intensive variable allowed determining T-O2 conditions during oxide deposition. As will be discussed in 

detail in this section, geological and petrological evidence suggests that massive ores developed by 

gravitic and eventually compaction induced accumulation from the adjoining gabbroic rocks, some of 

which (e.g. #S-4-2) are therefore depleted of interstitial oxides.  

Despite of the common origin for oxides hosted in gabbroic rocks and the oxide-ore masses, their 

fundamental mineralogy (i.e. the spinel nature) is distinct, since the latter correspond to (Ti-) maghemite, 

the oxidized polymorph of (Ti-) magnetite (e.g. Waychunas et al., 1991). The mineralogical and 

geochemical characteristics of the massive Fe-Ti-V oxide-bodies occurring at Odivelas, were examined in 

detail by means of a multidisciplinary approach involving optical petrography, whole-rock geochemistry, 

electron microprobe and micro-PIXE analysis, powder X-ray diffractometry and Mössbauer spectroscopy. 

The nature of the processes that lead to the development of maghemite after magnetite, as reported in 

Jesus et al. (2003d) is then discussed. Once the maghemitization process is constrained, a discussion 

concerning oxide-ore forming systems within LGS, will be performed by integrating relevant information 

from the oxides occurring both in gabbroic rocks and massive ores. 

IV.3.1. Type I mineralisation: characterisation 

IV.3.1.1. Petrography and mineralogy 

The massive oxide orebodies are composed mostly of a matrix of coarse (5–10 mm), equant and 

quasi-polygonal Ti-rich spinel grains (A-Spl) enclosing lesser ilmenite that forms centimetric oikocrysts 

(Figure IV.6A). Accessory amounts of a second type of spinel (B-Spl) can also be recognized, occurring    
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Figure IV.4- Distribution of qualitative oxide and 

sulphide enrichments for the LGS western sector. 
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frequently as small grains (< 1 mm) near the junctions of A-Spl domains (Figure IV.6B). The grains of A-

Spl are optically homogeneous and do not show oxidation-induced exsolution. Ilmenite grains, containing 

rare exsolved lamellae of hematite, display commonly a strong pinkish tint. Grains of B-Spl, presenting a 

mild brownish tint, exhibit lower reflectance and higher hardness (as suggested by differences in polishing 

relief) in comparison to the adjoining A-Spl spinel matrix; they represent indeed a distinct spinel-phase 

(impoverished in Ti), as will be later discussed. 

Samples exposed to strong weathering show replacement along fractures of pre-existing spinel, 

i.e. both A-Spl and B-Spl, by finely divided hematite (Figure IV.6C), besides late goethite-hematite 

fracture infillings (Figure IV.6D). Occasionally, micro-pores and late fractures are filled by aggregates of 

carbonate that may coexist with goethite. Typical modal proportions of these massive oxide aggregates 

are 73-81% of spinel-group minerals, 10-22% of ilmenite and less than 15% of late hematite and goethite. 

No other mineral phases are present. 

IV.3.1.2. XRD and Mössbauer analysis 

Two distinct fractions were analysed (see Vol. II or Jesus et al., 2003d) for details on mineral 

separation and analytical procedures): HMag, composed of grains with higher magnetic susceptibility 

(including all spinel grains), and the remaining grains, designated as fraction LMag. 

Powder-diffraction results of representative samples show good agreement with petrographic 

data, revealing typically ilmenite and (Ti-) maghemite as the main mineral phases. The XRD data of the 

HMag fraction were analysed by the Rietveld powder profile program of Young et al. (1995) to obtain an 

estimate of the unit-cell parameters of spinels included in the massive oxide bodies. The presence of 

spinels with a range of chemical compositions gives rise to diffraction peaks broader than usually 

observed for phases with a homogeneous composition. The estimated unit-cell parameter 8.336 ± 0.001 

Å is therefore an average value. This value however points to a totally oxidized maghemite (Waychunas, 

1991) and Ti-maghemite (Allan et al., 1989). 

Detailed description and original Mössbauer spectra for LMag and HMag fractions can be found 

in Jesus et al. (2003d). Estimated parameters for Mössbauer spectra for LMag (lowest magnetic 

susceptibility) obtained at decreasing temperatures are consistent with the presence of hematite and 

goethite in the non-magnetic fraction; ilmenite containing Fe2+ and Fe3+ was also identified in the LMag 

fraction. Within the experimental error, no Fe-containing spinel oxides are observed in the LMag fraction. 

Mössbauer spectrum of the HMag fraction obtained at higher temperature is significantly different 

from those of LMag fraction; estimated parameters for the HMag spectrum are similar to those published 

for both maghemite and Ti-maghemite (Allan et al., 1989; Bowen et al., 1993, Vandenberghe et al., 

2000). The presence of small amounts of hematite was also considered as suggested by powder XR 

diffractograms of the HMag fraction. The most significant features for spectra of HMag fraction obtained 

at progressively lower temperatures, clearly put in evidence Fe3+ contributing to the (Fe, Ti)2O3 spinel 

that are ascribed to the A-Spl and B-Spl (Ti-) maghemite (see section IV.3.1.1). Parameters estimated for 

the low temperature HMag spectra are far lower than published data for Fe2+ in any ionic compound or 

even for Fe2.5+ in either fresh or oxidized magnetite (Weber & Hafner, 1971; Ramdani et al., 1987; 

Vandenberghe et al., 1998). With the Mössbauer data available, it was concluded that no Fe2+ is detected 

in the spinel-group minerals that form the massive Odivelas orebodies. 
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IV.3.1.3. Mineral Chemistry  

A total of 36 electron probe micro-analyses were performed on selected samples of the massive 

oxide orebodies. Domains of spinel and ilmenite that do not show optical evidence of late alteration or 

replacement were chosen. Representative EPMA results for the spinels (A-Spl and B-Spl types) and for 

ilmenite, expressed as oxide wt% and normalized cation proportions, are shown in Table C7 an C8, 

Appendix C (Vol II). All iron in spinels was been taken as Fe3+, according to Mössbauer results. 

Both A-Spl and B-Spl have relatively uniform chemical compositions, but differ from one another 

in their Ti contents. The composition of B-Spl is almost pure Fe2O3; this spinel must therefore be 

maghemite. The A-Spl, however, is not a normal Ti-maghemite, i.e. a solid solution in the Fe2O3-Fe3O4-

FeTiO3-Fe2TiO4 space (Figure II.5). This is because no divalent (ferrous) cations compensate for the 

presence of Ti, (which may amount to 4.1 a.p.f.u.), leading to a cation distribution that suggests a defect 

spinel structure, with more vacancies than are present in normal maghemite.  

 

 

 

 

 

 

 

Figure IV.5- Fe2+-Fe3+-Ti atom proportions in spinels of ODV I Lower Group rocks and type I mineralisation: (1) mafic 
(oxide-rich) cumulates, (2) olivine leucogabbros, and (3) massive oxide bodies. Average chemical compositions of the 
former two groups are Fe2+

1.28Mg0.06Mn0.01Fe3+
1.10V0.04Ti0.34Al0.17O4 and Fe2+

1.11Mg0.01Mn0.01Fe3+
1.72V0.04Ti0.09Al0.04O4, 

respectively, considering all the available EPMA data (34 and 16 analyses, following the same order) and assuming 
the ideal stoichiometry of Ti-magnetite in calculations (Jesus 2002; adapted from Jesus et al., 2003d). 

 

The Al and Mg contents are also variable and worth noting, although never exceeding 1.21 Al and 

0.82 Mg a.p.f.u. for A-Spl and 0.83 Al and 0.06 Mg a.p.f.u. for B-Spl (Figure IV.7A). The V contents are 

relatively uniform in A-Spl, varying generally from 0.29 up to 0.33 a.p.f.u., being much more variable in B-

Spl (usually below 0.23, although occasionally up to 0.68; Figure IV.7B). Average formulae for A-Spl and 

B-Spl are Fe3+
2.08Ti0.35V0.04Al0.06Mg0.03�0.44O4 and Fe3+

2.59Ti0.01V0.03Al0.04�0.33O4, respectively. The 

completely oxidised nature of the spinels in the ores thus strongly contrasts with Ti-bearing spinels 

included in the surrounding (ultra-)mafic cumulates and olivine leucogabbros, which generally show 

distinct oxidation-induced exsolution features as oxide modal content decreases (see section III.2.1.5).  

Minor cation relative abundance for A-Spl is Al > Mg >V > Mn and V  Al > Mg > Mn for B-Spl, 

respectively. As most spinels included in ODV I Lower Group rocks (and other LGS Series), both A and B 

Spl show preference in including trivalent relatively to divalent minor cations in their structure. The high V 

concentrations in both spinels are comparable only to those occurring in the proximal domains of the 

mineralisation. Due to their higher Al, Mg  Mn concentrations, A-Spl shows strong affinities with spinels 

included in proximal rocks with high oxide modal content, such as most of those included in cumulate.  
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Figure IV.6- (A)- Typical textural relationships shown by massive oxide aggregates (matrix Ti-maghemite – A-Spl – 
and poikilitic ilmenite – Ilm); (B)- Typical textural relationships of Ti-poor spinel (B-Spl); (C)- Late hematite 
replacements along fractures (Hem/Gt); (D)- Late hematite-goethite fracture infillings. (E, F, G, H) – Fe distribution 
maps obtained by micro-PIXE analysis of the areas corresponding to pictures A, B, C and D, respectively; (I, J, K, L) 
– Ti distribution maps obtained by micro-PIXE analysis of the areas corresponding to pictures A, B, C and D, 
respectively. All micro-PIXE elemental maps were obtained from a 2640x2640 µm2 scan; white circles on figures E 
and F represent the selected spots for micro-PIXE point analysis. Adapted from Jesus et al. (2003d). 
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 However, spinels from the cumulate show a progressive deviation towards higher Al/Mg ratio as 

bulk contents from either cation increase, whereas A-Spl follows a sub-parallel path to the 1 : 1 ratio, B-

Spl has low Mg and near-null Mn concentrations (as those included in rocks where bulk oxide content is 

low and magnetite shows strong oxidation-exsolution features); Al concentrations in B-Spl, are however, 

clearly higher compared to magnetitic spinel included in those rocks. The significance of these features, 

not addressed in length in Jesus et al. (2003d), are discussed in section IV.3.2 along with the general 

interpretations there reported.  

 

Figure IV.7- Minor element composition for spinels included in the massive type I mineralisation (A and B- Spl) as 
well as in other rocks from ODV I Series Lower Group grouped on the basis of their bulk oxide modal content and 
proximity to the ores. The plotted line shows a 1 : 1 relationship. 

 

 

EPMA data and subsequent calculation of cation distributions assuming stoichiometry show that 

ilmenite in the massive oxide bodies has an atomic ratio Fe/Ti in the range 0.92 – 0.80 (Figure IV.8). 

Magnesium contents are relatively high, ranging from 0.17 to 0.19 a.p.f.u. those of Fe3+ can be as high as 

0.12 a.p.f.u. corresponding to ca. 3% Hem molecule (maximum 6% Hem); V contents are quite uniform, 

ranging from 0.04 to 0.05 a.p.f.u.  

Averaging the values for all the available analyses, the formula 

Fe2+
0.76Mg0.18Mn0.01Fe3+

0.06V0.04Ti0.95O3 is obtained, corresponding to a median ratio (Fe3+)/Fe  7.2 %. 

This chemical signature differs from that of ilmenite found in the surrounding outcrops of mafic cumulates 

and olivine leucogabbros (Figure IV.8). The Mg (and Mn) contents discriminate well the three groups of 

spinels, and seem to record the extension of chemical (re-)equilibrium with the surrounding silicates (Mg 

becoming substantially higher where the silicates are not present). Mg contents for the mineralisation falls 

within the range of the most Mg-rich ilmenite included in SB I troctolite (where it reflects the mafic nature 

of their host rocks and original magma). The amplitude of Fe3+ variation in ilmenite is quite independent of 

the rock type (either in other ODV I Lower Group rocks or other LGS Series) notwithstanding the fact of 

the analyses reported for cumulates and olivine leucogabbros correspond to ilmenite grains with 

abundant hematite lamellae (Jesus, 2002). 
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Figure IV.8- (A)- Fe2+-Fe3+-Ti atom proportions in ilmenite of ODV I Lower Group (1) (ultra)mafic (oxide-rich) 
cumulates, (2) olivine leucogabbro, and (3) massive oxide bodies. (B) and (C)- Expanded-scale plots of A considering 
just the Fe2+ cations or the total of divalent cations (R2+), respectively; the three analyses out of the trend, document 
crystal domains adjoining hematite lamellae. (D)- Distribution of the Mg and Mn contents in ilmenite. Average 
chemical compositions of ilmenite in (ultra)mafic cumulates and olivine leucogabbro are 
Fe2+

0.83Mg0.09Mn0.02Fe3+
0.08V0.04Ti0.96O3 and Fe2+

0.88Mg0.01Mn0.03Fe3+
0.13V0.05Ti0.94O3, respectively, taking all the 

available EPMA data (25 and 21 analyses, following the same order) and assuming the ideal stoichiometry of this 
oxide in calculations (Jesus 2002; adapted from Jesus et al. (2003d). 

IV.3.1.4. Micro-PIXE analysis 

The possibility of spinel and ilmenite grains show very fine-scale zonation was tested using micro-

PIXE analysis of representative areas of the polished thin sections. Selected examples of the elemental 

mapping obtained for key metals (Fe, Ti and V) are shown in Figure IV.6 (E to L) and Figure IV.9. 

Typical spectra of A-Spl and B-Spl obtained by micro-PIXE point analysis can be found in Figure IV.10; 

white circles in Figure IV.6 E and F indicate the spots chosen to perform point analysis. 

It is quite straightforward to obtain Fe and Ti distribution maps from this type of samples, but 

imaging the V distribution presents some difficulties. This is due not only to the lower contents of this 

metal, but especially to the proximity of VK and TiK energy lines which makes it impossible to map V 

with the VK energy line in Ti-bearing mineral phases. Although with a much lower intensity (VK/VK 
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intensity ratio is close to 8), the VK line is almost free of interferences, as can be ascertained from the 

spectra shown in Figure IV.10. Using the VK line and increasing the beam current to 500 – 600 pA (at 

the expense of a small degradation in spatial resolution of the beam, ~8-10 µm), a V-distribution map with 

a reasonable contrast can be obtained after 30 minutes of irradiation time (Figure IV.9).  

 

 

 

 

 

 

 

 

 

Figure IV.9- Micro-PIXE images of vanadium distributions over the areas depicted in Figure IV.6E (A) and Figure 
IV.6F (B) using the VK line. Maps were obtained from a 2640 x 2640 µm2 scan area; white circles on figures Figure 
IV.6F represent the selected spots for micro-PIXE point analysis. Adapted from Jesus et al. (2003d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.10- Typical micro-PIXE spectra obtained from point analysis on A-Spl and B-Spl grains. Apart from the K X-
ray lines (K and K or just the K line) of Ca, Ti, V, Mn, Fe, Ni, Cu and Zn, the escape peaks (esc) of Ti and Fe and 
the region of the spectrum with sum peaks (SP) are also indicated. Since Cr K has almost the same energy as V K 
line, and Cr K has almost the same energy as Mn K line, Cr K X-ray lines are not indicated in the spectra and they 
can only be resolved during the spectrum fitting procedure. White circles on Figure IV.6E and F represent the spots 
selected to perform point analysis. Adapted from Jesus et al. (2003d) 

 

Information can be directly extracted from the maps obtained; they show that iron and titanium 

distributions are quite uniform (agreeing with available EPMA data) and distinct enough to discriminate 

clearly all the Fe-Ti oxides forming the massive bodies. Vanadium is shown to be mainly partitioned in A-

Spl grains. The late hematite-goethite fracture infillings are clearly recognizable in the micro-PIXE 

imaging, because of their particular morphology and chemistry (just Fe), giving a PIXE signal stronger 

than that for B-Spl spinel. 

Two spots on A-Spl and B-Spl were chosen for micro-PIXE quantitative analysis; the results 
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obtained are displayed in Table IV.1. The errors shown in this table are those reported by the GUPIX 

program, which only accounts for counting statistics and spectra fitting error. Detector efficiency 

determination error and inaccuracy in charge collection measurement are not accounted for, although 

they are expected to contribute with ca. 10% error to the analysis. The calculations indicate that A-Spl 

has a reasonably uniform concentration of V, with a value around 6500 µg/g (ppm), which is within the 

range of values measured with EPMA (X= 9610 ppm; [4931-10359] ppm). V concentration in B-Spl was 

evaluated to be 130 µg/g in one of the points analysed and below the detection limit of 40 µg/g (in the 

other measured spot), indicating a significant variability that is also consistent with the available EPMA 

data (X= 8181 ppm; [51-18429] ppm). Ca concentrations can be ascribed to the late (supergene) 

precipitation of fine-grained carbonate in microcavities. 
 

Table IV.1- Micro—PIXE results obtained from each of the two analysed spots in A-Spl and B-Spl grains. All values 
are in µg/g except those in “italic/bold” which are in wt%. The reported errors account only for the spectra counting 
statistics and fitting error procedure. Values shown with a “<” signal are below the detection limit obtained from the 
analysed spectrum. Adapted from Jesus et al. (2003d) 

 

 

 

 

 

 

 
 

IV.3.1.5. Whole-rock geochemistry 

The whole-rock analysis of massive oxide-ores reveals that up to 80% of their mass corresponds 

to Fe2O3, TiO2, FeO and Al2O3, which is compatible with the petrographic and mineral chemistry data 

above reported. Table IV.2 also shows that Fe2O3/FeO ratios are extremely high, recording quite well the 

large amounts of (Ti-) maghemite observed in the samples studied. The FeO concentrations appear thus 

to reflect exclusively the presence of ilmenite. Indeed, considering the modal proportions of all the mineral 

phases in each sample, their density (as reported by Carmichael, 1990), and the average Fe2+ content of 

ilmenite, differences between the calculated and the experimental bulk FeO values do not exceed 5%, the 

variations being ascribable to primary heterogeneities in distributions of oxide minerals. Larger deviations 

are obtained for weathered samples (like ODV-5-4 in Table IV.2), certainly due to significant and variable 

increase of rock porosity, as observed, therefore leading to uncertainties in the calculation of volumes 

occupied by the different oxides and hydroxides. 

Similar reasoning suggests that the chemical nature and the relative abundance of the main oxide 

minerals justify the extent of the variation obtained for Al, Mg, Mn, Ti and V whole-rock contents. The 

measured concentrations in Cr, Ni and Co suggest also that the observed spinels do contain trace 

amounts of these metals. The presence of Cr and Ni was confirmed by micro-PIXE analysis (Figure 

IV.10). 
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Table IV.2- Whole rock chemical analysis of the massive oxide bodies. (1) Total iron content; (2) FeO concentrations 
measured by titration. (3) Computed Fe2O3/FeO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV.3.2. Metallogenesis of type I mineralisation  

The Odivelas orebodies raise several questions that need explanation, most notably the origin of 

the oxide accumulations themselves and the striking difference in oxidation state between them and 

those within surrounding country rocks. In this section, the mechanisms that led to the accumulation of 

the massive ore-bodies and their subsequent oxidation are discussed as reported in Jesus et al. (2003d).  

IV.3.2.1. The oxidised nature of the Odivelas ores 

Evidence for the hypogene character of maghemite aggregates 

The results obtained show unequivocally that both A-Spl and B-Spl must be Ti-maghemite and 

maghemite, respectively. In fact, both show all petrographic characteristics of a spinel-group mineral; their 

XRD powder pattern correspond to maghemite. EPMA and Mössbauer fail to show any Fe2+ in them and 

the Mössbauer parameters are similar to those normally ascribed to this mineral. 

Generally speaking, the formation of maghemite is considered to result from supergene alteration 

of magnetite or Ti-magnetite, in such conditions that structural inversion to hematite (or hematite  

ilmenite) or precipitation of iron hydroxides is inhibited. To the best of the authors knowledge (Jesus et al., 

2003d), there are no references to hypogene, let alone primary, (Ti-) maghemite in igneous bodies.  

Since maghemite is invariably metastable with respect to hematite (e.g. Waychunas, 1991), 

primary crystallization of the former would imply a considerable kinetic barrier to hematite crystallization, a 

situation difficult to envisage for such a simple ionic structure. The same applies to the total oxidation of 
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iron in magnetite or Ti-magnetite at temperatures near the solidus: inversion to hematite  ilmenite is to 

be expected, and was indeed found for temperatures higher than  600ºC in experimental investigations 

reported and cited in Banerjee (1991). Accordingly, the maghemitic bodies of Odivelas must result from 

secondary alteration of Ti-magnetite accumulations at temperatures much lower than the magmatic ones. 

However, it is very unlikely that the oxidation leading to maghemite formation is supergene. In fact, the 

ore is extremely coarse-grained and anhydrous, suggesting annealing at relatively high temperatures, 

and the supergene alteration they show is represented by rather abundant hematite  goethite 

aggregates that cut (as late, often polyphasic veins) or otherwise alter the older maghemite crystals. 

There is some further circumstantial evidence for oxidation at high temperatures in the form of a total 

absence of chemical gradients from rim to core in spinel grains, although this absence may, in principle, 

also result from a very long oxidation process at lower temperatures, in the absence of H2O. 

Development of the precursor massive oxide accumulations 

The chemical composition of maghemite crystals, with some titanium, aluminium and magnesium, 

points to Ti-magnetite as the parent mineral phase; Ti-magnetite and ilmenite, in some cases with 

hematite exsolutions, are also the only oxide phases present in the surrounding gabbroic rocks. 

Accumulations of magnetite crystals in layered gabbros are well known and normally result from the 

settling of crystals during the evolution of the magmatic chambers. At Odivelas, such accumulations have 

not been found, but gabbro layers and ultramafic cumulate lenses very rich in Ti-magnetite do occur 

within the Lower Group of ODV I Series, the same Group that hosts the oxide bodies. Within BRG I 

Series Upper Group, at the Serrabritas quarry, centimetric layers comprising abundant magnetic oxide 

minerals are documented, thus showing that LGS evolution did involved stages where settling of oxide 

grains took place with little co-deposition of silicate phases.  

The Odivelas oxide ore bodies, however, are not stratiform; have irregular shapes, are very 

circumscribed, and seem to lie almost at right angles to the regional layering. Normal settling in a magma 

chamber cannot produce these features. Some form of localized settling or strong reworking of older 

layers of oxide must have been in operation to develop the accumulations observed at present. Localized 

settling will occur whenever the distribution of crystals in the melt is not homogenous. Two mechanisms 

may be responsible for the formation of such inohomogeneities: (i) vortices associated to turbulence 

caused by the injection of magma plumes in a still magma chamber where extensive oxide crystallization 

has already taken place (a highly probable occurrence due to the synorogenic character of LGS and BIC); 

and (ii) clustering together of oxide grains due to the lower surface free energy of spinel-spinel (as 

compared to spinel-silicate) contacts, which would favour the segregation of oxide grains from oxide-

silicate mixtures (Boudreau & McBirney 1997). As discussed in section II.5.2.1, both processes are likely 

to have occurred in the genesis of the ultramafic wehrlite lenses (cumulate facies) adjoining the oxide 

bodies and therefore reasonable mechanisms to account for the morphology of the orebodies.  

Reworking of previous accumulation of oxide is also to be expected, especially if the floor of the 

magma chamber consists of unconsolidated accumulations of crystals derived from the magma. The 

Odivelas oxide bodies are embedded in layered gabbroic to (ultra-)mafic rocks, which have a (much) 

lower density than (Ti-) magnetite. Since the magma chamber floor does not need to be horizontal and 

the syntectonic character of LGS makes tectonic disturbance of the magma chamber a likely event during 
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all stages of emplacement and consolidation, the scenario is set for gravity instability of former lenticular 

bodies of spinel, resulting in their sliding down slope and in their sinking downward through the 

unconsolidated accumulations of the earlier silicate minerals.  

Modelling performed recently further corroborates the views expressed in Jesus et al. (2003d). In 

section III.5.3.3, relationships between increasing TMF (trapped melt fraction) proportion and Fe/Mg of 

the melt were established. The assessment of TMF for the most oxide-rich ODV I rocks is somewhat 

complex due to the probable inadequacy of Ti distribution coefficients; TMF were therefore set at 

minimum values by comparison with adjoining oxide-poor rocks, such as #ODV-G-25 and 26, that offer 

guaranties of a more robustly constrained values (see Figure III.112). Nonetheless, bulk trends from 

modelling results and geological evidence do suggest that ODV I Series rocks have consistently higher 

TMF proportions than other LGS Series. For example, ODV I contrast with other oxide-rich domains 

within LGS by their very heterogeneous lateral distribution, adjoining more primitive rocks instead of being 

preferentially circumscribed to specific horizons: rocks bearing the most Fo-rich olivines within ODV I 

Lower and Intermediate Groups are heterogeneously distributed relative to the oxide-rich, geochemically 

more evolved, rocks (including the oxide-ores). These features suggest that ODV I oxide-rich rocks may 

be themselves the ultimate result of ponding of high Fe/Mg melts that evolved from the more primitive 

rocks of the Series, as briefly outlined below and discussed in detail in section III.2.1.6.  

Upon crystallisation and cooling of the original magma, the extremely dense character of the most 

evolved iron-rich melt, may have promoted convective overturning and infiltration into compositionally 

distinct rocks. This view is also consistent with geological and mineral chemistry features of the oxide 

assemblage (see section III.2.1.5), which support the existence of a group of rocks proximal to type I 

mineralisation that may have loss its original oxide content by means of compaction and density-induced 

gravitic settling towards the massive oxide accumulations. The key point is that the ultimate expression of 

this heterogeneous density-driven processes lies in the discordant character of the massive type I ores 

(Silva & Carvalho, 1946; Jesus et al, 2003d) relatively to the layering, suggesting that strong disruption 

took place following accumulation of the large oxides masses. 

IV.3.2.2. Oxidation mechanisms 

The wall-rocks outcropping nearby the oxide ore bodies of Odivelas do not record evidence of 

total oxidation of (Ti-) magnetite to (Ti-) maghemite; ilmenite (included mostly as oikocrysts within the 

oxide ore bodies) is also unaffected. In the present state of outcrop conditions, it is not possible to 

determine whether there is an oxidation gradient between the oxide bodies and the surrounding country 

rocks, or the oxidation observed results from some kind of (unknown) special process that affects 

exclusively accumulated spinels (?). Assuming that such “special process” does not exist, the extreme 

spatial confinement of the oxidation process invites an explanation. As stated above, this process seems 

to have occurred at relatively high temperatures, which means that it should have resulted from the 

percolation of oxidizing fluids known to be efficiently produced at the final stages of magmatic cooling of 

the gabbroic suite (Mathez, 1984).  

Evidence for the percolation of any fluids, besides those responsible for the late supergene 

alteration, is absent within the oxide bodies and cumulates immediately surrounding them, but this 

absence may be an artefact due to poor exposure and to the general recrystallization of the spinels, 
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which obliterated any prior structures and textures that may have been present. Indeed, at other places of 

the complex, most importantly in the vicinity of shear zones, evidence can be found for the circulation of 

late fluids in gabbros, resulting in heterogeneous, sometimes extensive, “retrograding” features with new-

formation of amphiboles and phyllosilicates. Such secondary mineral assemblages document high activity 

of H2O. Thus, fluid circulation did occur in the late phases of LGS evolution but, apart from the obviously 

supergene phenomena already referred (e.g. hematite-goethite fracture infillings), no hydrated minerals 

whatever can be found within the oxide bodies, even in trace amounts. The circumscription of the 

oxidizing event to the oxide bodies may be due to rheological differences between them and host rocks, 

which would promote the concentration of fissures at their (now hidden) mutual contacts. Inter-granular 

diffusion through spinel-spinel contacts, would then ensure the oxidation of the whole spinel 

accumulations, but leave the spinel grains included in the surrounding rocks untouched, due to the 

intervening silicate grains; in the absence of H2O, the latter would also show no alteration, owing to the 

great sluggishness of silicate reactions at temperatures below 600º C. The lack of structural inversion to 

a hematite-like structure may have been assisted by the presence of Al (Banerjee, 1991) and V, in the 

original (Ti-) magnetite. 

Thermodynamic estimates of intensive variables (see section III.5.1) indicate that the oxide 

assemblages included in the adjoining gabbroic cumulates ceased to re-equilibrate at temperatures 

between 650 and 675º C (up to 814 ºC) and oxygen fugacities between [-2.5; -1] log units relative to the 

FMQ. Olivine leucogabbros adjoining the oxide orebodies showing particular alteration features (see 

below) ceased to equilibrate at O2 > FMQ (up to +3 DFMQ) and temperatures as low as 550º C; as 

suggested in section III.5.1 these rocks should have been affected by external factors during cooling, 

raising the oxidation state of the system and leading to significant subsolidus modification of the oxides. 

Nevertheless, maghemite formation seems to have took place after chemical closure of the oxide 

assemblages in the cumulates and, indeed, dependent on the circumscribed circulation of oxidizing fluids. 

Preserved ilmenite and origin of B-Spl 

The presence of ilmenite and a Ti-poor spinel (B-Spl) co-existing with Ti-maghemite (A-Spl) in the 

oxide bodies of Odivelas needs also a plausible geochemical explanation. A significant part of the 

observed ilmenite should have resulted from co-precipitation with the original Ti-magnetite. Indeed, the 

chemical signature of the ilmenite present in the oxide-rich cumulate lenses included in the surrounding 

country-rocks shows some similarities with ilmenite in the oxide-bodies; the latter presents higher Mg 

contents, probably reflecting the scarcity of silicate mineral phases in the ores. However, it cannot be 

ruled out that some of the ilmenite in the Odivelas oxide-bodies formed as a product of early oxidation 

mechanisms experienced by the primary Ti-magnetite, following the general equation (III.13) (Buddington 

& Lindsley, 1964), which shifts to the right as temperature decreases and O2 rises. If complete, this 

reaction leads to a magnetite close to Fe3O4 hosting more or less abundant ilmenite lamellae that can 

ultimately form external and discrete ilmenite grains (see section III.2.1.5). In the oxide-rich cumulates 

(the most similar equivalents to the ore bodies before maghemite formation), exsolution of ilmenite 

lamellae occurs, but not as extensively as in the surrounding olivine leucogabbro, where oxide 

abundance is lower. Nevertheless, some subsolidus reequilibration of the precursor Ti-magnetite would 

be expected in the final evolving stages, particularly in Ti-richer grains where the chemical driving for 
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exsolution is more effective. Therefore it is plausible to admit that such grains would rapidly reach a near 

ideal magnetite composition in accordance with equation (III.13). The magmatic ilmenite could thus grow 

at the expense of ilmenite exsolved from the spinel precursor, a process that would also contribute to 

develop the currently observed poikilitic texture of ilmenite grains. The near-ideal magnetite that results 

from this exsolution process, would then oxidize to maghemite thus originating the present-day Ti-poor 

spinel phase (B-Spl) in oxide ore bodies, which still preserves some of its original chemical signature, 

namely the V-contents and, less extensively, Mg and Al. The low abundance of this Ti-poor spinel is 

easily explainable by the stoichiometry of the reaction above, since 6 moles of ulvospinel in solid solution 

in Ti-magnetite are breakdown to a 3:1 molar ilmenite-magnetite aggregate. 

The ilmenite lamellae that this process would have produced in the Ti-rich spinel (A-Spl) are not 

observed, even as pseudomophoses. This should be a consequence of the strong oxidation later 

experienced by the oxide aggregate, which would have promoted Ti- redistribution in A-Spl, allowing the 

oxidation process to proceed beyond the normal maghemite vacancy limit. The total absence of chemical 

gradients from rim to core in the spinel phases provides some further circumstantial evidence for high 

cation diffusion velocities during ilmenite lamellae re-absorption; nevertheless, the possibility of the 

optically heterogeneous (but chemically uniform) cores sometimes observed in A-Spl (Figure IV.6B) 

represent a feeble textural remnant of the former chemical heterogeneity of Ti-spinel grains, cannot be 

ruled out. Such resorption processes are not expectable in spinel grains that had already reached their 

ideal magnetite composition because this would require inter-grain Ti diffusion; the Ti-poor spinel phase 

B-Spl could thus be preserved. 

It is known that ilmenite can withstand total oxidation of accompanying Ti-magnetite to Ti-

maghemite in lavas or hypabissal rocks altered in near surface conditions (Buddington & Lindsley, 1964). 

In such frameworks, ilmenite often decomposes partially to rutile (or anatase) and secondary hematite; 

none of which is found in the Odivelas ore-bodies; this suggests that, at Odivelas, the oxidation to 

maghemite occurred under temperatures much higher than normal supergene conditions. 

Origin of the oxidising agent 

Despite of features above discussed supporting a simple explanation on the heterogeneous 

character of the oxidation mechanism that affected the ores, the exact nature of the oxidising agent has 

remained unresolved. Recently obtained geochemical and isotopic constraints enable proposing an origin 

for the ores oxidising agent consistent with the local and regional geological context.  

Two olivine leucogabbro samples collected at the tailings of the shafts (#ODV-G-3 and #S-4-2; 

pictures and detailed descriptions in section III.1.1.3) display a distinctive mineral assemblage related to 

late or post magmatic alteration processes consisting of: actinolite  chlorite  magnetite (type i 

pseudomorphic association, after olivine); green amphibole forms aggregates (after clinopyroxene, often 

bearing apatite inclusions), or fills transgranular veinlets ( prehnite ± chlorite ± carbonates). The green 

amphibole corresponds to edenite and pargarsite, (X: #Mg0.56 TiO2 = 0.54 wt% Na2O 1.06 wt%), a 

composition distinct of common actinolite/tremolite late aggregates or magmatic brown hornblende (X: 

#Mg0.64 TiO2 = 3.0 wt% Na2O 2.3 wt%). Magnetite is replaced by hematite and, most noticeably, by 

silicate aggregates (chlorite + actinolite) while ilmenite (either isolated or as lamellae in magnetite), 

remains preserved.  
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Plagioclase-amphibole equilibrium temperatures using the Holland & Blundy (1991) thermometer 

(TA for sub-saturated rocks, at P= 5 Kbar; application principles of the thermometer in section III.5.1.4) 

retrieved X=844º C (833 - 870 ºC) and X= 720 ºC (689- 767 ºC) for magmatic brown hornblende and the 

later developed green amphiboles, respectively; for both samples, only median An values were used 

(An46 and An48 for #ODV-G-3 and #S-4-2, respectively), since the variation range for plagioclase 

composition is  An5.  

The alteration pattern imprinted in olivine leucogabbro samples adjoining the Odivelas massive 

oxides is much stronger and distinct relatively to what is typical outside the influence of the amphibolitic 

gabbro distal domains. Thermometry constrains for the Ti- poor, Na-bearing, secondary green 

amphiboles in the olivine leucogabbro samples lie between typical proximal (HT, brown hornblende) and 

distal amphibolitic gabbro (LT, actinolite). The alteration features of the oxide assemblage (above 

described) are identical to those observed within the proximal amphibolitic gabbro and record closure 

temperatures at (very) high oxidation conditions, within the range inferred for maghemitization. It is 

therefore proposed that the strong oxidation recorded by the Odivelas massive oxide bodies may have 

resulted of the percolation of high-temperature fluids related with the meteoric hydrothermal system 

(III.4.2.2 and III.6.3.) until relatively late stages. The eastward penetration of the fluids, towards the 

vulnerable massive oxide bodies, could have easily been accomplished by channelling through the pre-

existing/propagating fracture network, as suggested by field data. Because progression of the fluids 

departing from the proximal amphibolitic gabbro domain, should have led to gradual heat dissipation, the 

relatively high temperatures recorded by amphibole in the olivine leucogabbro samples (transitional 

between proximal and distal amphibolitic gabbro) thus suggest that distal fluids related with the meteoric 

hydrothermal system may have been locally mixed with trapped, late-magmatic, supercritical fluids. 

Maghemitization of the massive oxides could have progressed until lower temperatures, following 

chemical closure of the oxides in the adjoining cumulates. The process here proposed provides a 

reasonable agent for the oxidation of the ore-bodies and is consistent with the highly focalised nature of 

the maghemitization process (as proposed in Jesus et al., 2003d), that left the oxide-rich cumulates 

untouched.  

IV.3.3. Oxide ore-forming systems in LGS: seeking for new targets  

Besides of the Odivelas type I mineralisation, there are other oxide-rich domains currently 

acknowledged within LGS western sector (as reported in section IV.1). In this section, the geochemistry 

and oxidation state of the magmas that gave rise to the most significant oxide-rich domains within the 

mapped portion of LGS western compartment (as reported and discussed throughout PART III) are 

summarised and (re-)assessed. These should correspond to the ideal petrogenetic/metallogenic 

conditions for the development of Ti- and V-rich oxides in sufficient modal amounts to have potential 

economic significance. The results from this analysis may be applied as exploration guides to the 

remaining outcropping portion of LGS, either if its internal architecture is meanwhile acknowledged in 

detail, or recurring to cursory exploratory sampling. 

IV.3.3.1. Key-factors in the development of high-grade Ti ores 

Direct evidence from LGS rocks and modelling performed throughout PART III, demonstrate that 
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the main factors controlling the Ti enrichment and modal abundance of oxides are the composition and 

oxidation conditions of the magma, as summarized below.  

A primary requirement to develop Fe-Ti-rich rocks lies on the bulk iron and titanium contents of 

the magma. Excluding exceptionally Ti-rich jotunitic melts related to Proterozoic massif anorthosite 

complexes (examples and references in section I.2. Vol. II), Ti (and V) enrichment in basaltic magmas, 

require relatively high degrees of fractionation. The episodic magma replenishments in LGS account for 

the calcalkaline Fe-Ti enrichment path recorded by most Series. The ODV I noticeable oxide-rich 

character appears to have been mostly conditioned by a nearly continuous evolving trend from SB I 

Series. Searching for compositionally evolved suites bearing high Fe/Mg ferromagnesian minerals (such 

as low-Fo olivine and low-En, high-Wo in pyroxene; see III.2.1.6) is therefore an important path-finder for 

oxide enrichment s.l.. In the case of multi-replenished intrusions such as LGS, it is necessary to seek for 

sequences wherein the recharge/crystallization rate decreased in order to allow the magma entering a 

tholeiitic Fe-Ti enrichment path. 

The other major constrain for Fe-Ti oxide precipitation is the oxidation state of the magma. 

Results from modelling of intensive variables or simulation of crystal fractionation processes (PART III) 

invariably demonstrate that LGS oxide-rich domains developed under (strongly) reducing conditions, 

between -1.5 and -2.5 log units below FMQ (thus in agreement with published empirical and experimental 

data; e.g. Toplis & Carroll, 1995, 1996). Indeed, for a given melt composition, Ti contents in magnetite are 

chiefly a function of O2, (Buddington & Lindsley, 1964), Usp contents in magnetite increasing under 

reducing conditions. The Usp content of magnetite-saturated melts also varies linearly with temperature 

whereas ilmenite saturation is most tightly dependent on the melt TiO2 content; the latter feature is 

therefore the main reason why (massive) ilmenite rich bodies are chiefly restricted to the Ti-rich jotunitic 

melts (as referred above), whereas (V-rich) magnetite is usually the dominant oxide phase in basaltic 

layered intrusions. It is plain that ilmenite enrichment in magnetite dominated layered intrusions brings a 

prospective deposit added economic value. As suggested by magnetite higher modal abundance 

compared to ilmenite in LGS rocks, the appearance of liquidus ilmenite should occur after the onset of 

magnetite saturation and consequent lowering of O2 in the melt (as predicted by experimental data; 

Toplis & Carroll, 1995; Snyder et al., 1993). Accordingly, LGS oxide-rich rocks that developed under 

reducing conditions show much higher relative modal abundance of ilmenite than other rocks where 

ilmenite is mostly a product of oxy-exsolution. 

As discussed in PART III, the process of oxide fractionation leads to a O2 decrease in the melt, 

which allows attaining ideal conditions for the process become self-sustained, provided Fe-Ti availability. 

Modelling of crystal fractionation processes (III.6.1.3) demonstrate that in order to significantly lower 

oxidation conditions (e.g. to the levels recorded by ODV I Series), profuse oxide deposition as seen in 

open system conditions is not sufficient. At some point, (parts of?) the system should have become close 

to oxygen exchange. Indeed, long-term, sustained Fe and Ti enrichment, as observed in ODV I Series, is 

better accounted by an evolution under conditions closed to oxygen exchange, wherein Fe, Ti and V 

depletion occur at much slower rates (as suggested for many layered intrusion, in agreement with 

experimental or modelling published data; see references in III.6.1.3). Because under closed system 

evolution oxides precipitate in lower modal amounts, episodic or transient opening of the system to 

oxygen are inferred to as fundamental in providing oxygen to the melt. Discrete oxide fractionation or 
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even major oxide-deposition events, may therefore have been triggered by transient, episodic openings of 

the system, the so-called process of “oxygen pumping” (after Morse, 1980). Possible triggers in LGS 

include magma replenishments (although these reverse Fe, Ti ± V enrichment) or tectonic activity. For 

ODV I Series, where replenishment evidences are lacking, transient opening of the system could have 

been allowed by the existence of instable, volatile-rich domains represented by high-Ti diorite and SB II 

Series (recording the incipient stages of oxide-fractionation) lying above ODV I ferro-basaltic magma 

and/or convective overturning due the establishment of thermal-density gradients. Density gradients are 

crucial in promoting effective oxide accumulation and segregation processes (III.2.1.6).  

Taking in account possible triggers for oxide precipitation (“oxygen pumping”), the location of 

oxide-rich domains in LGS deserves some reflexion. Several oxide-rich domains, particularly those at the 

bottom of BRG I Upper Group, are located just above the type III mineralisation sulphide-rich horizons. 

Oxide rich domains presumably above the level hosting type III mineralisation at the Figueirinha (BRG II 

Series) suggest a similar association; at ODV III Series, oxide rich domains also overlay the disseminated 

sulphide levels of pyroxene gabbro II. Sulphides do not consume oxygen in the melt and exclusively 

incorporate ferrous iron; consequently, sulphide formation may cause transient oxygen supersaturation, 

and rising of Fe2+/Fe3+ ratios, triggering subsequent oxide deposition. Indeed, the occurrence of 

magnetite stringers within or above sulphide mineralisation is often reported (e.g. Naldrett 2004) and 

interpreted as a consequence of oxygen diffusion from the sulphide melt (Naldrett & Kullerud, 1967). 

Modelling of crystal fractionation with CRFRAC further suggest that selective Ni depletion in LGS primitive 

olivines may be due to interaction with sulphide melts. Following this premise, Ni depletion in many 

primitive olivines included in SB I Series, opens the possibility that (important?) sulphide melt segregation 

took place between SB I and ODV I oxide rich Series 

IV.3.3.2. Key factors in the development of V-rich horizons  

The thermodynamic and geochemical controls on the development of V-rich horizons are 

fundamental in defining prospective targets. Relevant data for the highest V enrichments in LGS oxide-

rich domains11are reported in Table IV.3; all rocks have between 13 – 15 % total Fe-Ti oxide modal 

volume. Bulk-rock V contents are consistent with average V2O3 concentration in spinel measured by 

EPMA, suggesting that significantly higher whole-rock concentrations could be expected for ODV I oxide-

rich cumulates (up to 38% oxide modal volume) where spinel yields 1.55 wt% V2O3 in average.  

Likewise Ti and Fe, vanadium enrichment requires evolved melts that underwent typical tholeiitic 

enrichment paths (see IV.3.3.1). As demonstrated by modelling of crystal fractionation (III.6.1.3), the 

onset of oxide fractionation clearly marks the inversion of V enrichment in the melt. V depletion in the 

melt, following the onset of cumulus spinel precipitation, was invoked to account for the large differences 

in spinel V2O3 concentration, namely within ODV I Series oxide-rich proximal suite (see section III.2.1.5). 

The peak of V-enrichment in ODV I Series and the onset of V-depletion in the melt coincides with rocks 

included in the proximal suite and type I mineralisation. Thus, while some rocks (e.g. #ODV-G-1, not 

analysed for whole rock geochemistry) must have fractioned during the peak of V-enrichment in the melt, 

others (e.g. #ODV-G-36 and subsequently developed Lower Group olivine leucogabbro suite) record the 
                                                      

11 The silicate and oxide paragenesis of ODV I cumulates bearing the highest oxide modal content (up to 38%) are quite fresh as 
can be seen by their thin sections and EPM analyses; however due to the enhanced weathering effect promoted by their high oxide 
content, the samples tend to easily crumble being unviable to recover enough material for whole rock analysis of these samples.  
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progressive effects of V-exhaustion. Variation of Ti vs. V PM-normalised concentrations (Figure IV.11) 

further demonstrate these relationships: ODV II and BRG I samples (where oxides fractioned early in that 

sequence), have PM-normalized V concentrations ([V]PM) that are close to, or even slightly higher than 

PM, and therefore [Ti/V]PM 1; in contrast, many oxide-rich ODV I olivine leucogabbro that crystallised 

after the of V-enrichment peak in the melt, show [Ti/V]PM >> 1.  
 

Table IV.3- Comparison of V (ppm) and TiO2 (wt% normalized) whole rock concentrations in oxide-rich rocks; V2O3 
(wt%) concentrations determined by EPMA and oxide weight fraction determined by the least square regression with 
MODAN (section III.1); oxide modal data in volume only for #ODV-G-1 for which there are no whole-rock data 
available.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure IV.11- Ti versus V variation primitive normalized abundances (using values of Palme & O’Neill, 2003); the 1: 1 
line thus represents the locus where rocks with Ti / V ratios close to that of PM will plot. 

 

These relations demonstrate that within a given magmatic cycle, oxide precipitation must occur 

relatively early and in large amounts to avoid the dilution effect resulting from the precipitation of small 

amounts of oxides throughout the sequence. Oxide precipitation took place at the early stages of ODV II 

and BRG I Series Upper Group, thus enabling to effectively concentrate V in a relatively large modal 

amount of disseminated oxides. Similar patterns between V-enrichment and replenishment are, for 

example, recorded by the cyclic units hosting the word-class V-rich magnetite layers in the Bushveld 

Complex (Klemm et al., 1985). The pattern observed in Figure IV.11 for ODV I rocks further indicates that 

Ti-enrichment in the melt continued after the onset of V-depletion that followed the peak of oxide 

precipitation coincident with type I mineralisation and adjoining cumulates. TiO2 (normalized) bulk 

contents (as well as magnetite Usp content or ilmenite modal abundance), decrease with V for the other 

occurrences (Table IV.3), thus supporting the strong degree of evolution recorded by ODV I Series; 

nevertheless, the anomalous nature of ODV I Series is well illustrated by the significant V concentrations 

in the large volume of oxides that continued to precipitate after peak of V enrichment in the melt. 
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Oxygen fugacity has a strong bearing on the amount and composition of magnetite (as discussed 

in the previous section) but also directly on V partioning. According with experimental data (Toplis & 

Corgne, 2004), V-partioning in the most important V-bearing minerals (clinopyroxene and magnetite), is 

independent of melt polymerization and strongly controlled by oxygen fugacity, as well as Fe-enrichment 

in clinopyroxene. The V distribution coefficient in magnetite or clinopyroxene decreases an order of 

magnitude with rising of O2 (from -0.7 NNO to +2.6 NNO), which corresponds to about -1.2 FMQ to + 2.1 

FMQ. High resolution data show that V-rich magnetite from layered intrusions contain mostly V3+ and 

approximately 10% of vanadium as V4+ (Balan et al., 2006); these data support experimental evidence 

that the extreme V-enrichment seen in those ores occurred within a narrow range of relatively reduced 

O2 conditions (between NNO and -1.5 NNO, ca. -0.5 FMQ to -2 FMQ; Toplis & Corgne, 2004). 

The most favourable range of oxygen fugacity empirically and experimentally determined for 

effective partitioning of vanadium into magnetite encompasses the oxidation conditions prevailing during 

oxide fractionation for the most oxide-rich domains in LGS (ODV I and BRG I Series). Since oxide 

fractionation promotes a strong decrease in oxygen fugacity, it is straightforward that the extreme oxide-

rich character of ODV I Series (wherein oxides fractionated throughout the whole sequence), allowed 

establishing a pervasively reducing, and therefore ideal conditions for V to be partitioned into magnetite. 

The clinopyroxene high Fe-contents in ODV I Series may have favoured partitioning of V relatively to 

magnetite, thus accounting for lower V-contents in rocks developed immediately after the peak of 

enrichment (e.g. #ODV-G-36). Such effect should be more pronounced when clinopyroxene fractionation 

precedes magnetite, as is common in some distal oxide-rich rocks.  

Toplis & Corgne (2004) have demonstrated that, although O2 is the major control on V 

concentrations in magnetite, the highest kdMgt/melt
V3+ occur for intermediate members of the magnetite-

ulvöspinel solid solution, i.e. magnetite with about 50% Usp. This value is consistent with the median Usp 

contents in magnetite included in ODV I oxide-rich cumulate rocks; oxide-rich domains in other Series 

usually display lower Usp contents (XUsp=40%). Accordingly, the rather high V contents attained ab initio 

in the Odivelas ores and some proximal suite rocks, should also reflect magnetite high Ti-contents.  

IV.3.3.3. Economic considerations 

The economic potential of the Odivelas ores is examined followed by a listing of the most 

promising domains in LGS (according with previously established criteria). The economic importance of 

magmatic hosted Ni-Cu-Co-PGE deposits is well known and the demand for these metals has not 

changed significantly in the latest decades. The scenario for vanadium is however distinct and additional 

consideration on the current economics and demand of vanadium in magmatic ores is supported by the 

following factors: (i) recent modifications on the use of V in the industry of steel; (ii) its occurrence in other 

geological context (e.g. placers, uranium deposits); (iii) the provenance of V from secondary sources (e.g. 

recycling from steel slag, ashes etc.). The reader is referred to section I.2.3. (Vol II) for a summary of 

recent data on the present day demand on vanadium. 

Economic potential of the Odivelas ores 

A simple comparison of vanadium grades (as vanadium pentoxide, V2O5) compiled by Cawthorn 

et al. (2005) from the most important exploitations and promising prospects included in similar geological 
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settings (layered gabbroic intrusions) reveals that the oxide ores of the Odivelas area may have economic 

interest (Table IV.4). In fact, vanadium values in the massive ores are scattered between 0.63 and 0.99% 

wt% V2O5, although they rarely exceed 0.10% V2O5 in the host rocks. Additionally, TiO2 concentrations 

give added value to these oxide ores (ranging from 6.4 to 10.1 wt%) since they are very close to the 

economically acceptable titaniferous ore grade; nonetheless, it should be noted that only ilmenite is 

accountable for Ti grades considerations because dressing of Ti-magnetite is currently not performed. 

This means that the major goal of further exploration attempts should be the recognition of the most 

anomalous rock domains of ODV I Series Lower Group.  
 

Table IV.4- Compilation of the most relevant vanadium mines or prospects organized by country, indicating also the 
estimated tonnages when exploitable deposits are considered; annual production and exploitable deposits quoted in 
wt% V  in thousand tons. Adapted from Cawthorn et al. (2005 ).  

 

 

 

 

 

 

 

 

 

 

 

 

If the presence of significant tonnage is confirmed, as suggested by magnetic anomalies, the 

Odivelas area would be potentially economic, because of the low cost usually involved in V-dressing from 

these ores (Mateus et al., 2001b).  

Areas with potential for Ti-V exploration within LGS 

The superposition of the available geological and magnetic maps in the Odivelas area (Figure 

IV.3) clearly supports the need to detailed investigation of the region located to the S-SE of the old 

exploration works, giving also an independent support to the qualitative evaluation presented in Figure 

IV.4. Detailed magnetic and gravimetric surveys seem to be the best way to extensively evaluate this 

anomalous region, and eventually define the best targets to drill. If successful, such exploration survey 

may also renew the interest for particular domains of LGS. The need for detailed mapping and an 

extensive sampling program for soil geochemistry and whole rock geochemistry, besides detailed 

geophysical surveys, are, consequently, obvious. A pre-selection of particular domains of BIC may be 

further achieved by means of stream sediment analysis (Mateus et al., 2001b).  

On the basis of criteria previously established and using the methodologies listed above, other 

areas may be pointed as bearing higher potential for Vanadium exploration and therefore deserve further 

investigation. Such areas and their main favourable features are briefly listed below. 

The SB II – ODV I transition, under Cenozoic sedimentary cover. SB II ought to represent the 

onset of the major oxide ore-forming event located within ODV I Series Lower Group and the available 
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magnetic map clearly demonstrates that many anomalous domains may extend northwards. 

BRG I Series Lower Group olivine leucogabbro I. This ill-documented facies encompasses an 

extensive area of poor outcropping conditions where abundant oxide-rich domains were observed both in 

the lose blocks as well as in the soils, besides of massive gossan blocks. The widespread occurrence of 

oxide-rich anorthosites adjoining cumulate (ultra-) mafic rocks configures an evolved geochemical suite 

that gathers the conditions above discussed for the occurrence of residual magmas that may have 

attained significant Ti- and V-enrichment.  

The domain adjoining the Messejana fault-zone. As discussed ahead in section IV.5, large 

magnetic anomalies are observed both in IGM vertical field magnetic map and in Rio Narcea 

aeromagnetic covering (see Figure IV.60C). This domain adjoins the limit of LGS western compartment 

mapped in this work, and should partially include the eastern extension of BRG I Series Lower Group 

microgabbro sub-facies, whose evolved geochemical character makes it particularly favourable to the 

occurrence of Ti-, V-rich residual magmas. 

Within LGS eastern compartment there is no facies architecture or geochemical controls that 

enable outlining potentially rich oxide-rich domains. Although the isotopic signature of the rocks reported 

by Pin et al. (2008) are considerably more evolved than what is documented in the western compartment, 

they may not reflect the transition element signature of the magmas involved. As discussed in PART III, 

the most primitive, deep-seated magmas of layered intrusions often are much more crustal-contaminated 

than the subsequently intruded batches. Following the criteria enumerated in section IV.3.3, a 

combination of magnetic anomaly evaluation, stream geochemistry and sampling may help defining if 

these suites are predominantly evolved or primitive, and therefore their potential for Ti-V mineralisation; in 

the latter situation, i.e. primitive, crustal-contaminated magmas, the potential for Ni-Cu sulphide 

mineralisation is also significant. It is worth mentioning that at the IGM dependency of Ferreira do 

Alentejo, a large block of massive oxides was stored and reported to have been collected at Monte Gago 

(Serpa); brief inspection of an exploratory thin polished section obtained revealed an oxide paragenesis 

similar to that observed at Odivelas. The similarities to the Odivelas orebodies and the massive character 

of the oxides are striking, and therefore, this area definitely deserves further investigation  

IV.4. Sulphide ore-forming systems in LGS 

The petrographic, mineralogical, geochemical and isotopic features of LGS sulphide 

mineralisations are reported in this section. The development of the identified sulphide mineralisations in 

LGS is discussed on the basis of these features, complemented with results from modelling of relevant 

geochemical and intensive variables (Jesus et al., 2007b) and of sulphide melt crystal fractionation (using 

CRFRAC.9 and the R factor approach); the latter provide means to to assess the timing and conditions 

for sulphide melt segregation and which silicate magmas could produce type III mineralisation.  

The metallogenic framework envisaged for type III mineralisation (in particular from the results 

from modelling of sulphide segregation), provide the adequate means to evaluate the economic potential 

of LGS western compartment for Ni-Cu-Co-PGE magmatic sulphides. Additionally, several tools proposed 

in the literature are used to assess calcophile depletion in LGS rocks. As for oxide-forming systems, the 

results obtained allow outlining favourable locations where additional magmatic sulphide mineralizations 

may be sought and prospecting efforts concentrated.  
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IV.4.1. Mineralisation types II and III: characterisation 

IV.4.1.1. Petrography 

Relevant textural relationships for the sulphide aggregates are displayed alongside with 

compositional maps obtained by micro-PIXE that are discussed in section IV.4.1.2. Additional textural 

features, as well as the mineral assemblage related with hydrothermal alteration in type II mineralisation 

are depicted in Figure IV.12. 

Type II mineralisation 

Metasomatic halo 

One of the main distinguishing features of type II mineralisation relative to type III is the 

occurrence of sulphides within a strong metasomatic halo. The sulphide blotches and coarse massive 

aggregates are often enclosed by rims of Mg-rich brown hornblende (Figure IV.12A). The early formed 

hornblende (edenite, pargarsite and Mg- hastingsite; X#Mg= 0.74) is often replaced by coarse 

bladed/acicular aggregates comprising pale-coloured amphibole of tremolite-actinolite series (X#Mg= 0.76) 

and chlorite (X#Mg= 0.74); the latter further infills small cavities where silicates are preserved within the 

massive sulphide. Serpentine aggregates resulting from olivine hydration are usually strongly intermixed 

with chlorite, or replaced by actinolite-tremolite blades, suggesting that olivine replacement is slightly 

earlier, possibly coeval of the hydrothermal alteration that affects most of rocks within this domain of the 

gabbroic sequence Figure IV.12B). Due to the strong alteration related to sulphide deposition it is not 

possible to ascertain if both pyroxenes were also replaced during this broader alteration event; the 

occasional preservation of clinopyroxene and the presence of fine-grained amphibole  talc  chlorite 

masses similar to type (iii) pseudomorphic replacement of orthopyroxene likely occurred earlier (along 

with olivine; Figure IV.12C), while clinopyroxene remained stable until later stages, under higher 

water/rock ratios. Plagioclase remains as the most stable primary mineral, being mostly fractured, and 

occasionally replaced by chlorite aggregates. The sulphide aggregates are often intergrown with 

actinolite-tremolite blades, suggesting their replacement during the latest stages of post-mineralisation 

hydrothermal activity (Figure IV.12D). Strong staining in the adjoining primary or secondary silicates is 

often observed in those domains. 

Ore petrography 

The sulphide veins comprise massive coarse-grained pyrrhotite, associated with late-stage pyrite 

and chalcopyrite. Magnetite is preserved as inclusions within the rims of pyrrhotite and always presents a 

dark grey colour and dull lustre relatively to typical magmatic magnetite found in LGS ((Figure IV.14C). 

The early development of chalcopyrite seems to result from an incomplete replacement of pyrrhotite grain 

boundaries subjected to strong (micro-) fracturing (Figure IV.14C). Late chalcopyrite deposition occurs 

along inter- and trans-granular fractures (Figure IV.12E), leading to fine-grained aggregates including 

minor pyrite. Several domains of filiform chalcopyrite are finely intergrown, and usually outline inner cores 

where a white, less reflectant, mineral is observed; EPMA and micro-PIXE analysis demonstrate that this 

mineral phase is also cupriferous, and chiefly corresponds to a stoichiometric form of chalcopyrite (Figure 

IV.14E). Distribution of pyrite is also heterogeneous, the most significant comprising idiomorphic and 

zoned grains that seal late fractures (Figure IV.14A). However, early pyrite grains develop equilibrium 
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textures at the rims of pyrrhotite masses (Mateus et al., 2001; Jesus et al., 2007b). In the latest identified 

occurrence within the Ventoso quarry (#CVD-9B) discrete pentlandite flame exsolutions were observed at 

the margins of the pyrrhotite aggregates (Figure IV.12G). In this sample it were also observed saw-tooth 

aggregates of a white, dull phase that may represent linnaeite group minerals,12 growing from 

microfractures (details in type III mineralisation section; Figure IV.12F) 

Type III mineralisation 

Host rocks 

Type III mineralization at the Serrabritas quarry is hosted by olivine norites/troctolites included in 

BRG I Upper Group olivine leucogabbro III. The sulphide assemblage forms a net-texture framework that 

is rimmed by thick orthopyroxene coronas (more rarely, by brown amphibole; Figure III.18E; section 

III.1.1.6), suggesting development of chemical reactions between different magma batches. Plagioclase 

often displays radial micro-fractures around sulphide blebs, whereas olivine appears moulded around 

sulphide aggregates (Figure III.17G, H; in III.1.1.6). Late stage fluid circulation accounts for deposition of 

carbonate and chlorite aggregates that replace the silicates (Figure III.18F, G). As reported and 

discussed in section III.2.1.3, plagioclase commonly displays a strong increase in An contents adjoining 

myrmekitic quartz-chlorite fringes that develop along its contacts with other silicates or the sulphides. 

Intercumulus net-textured to massive sulphides at the Figueirinha quarry are hosted by 

clinopyroxenites, presumabilly included in BRG II Lower Group pyroxene gabbro II. These rocks comprise 

randomly oriented subhedral, heterodimensional but usually coarse-grained ( 3 cm) clinopyroxene with 

typical adcumulate texture. Pyrrhotite blebs with pentlandite and chalcopyrite exsolutions occur as 

inclusions within coarser grains of clinopyroxene, forming graphic intergrowths (Figure IV.13A). 

Clinopyroxene grains are disrupted with increasing mineral sulphide content, displaying abundant 

corrosion gulfs, but only mild retrograding effects (late precipitation of actinolite-tremolite aggregates 

around the sulphide-silicate interfaces; Figure IV.12G). Rare plagioclase occurs interstitially or is included 

within the clinopyroxene-sulphide framework (slightly altered to a fine-grained mixture of chlorite-

prehnite). Minor magnetite and ilmenite coexist with sulphide blebs, suggesting late stage crystallization 

( 620 ºC) O2 conditions close to the QFM buffer (Jesus et al., 2005b, 2006c, 2007b). 

Ore petrography 

At Serrabritas, sulphide assemblages comprise coarse-grained pyrrhotite displaying pentlandite 

lamellae, “flames” (occasionally as blocky aggregates), besides minor chalcopyrite exsolutions of variable 

geometry; Figure IV.15E). Pyrrhotite displays twinning comprising darker coloured, slightly softer 

lamellae within the lighter, harder matrix that are typical of breakdown in two phases (hexagonal to 

monoclinic pyrrhotite or troilite) of high temperature pyrrhotite (Figure IV.15E; Ramdhor, 1980).  
 

Figure IV.12 (Right page)- Textural relationships for type II (A-G Ventoso) and III (H Figueirinha) mineralisations. 
(A)- Mg-rich HblBr rimming Sulph; (B)- Srp  Chl resulting from Ol hydration replaced by Act-Tr; (C)- Fine-grained 
Amph  Tlc  Chl (type iii pseudom.) replaced by Hbl + Act-Tr related with Sulph deposition; (D)- Act-Tr replacing 
Sulph; (E)- Late Ccp along Po inter- /trans-granular fractures; (F)- Linn altering Po along transgranular fractures; (G)- 
Discrete Pn flames in Po; (H)- Clinopxnt host-rock, displaying minor Amph growing along Sulph-Slct grain contacts. 

                                                      
12 The linnaeite group are Co, Ni, Fe minerals that result from the replacement of primary magmatic sulphides and include, linnaeite 
s.s., polydimite,  carrollite, siegenite, violarite, greigite and others (Ramdohr, 1980) 
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Magnetite and ilmenite grains often coexist with sulphides (Figure IV.16A). Subhedral pentlandite 

can also be observed, coexisting with finer-grained pyrrhotite aggregates. Minor (isolated) chalcopyrite 

often develops millimetric and discontinuous fringes around pyrrhotite without evident exsolutions (Figure 

IV.16C). Pyrite is rare and clearly limited to late depositional stage (Figure IV.16C). Linnaeite group 

minerals (LGM) occur in small lensoid shaped domains that follow the main orientation of pentlandite 

exsolutions or pyrrhotite twining (Figure IV.16C, E). 

At Figueirinha, the intercumulus sulphides comprise pyrrhotite, pentlandite, chalcopyrite, pyrite 

and phases belonging to the linnaeite group. Early pyrrhotite may co-exist with magnetite and ilmenite, 

although most of the times it encloses the oxide phases. Main pyrrhotite aggregates, formed by 

coalescence of disseminated sulphide blebs, show abundant pentlandite lamellae and “flames” coexisting 

with minor chalcopyrite exsolutions (Figure IV.17). Linnaeite group minerals seal intra- and inter-granular 

zoned stringers or veinlets that are often rimmed by pentlandite exsolutions (Figure IV.13B; Figure 

III.15A). Patches of linnaeite are also widespread in the pyrrhotite matrix, were they also display fringes of 

pentlandite exsolutions adjoining the contact with pyrrhotite (Figure IV.13C). Occasionally, pentlandite 

exsolutions are seen partially replaced by linnaeite group minerals (Figure IV.13E), strongly suggesting 

that linnaeite is a late (supergene?) product of pentlandite replacement. Pyrite is present as subhedral 

grains in the pyrrhotite groundmass (occasionally developing textural relationships suggestive of phase 

equilibrium; Figure IV.13E, F) or as fine-grained infillings of late-fractures, sometimes displaying evidence 

of strong micro-fracturing (Figure IV.13G). In linnaeite-bearing veinlets, pyrite is the latest phase to 

precipitate (Figure IV.13B), whereas similar thin pyrite veinlets are also observed surrounding or 

crosscutting sulphide blebs included in the silicate matrix (Figure IV.13D). In general, chalcopyrite fills-up 

micro-fractures and replaces the pre-existing sulphides (Figure IV.13H; Jesus et al., 2005b, 2006a, c, 

2007b). As previously described for the Ventoso mineralisation, the white variety of chalcopyrite is also 

present in the Figueirinha sulphides, with typical yellow filiform exsolutions, being however much less 

common (Figure IV.15D). 

IV.4.1.2. Micro-PIXE analysis 

The scanning nuclear microprobe (Micro-PIXE) was used to produce maps of elemental 

distribution and characterize the chemical nature of (sub-)microscopic exsolutions in sulphide aggregates. 

As for the oxides, compositional maps for sulphide mineralisation allow further testing the existence of 

compositional zonings that may be easily overlooked by (EPMA or micro-PIXE) point analysis. 

Sulphide textural and compositional variations 

Compositional maps and petrographic features of the scanned areas are reported in Figure IV.14 

to 16. A first inspection of the various maps obtained for the three studied occurrences puts in evidence 

the progressively higher bulk Ni-enrichment from type II mineralisation of the Ventoso relatively to type III 

mineralisation, and the more Ni-rich character of Figueirinha relatively to Serrabritas sulphides. The 

Ventoso sulphides are devoid of Ni-bearing mineral phases and the Ni or Co thresholds for the pyrrhotite 

matrix are chiefly indistinct of pyrite aggregates (Figure IV.14 A, B). Pentlandite at Serrabritas is usually 

fine-grained and concentrates, as discrete fringes, around grain borders and microfractures (Figure 

IV.15F, G; Figure IV.16E, F). As evidenced by SEM imaging (Figure IV.15H), pentlandite and 

chalcopyrite exsolutions follow closely the orientation of mechanical twining of pyrrhotite.  
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Table IV.5- Composition for point analysis displayed in maps and photographs from Figure IV.14 to Figure IV.16 as 
revealed by micro-PIXE data. All concentrations in wt%; WF- white filiform (Ccp). 

 

Coarse-grained chalcopyrite is usually a late phase in all studied sulphide mineralisations but 

chalcopyrite exsolutions seem to occur only in type III mineralisation. (Figure IV.15F, G). At Ventoso, the 

closest evidence for early exsolution of Cu-bearing phases is the white chalcopyrite, where filiform yellow 

aggregates are observed (Figure IV.14E, F). This form of chalcopyrite is absent in Serrabritas samples, 

and at Figueirinha the white patches are often rimmed by irregular pockets of linnaeite group minerals 

(Figure IV.15D, E). Micro-PIXE compositional mapping allow clearly demonstrating the Cu-rich character 

of the white/filiform chalcopyrite intergrowths which bears lower Co and Ni (the latter only evident at 

Figueirinha) threshold levels relatively to the pyrrhotite aggregates forming up the matrix. Point analysis 

obtained in these grains at the Ventoso type II mineralisation (Table IV.5) reveals a mild Cu deficiency in 

these minerals that is compensated by higher S contents. Based on PIXE data this deviation (giving rise 

to lower Cu:S ratios than stoichiometric chalcopyrite), is the most likely explanation for the optical features 

displayed by these unusual chalcopyrite grains.  

Results clearly put in evidence the zoned character of the linnaeite veinlets in Figueirinha 

samples (Figure IV.15A, B, C). The white outline in Ni- and Co-maps demonstrate that the early linnaeite 

s.l. Co-rich vein cores are rimmed by a dissymmetric (sometimes absent) Co-poor border; irregular 

patches with intermediate Co contents are observed in the pyrrhotite matrix. Linnaeite group minerals 

occurring in Serrabritas (Figure IV.16C - F) display a Ni-, Co-rich signature that may be confirmed both 

by compositional zoning maps and point analysis obtained with micro-PIXE (Table IV.5).  

 

 

Figure IV.13 (Right page)- Textural relationships for Figueirinha type III mineralisation. (A)- Clinopyroxenite with 
intercumulus Sulph as well as inclusions forming graphic intergrowths (graphic scale =1 cm); (B)- Linn sealing intra-
/inter-granular zoned stringers or veinlets rimmed by Pn exsolutions with a Py veinlet infilling the core of the Linn vein; 
(C)- Patches of Linn in the Po matrix with Pen fringes; (D)- Py veinlets surrounding Sulph blebs included in Cpx. (E)- 
Py subhedral grains in the Po groundmass and Pn exsolutions partially replaced by Linn; (F)- Euhedral Py grains in 
the groundmass suggestive of phase equilibrium; (G)- Py as fine-grained infillings of late-fractures, evidencing strong 
micro-fracturing; (H)- Ccp infilling micro-fractures and replacing the pre-existing Sulphs.  
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Figure IV.14- Textural relationships and compositional maps obtained by micro-PIXE for type II mineralisation at 
Ventoso; The dots and point numbers indicate the location of point analysis obtained with micro-PIXE. (A, B)- 
Idiomorphic Py aggregates; the outline of Py grains in shown in various maps; (C, D)- A Ccp rich domain displaying 
intense fracturing and Mgt coexisting with the sulphides; (E, F)- White Ccp with delicate filiform intergrowths of yellow 
Ccp which are absent in the smaller patches below.  
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Figure IV.15 (Right page)- All maps are from type III mineralisation: A-E Figueirinha, F-H Serrabritas; The dots and 
point numbers indicate the location of punctual analysis obtained with micro-PIXE. (A, B, C)- A zoned veinlet infilled 
by Linn, B showing Ni and Co variations in greater detail; (D, E)- White Ccp surrounded by several patches of Linn; 
(F, G)- Typical Po-Pn-Ccp aggregate from the Serrabritas net-textured ores obtained with micro-PIXE, (H)- The same 
domain under SEM imaging, showing the strong mechanical twinning of the Po matrix; the image on the right is a 
detail of Ccp-Pn exsolution outlined with a dashed ellipse.  
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Figure IV.16- All maps are from type III Serrabritas mineralisation. The dots and point numbers indicate the location 
of point analysis obtained with micro-PIXE. (A, B)- Secondary sulphides observed at the core of yellowish serpentine 
aggregates resulting from Ol hydration. (C, D)- Massive sulphide domain showing Ccp fringes around the silicate-
sulphide-interface, the late character of Py and the Ni, Co-rich and oriented character of small lenses of Linn, 
suggesting that these phases represent replacements of a Pn; (E, F)- Additional characterisation of Linn  
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Additional features investigated with micro-PIXE include, for example, the secondary sulphides 

observed at the core of yellowish serpentine aggregates resulting from olivine hydration. Figure IV.16A 

and B represent one of those mineral assemblages (Serrabritas) and reveals that sulphides are broadly 

devoid of Ni or Co, chiefly corresponding to pyrrhotite. The white dashed ellipse displayed on the maps 

indicates a domain where micro-PIXE detected Ag rich sulphides. At Ventoso, the thresholds for Ag are 

usually more significant than for Ni, and several small anomalies were also detected by micro-PIXE 

scanning.  

Calibrating analytical routines for detecting PGE in magmatic sulphides  

Elemental analysis of type III mineralisation representative samples (#FG-6A and FG-6B) were 

performed to ascertain the presence of Pt and its distribution in the observed sulphide grains. A selected 

example of the elemental mapping obtained for key metals (S, Fe, Ni, Cu and Co) is shown in Figure 

IV.17. From these maps, the spots marked in the figure were chosen to perform point analysis and the 

spectra obtained are shown in Figure IV.18A. 

From the spectra shown in Figure IV.18A it can be noticed that some of the elements of interest, 

and in particular Pt, have their X-ray lines in a spectral region with interferences from the sum peaks, 

especially the ones resulting from the sum of S X-ray lines with Ni or Cu lines. Nevertheless, and even in 

these experimental conditions, the detection limits for Pt are 520 µg/g and 440 µg/g in the case of point 

spectra A and B respectively. The initial 50 µm thick Mylar filter that was positioned in front of the X-ray 

detector was replaced by another Mylar filter with 250 µm thickness, in order to strongly attenuate the 

contribution of the S X-rays and eliminate its contribution to the sum peaks (Figure IV.18B). With these 

experimental conditions, Pt was still not detected although a detection limit of 100 µg/g was achieved; 

detection limits for other elements of interest are shown in Figure IV.18A. Traces of Se, Sr and Br were 

detected and measured (Figure IV.18B) in addition to the major components of the sulphide phases 

analyzed (pyrrhotite and pentlandite). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.17- Elemental distribution maps of S, Fe, Ni, Cu and Co in sample #FG-6B. The maps have dimensions of 
530x530 µm2. Also shown are points A and B chosen for analysis. 
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Figure IV.18- (A)- X-ray spectra obtained from the points A and B marked in Figure IV.17 (#FG-6B). (B)- 
Comparison of X-ray spectra collected with different Mylar filters (#FG-6B): 50 µm (My 50) and 250 µm (My 250). 

 

Table IV.6- (A)- Detection limits measured with the different experimental condition (use of Mylar X-rays filters with 
50 µm and 250 µm thickness). (B)- Composition of pyrrhotite (A) and pentlandite (B) phases (#FG-6B) as revealed 
by micro-PIXE data. 

 

 

 

 

 

 

 

IV.4.1.3. Mineral chemistry 

The mineral chemistry of the non-sulphide mineral phases included in type III mineralisation host 

rocks were reported in PART III. The hydrothermal mineral assemblage related to (Ventoso) type II 

sulphide veins was studied by Mateus et al. (2001) and Jesus (2002), for which relevant data on their 

mineralogy were provided in the petrographic descriptions of the previous section. 

Sulphide mineral chemistry 

Circa 100 sulphide microprobe analyses were performed on representative samples of type II and 

III mineralistion. Original analytical data and mineral formulae calculated (on the basis of atoms (%) and 

ions for different sulphides are presented in Table C.12, Appendix C (Vol. II). 

Pyrrhotite 

Pyrrhotite is the main sulphide in all studied mineralisations, whose composition may be 

expressed by its Fe:S ratio, as indicated by the contour lines in Figure IV.19C. Pyrrhotite Fe :S ratios 

increase from the Ventoso type II mineralisation (X = 0.85) to the Figueirinha (X= 0.86) and Serrabritas 

(X=0.88) type III mineralisation. A few analyses obtained in primary sulphide blebs included in ODV III 

ultramafic levels that crop out at the Ventoso quarry (“Ventoso Diss.” in Figure IV.19) present very high 

Fe:S ratio (X= 0.96), close to the troilite end-member (Fe:S=1). The dark-coloured lamellae, exclusively 
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observed at the Serrabritas ores, are also composed of nearly pure troilite (Fe:S = 0.97).  

Figure IV.19- Pyrrhotite compositional variations. (A)- Co vs. Fe. (B)- Ni vs. Fe; (C)- Fe-S vs. S, showing lines for 
equal Fe:S ratio. All concentrations in atoms % (at%). 

 

Ni and Co contents in pyrrhotite from Serrabritas and Ventoso show an inverse correlation with 

Fe:S; those closer to the troilite end-member display the lowest metal contents, particularly Ni; point 

analyses from Figueirinha develop a distinct relationship, with a bulk increase in residual Ni in pyrrhotite 

with Fe:S ratio, however evidencing two distinct sub-groups that cluster at different Fe:S ratios ( 0.84 

and 0.88) (Figure IV.19A, B). These groups broadly correspond to a median Fe:S ratio of two distinct 

samples (#FG-6B X= 0.87; #FG-6A X= 0.84) wherein there is a tendency for a negative correlation 

between Ni contents and Fe:S ratio, similar to that characterising the Figueirinha and Ventoso pyrrhotite. 

Co contents in the Figueirinha pyrrhotite follow that general negative correlation with increasing Fe:S; 

minerals with the highest Ni contents (higher Fe:S group) display null Co concentrations (Figure IV.19A). 

Pentlandite 

Median compositions for pentlandite at Figueirinha and Serrabritas are Fe4.0Ni4.3Co0.7S8.1 and 

Fe3.5Ni3.2Co2.0S8.2, respectively; few analysed exsolutions with composition close to the lower 

stoichiometric limit for Ni (18 at%) were excluded because they probably reflect mixed analysis with 

pyrrhotite due to the difficulty in analysing fine-grained lamellae (Figure IV.20). Minerals from both 

occurrences evidence a mild stoichiometric deviation towards excess of sulphur (formulae calculated for 
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17 ions), the opposite of the deficiency recorded by many natural pentlandites, as reported by Misra & 

Fleet (1973). Co abundances in pentlandite from Ni deposits are usually below 1.5 at%, most commonly 

<1 at% (Misra & Fleet, 1973), indicating that Co concentrations in LGS pentlandite are quite high in 

Figueirinha (X= 3.9 at%), but particularly at Serrabritas (X= 21.0 at%). Co may replace Ni or Fe in the 

pentlandite structure (Craig & Scott, 1976), as supported by its negative correlation with both elements. 

However, the strong increase in Co with Fe:Ni ratio suggests that Co incorporation in LGS pentlandite 

took place mostly by replacement of Ni, an issue that must have metallogenic and petrogenetic 

implications, and will be re-taken ahead. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.20- Pentlandite compositional variation. The shaded area represents the field for natural pentlandites 
(Misra & Fleet, 1973)  

Linnaeite group minerals 

Linnaeite group minerals in Figueirinha ores (hereafter linnaeite) occur as a network of intra- and 

intergranular millimetric veinlets that crisscross the pyrrhotite matrix. Electron microprobe data confirm 

that these veins have complex compositional zoning, resulting from multiphase infilling, as indicated by 

petrographic observations (Figure IV.21). Ideal metal-site distribution according with the (thio-) spinel-like 

structure of linnaeite group, shows that the analysed minerals are non-stoichiometric: linnaeite Co-rich 

vein cores (Fe)1(Fe0.3Ni1.5Co0.4)2.2S3.9; linnaeite Co-poor vein borders (Fe)1(Fe0.5Ni1.5)2S4 and linnaeite 

patches in pyrrhotite matrix (Fe)1(Fe0.3Ni1.5Co0.2) 2 S4. The resulting deviation is due to an excess of Fe in 

B position, displacing the trend towards a greigite composition. The linnaeite Co-rich vein cores present 

the maximum deviation accompanied by sulphur deficiency, a common feature in non-stoichiometric 

minerals of the linnaeite group (Figure IV.21; Ramdhor, 1980). Linnaeite patches at Serrabritas present 

lower iron concentrations, the Ni or Co being required to fulfil the A coordination site. Despite Co 

concentrations are far higher than in Figueirinha samples, Ni is still more abundant than Co in Serrabritas 

specimens: (Fe0.69Ni0.31)(Ni0.96Co1.1)2.05S3.94. Although not as strong as in the Figueirinha veinlet cores, 

there is a mild excess of metal occupancy also occurs in B position, which is compensated by a sulphur 

deficiency. As noted in the petrography section (IV.4.1.1), textural evidence suggests that linnaeite group 

minerals represent late-stage replacement products of pentlandite; the transformation process and 
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chemical modifications implied will be discussed in section IV.4.2.  

 

 

 

 

 

 

 

 

 

Figure IV.21- Chemical features of the linnaeite group minerals as plotted in the compositional space of the analysed 
minerals. End-member composition (according with the AB2S4 formula): Linn, linnaeite s.s. (Co2+)(Co3+)2S4; Viol, 
violarite (Fe2+)(Ni)2S4; Sieg, siegenite (Ni,Co)(Ni,Co)2S4 (plotted empirical formula: Ni2.25Co0.75S4); Polyd, polydymite 
(Ni)(Ni)2 S4; Greig, greigite (Fe2+)(Fe3+)2S4. 

Pyrite 

Pyrite grains from Ventoso mineralisation present an ideal composition that contrasts with those 

included in the Figueirinha and Serrabritas assemblages (Figure IV.22).  

 

 

 

 

 

 

 

 

 

 

 

Figure IV.22- Pyrite Ni versus Fe contents. 

 

Rare pyrite grains in Serrabritas (Fe0.9Co0.1S2.0) have significant amounts of Co (1.7 at%), while 

those from Figueirinha are preferentially enriched in Ni. Groundmass and vein-hosted pyrite from 

Figueirinha have up to 1.4 at% Ni (X=0.5 at%); late veinlets of Ni-rich pyrite in the linnaeite zoned veins 

show about 3.4 at% Ni (Fe0.9Ni0.1S2), as well as trace amounts of Co (726-1147ppm). 

Chalcopyrite 

Chalcopyrite from all three mineralisation types displays stoichiometric composition, contrasting 

with the slight deviation shown by the white variety; the latter displays median compositions of 

Cu0.9Fe1.0S2.1, EPMA thus confirming the low Cu : S ratios determined by micro-PIXE analysis. 

Trace element distribution in the sulphide phases 

Results are displayed in Figure IV.23, including the number of measurements above detection 
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limit (absolute measurement and percentage). Pentlandite and chalcopyrite include the least variety of 

trace metals, both showing strong fractionation between Zn + Pd (not detected in pentlandite) and Pt (not 

detect in chalcopyrite). In contrast, pyrrhotite and pyrite include variable amounts of all analysed metals; 

this variability reflects on the number of significant measurements for each mineral, being usually lower 

than for pentlandite or chalcopyrite. 

 

Figure IV.23- Medians of trace element concentrations above detection limit. The value above each bar represents 
the % of measurements above detection limit for each element; Linn patches from Serrabritas are from one single 
analysis.  

 

Pentlandite from Figueirinha is uniformly enriched in As (100% of the spots showing strong 

positive correlation with Ni; Figure IV.24A) and Ag (X= 554, 624 ppm, respectively), with about half of the 

measurements showing high Pt (X= 738 ppm), Bi (X= 673 ppm), and Cd (X= 434 ppm) concentrations; 

Au concentrations are more erratic (33% of the spots) but usually reach higher concentrations (X= 1099 

ppm). Pentlandite from Serrabritas is enriched in Cd (more than 80% of the grains; X= 460) and 

compared to Figueirinha presents more erratic but higher Pt contents (23% of the spots with X= 1340 

ppm). 

Pyrrhotite grains from type III mineralisation are more uniformly enriched in Cd (90-70%; X 370 

ppm) compared to type II (56%; X= 480 ppm). Pyrrhotite from Figueirinha is enriched in Zn, As and Pd 
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(60-40% of the measurements with X= 624, 878 and 387 ppm, respectively); although erratic (< 20% of 

the grains), Au and Bi concentrations are higher than in other mineralisations. Pt contents in pyrrhotite 

from Serrabritas, and particularly Ventoso, are irregular (ca. 20% spots) but remarkably high (X= 1350, 

2070 ppm, respectively) compared to those from Figueirinha.  

Cd and Zn concentrate preferentially in chalcopyrite with median values in all mineralisations of 

about 600 and 300, respectively. Zn concentrations are within normal values for chalcopyrite (<<6500 

ppm; Vaughn & Craig, 1978) and show a negative correlation with Cu (Figure IV.24D), while Cd 

concentrations are clearly anomalous (Vaughn & Craig, 1978;  47 ppm) and tend to correlate positively 

with Cu (Figure IV.24B); the Serrabritas samples show the highest Cd concentrations. Cd-Cu variations 

appear to be distinct between mineralization types II and III, wherein negative and positive correlations 

are observed, respectively.  

 

Figure IV.24- Relevant trace element variations in sulphides. (A)- Ni versus As in pentlandite from the Figueirinha 
assemblage; (B, C)- Cu versus Zn and Cd in chalcopyrite; (D)- Pd versus Ni in pyrrhotite. 

 

Pyrite is generally enriched in As and Cd, the latter clearly above anomalous thresholds (10 

ppm; Vaughn & Craig, 1978). Pyrite from Ventoso presents the highest, although more variable As 

contents (33% of the grains with X= 930 ppm), while minerals from Figueirinha are more consistently 

enriched (100-75%; X= 340 ppm). Linnaeite hosting pyrite veinlets display an enrichment pattern similar 

to matrix pyrite, being further enriched in Ag, Cd and Bi. Metal concentrations in linnaeite group minerals 
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are heterogeneous with the core of veinlets and patches presenting the higher variety and metal contents 

compared to the veinlet borders where only As, Pd and Ag are mildly enriched. 

IV.4.1.4. Whole rock geochemistry 

Table IV.7 illustrates the sulphur and most relevant minor/trace metals concentrations of each 

sulphide mineralisation type; the full report may be found in APPENDIX D Vol II. Metal concentrations 

reflect the chemical signature shown by the sulphide mineralogy (mainly Ni, Cu and Co) and the 

accessory oxide assemblage, which incorporates minor or trace amounts of Cr, besides Fe, Ti and V. Ni 

and Cu contents (as well as those of Cr, Ti and V) are higher in type III mineralization, but Co contents 

are significant in both mineralization types.  
 

Table IV.7- Representative metal (ppm, except for Au, Pt and Pd in ppb) and S contents (wt%) in samples from 
Ventoso (CV), Figueirinha (FG) and Serrabritas (SB). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PGE concentrations were only measured in Ventoso and Figueirinha samples; no Au was 

detected in Serrabritas sulphides. Traces of Rh (0.7 ppb) and heterogeneous Au contents were measured 

in Ventoso, with two samples at 3.9 ppb and the other at 281 ppb (#CV-30); the same sample, also 

presents distinctively higher Cu, Zn, Cd and Ag concentrations. Noble metal contents in Figueirinha 

samples are clearly distinct showing enrichment in Pt, Pd and Au within ranges common for magmatic 

sulphides (e.g. Naldrett, 2004). The following relationships between noble and base metals are observed 

for the Figueirinha sulphides: (i) Pt concentrations do not develop visible correlation with Ni or Cu; (ii) Pd 

shows a marked positive correlation with Ni and negative correlation with Cu; (iii) Au shows a clear 
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negative correlation with Ni and positive correlation with Cu (the opposite from Pd, both elements 

therefore being negatively correlated) and; (iv) none of the noble metals displays conspicuous variations 

with Co. The contents obtained for Sr and Sc are higher in Serrabritas and Figueirinha samples, 

respectively, reflecting the high proportions of plagioclase (Sr) and clinopyroxene (Sc); sulphides can 

incorporate trace amounts of these elements, as well as Se, as confirmed by Micro-PIXE.  

Selenium concentrations above the detection limit of the analytical method used, were detected in 

all sulphide occurrences with exception of those from Serrabritas ( 3 ppm). Se is a strongly calcophile 

element whose concentration must therefore be scaled against sulphur. Se/S ratios are widely used in the 

study of magmatic sulphides to help unravelling on the sources of sulphur (e.g., Eckstrand et al., 1989; 

Ripley, 1990, Peltonen, 1995a) reason why they are discussed together with sulphur isotopic data in 

section IV.4.2.  

Recalculated composition of type III mineralisation at 100% sulphide 

Likewise LGS type III mineralisation, many magmatic sulphide mineralisations occur as 

disseminated or net-textured ores within a silicate-oxide matrix. It is a standard procedure to recalculate 

metal concentrations (particularly Ni, Cu Co and PGE) of liquid-magmatic sulphide ores to their equivalent 

as massive ores or as 100% sulphide; this allows a straightforward comparison of metal contents 

between different deposits. 

Recalculation procedure 

The recalculation is made assuming that all the analyzed Ni and Cu are incorporated in 

pentlandite and chalcopyrite, respectively. No correction for the presence of olivine is required because 

olivine is absent in Figueirinha samples whereas at Serrabritas, Ni in olivine ≤ 250 ppm (which has a 

negligible effect on the calculations). Mineral chemistry data were used (EPMA), to guarantee a better 

control of the results reported in Table IV.8B. 
 

Table IV.8- Bulk Ni, Cu and Co contents assuming they were present in 100% sulphide for each sample and based 
on the average metal contents in minerals, as determined by EPMA. The relative, calculated proportions of 
pentlandite (Pn %), chalcopyrite (Ccp %) and pyrrhotite (Po %) are also showed. (A)- Original whole-rock data; (B) 
Results assuming the mineralogy as Ccp + Po + Pn; (C)- Results for Figueirinha samples assuming the mineralogy 
as Ccp + Po + Linn. 

 

 

 

 

 

In Figueirinha ores, the only minerals that could induce some uncertainty in calculations are pyrite 
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or linnaeite; however, the effect of pyrite in S estimation is for sure negligible given its scarcity. Since the 

most important modal fraction of pentlandite in Figueirinha ores (i.e. forming the polycrystalline veinlets; 

see discussion in section IV.4.2), have undergone replacement by linnaeite, the following problems 

should be considered: (i) metal ratios, namely Fe:Ni of linnaeite differs from those of pentlandite (X= 

0.92), the core of the veinlets (X= 0.84), that comprise the most significant modal amount, presenting 

larger relatively to borders (X= 0.96); (ii) metal:sulphur ratios in linnaeite (X= 0.76) are lower than in 

pentlandite (X= 1.1); and (iii) because the development of linnaeite likely results from a low-temperature 

mineral transformation, the reactions implied (namely of sulphidation) may not be isochemical. As can be 

seen in Table IV.8C, the results chiefly differ on Fe and S contents (up to 1.5 wt%) or in the estimated 

modal amount of pentlandite vs. linnaeite. Because the difference in Ni or Cu estimates from considering 

linnaeite vs. pentlandite as the main Ni-bearing phase, are negligible for most purposes, including 

economic comparison with other mineral deposits, the use of pentlandite (Table IV.8A) is preferred.  

Revaluation of metal concentrations 

For metals that are chiefly incorporated in the sulphide phase, the normalisation procedure 

enables assessing different concentrations between samples or mineralisations with markedly distinct 

modal sulphide contents (Table IV.8A). Metal concentrations in the right-hand side of Figure IV.25 are 

lacking for the Figueirinha samples because they were analysed under typical exploration routines with 

considerably high detection limits. Results from Ventoso and Serrabritas mineralisations are chiefly 

comparable since they were both obtained at research analytical detection levels in the same laboratory. 

Trace metal concentrations obtained by in-situ analyses (EPMA) in sulphides presented in section 

IV.4.1.3 should provide additional means to assess relative metal abundances in each mineralisation.  

 

Figure IV.25- Normalized metal concentrations for type II and II mineralisations. 

 

Using the Serrabritas occurrence as proxy for type III mineralisation, the results displayed in 

Figure IV.25 indicate a bulk higher metal budget in type III relatively to type II mineralisation. Higher 

metal concentrations in type III mineralisation are not limited to Ni-Co as expectable by the occurrence of 

pentlandite, but include Cu (reflecting higher modal amounts of chalcopyrite) and several base metals 

and semi-metals such as Pb, Zn, Cd, As, Bi and Ag. Assuming equal sensitivity in Pb and Zn 
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determinations at exploration and research detection levels, the higher Pb and Zn concentrations in 

Serrabritas relatively to Figueirinha assemblage are also noteworthy.  

IV.4.1.5. Isotopic data as metallogenic indicators: Pb, S and Se/S ratios 

In order to trace the main sources of sulphur and metals, pyrrhotite and chalcopyrite concentrates 

from each sulphide mineralisation type were analysed for 34S and Pb isotopes. The results and their 

evaluation are reported in this section. Although Se/S ratios are not isotopic data, their relevance in the 

sulphide literature has been largely demonstrated, and equals with the importance of sulphur stable 

isotopic data; the reasoning behind the calculation and evaluation of the results obtained are therefore 

presented in this section  

34S 

Results for sulphur isotopic values samples of the three mineralizations are displayed in Table 

IV.9. 34S values allow distinguishing well between type III (-1.3 to 1.4 ‰) and type II mineralisation (6.1 

to 6.3 ‰). Although these data are discussed in detail in section IV.4.2.6, it is clear that mantle was the 

foremost source for S in type III mineralisation, whereas a significant crustal component has to be evoked 

to explain the positive isotopic signature presented by the late sulphide veins at Ventoso. 

 

Table IV.9- Sulphur isotopic composition of type II and III mineralisation. 

 

 

 

 

 

 

Se/S ratios 

Se/S ratios are commonly reported from chemical analysis of mineral separates (e.g. Ripley et al, 

2002), whole rock-data (Peltonen, 1995a; Maier & Barnes S-J, 1999) or in-situ measurements using 

EPMA, micro-PIXE or LA-ICP-MS (Paktunc et al., 1990; Hattori et al., 2002; Bédard et al., 2007). The 

strong calcophile behaviour of Se (KDSulph/Silicate 
Se  1770; Peach et al., 1990) implies that most of the Se 

content of a sulphide-bearing rock is contained in the sulphide phase; recent work comparing whole-rock 

data Se and S concentrations obtained by in-situ measurements with LA-ICP-MS in sulphides, 

corroborates this assumption (Bédard et al., 2007; Cox et al., 2007).  

Se determinations for LGS are available from whole-rock analyses for all the sulphide ore types 

(although below detection limit for Serrabritas samples; see Table IV.7, section IV.4.1.4) and from a 

single micro-PIXE analysis in pentlandite and pyrrhotite from Figueirinha (Table IV.10). Se/S ratios using 

raw whole-rock data (as reported in Table IV.7) or from Se and S concentrations re-casted to 100% 

sulphide, differ by less than 10, therefore the former are used as reference; an Se/S ratio of 69 for 

Serrabritas sulphides represents a minimum estimate based on the analytical detection limit of 3 ppm 

provided by ACTLABS.  

Se/S ratios obtained by micro-PIXE in Figueirinha sulphides are problematic due to the use of the 
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Mylar filter during the analysis to attenuate S radiation (see section IV.4.1.2). An inspection of Table 

IV.10B shows unreasonably low S concentrations (for pyrrhotite in particular), which may impart 

erroneous S/Se ratios. In theory, Se concentrations should not be affected by the Mylar filter as bear out 

by SePen/SePo = 1.2, falling within the range of 1  0.3 reported by Paktunc et al. (1990). The difference in 

calculating Se/S ratios using S concentrations measured by micro-PIXE or from EPMA data are in order 

of 150 and 75 for pyrrhotite and pentlandite, respectively (Table IV.10B). Because the differences in 

average Se/S for both minerals using corrected (604) vs. uncorrected S concentrations (641) are 

relatively small, within their order of magnitude, the original Se/S ratios (Table IV.10B1) are used.  
 

Table IV.10- (A)- Se/S ratios whole-rock for LGS sulphide mineralisation. (B1)- Se (ppm), S (wt%) and Se/S ratios 
obtained with micro-PIXE analysis for Po and Pn from sample FG-6B (Figueirinha); (B2)- Se/S ratios for Po and Pn 
from sample FG-6B (Figueirinha) obtained by combining Se measurements with micro-PIXE and S median 
concentrations (wt%) obtained with EPMA. 

Causes for the disparity in whole-rock versus in-situ Se/S ratios  

Se/S ratios on the basis of micro-PIXE analysis (Se/SMin) are about twofold of those retrieved by 

whole-rock data (Se/SWR) and fall within supra-mantelic ranges (mantle ≈ [250-300]x106); Table IV.10B). 

The much higher Se/SMin ratios would imply that Se/SWR values are diluted due to significant amounts of 

Se being accommodated in the silicate phase. This is in disagreement with evidence showing that Se is 

strongly partitioned into sulphide minerals (see references above) and warrant a re-examination of the 

data. The higher Se/SMin relatively to Se/SRock could have been caused either by erroneous (i.e. 

overestimated) micro-PIXE Se concentrations or overestimated S concentrations in whole-rock analysis.  

A comparison of Se/SMin for the Figueirinha with data concerning in-situ measurements for 

magmatic sulphide deposits (Table IV.11) shows that Se concentrations above ca. 100 ppm (and 

consequently, supra-mantelic Se/S ratios) are chiefly limited to PGE reefs, the Talnakh deposit (Noril’sk) 

and PGE rich domains from Sudbury or the Duluth deposit (Eckstrand unpublished data in Thériault et al., 

1997) figuring as classical examples. The following hypotheses have been suggested in literature to 

account for supra-mantelic Se/S ratios in general, and the remarkably high ratios in PGE– rich deposits: 

(i) High R factor. The strong positive correlation between PGE contents and Se/S ratios observed 

in PGE deposits has been ascribed to high ratios of silicate magma:sulphide melt or high R factor 

(Campbell & Naldrett, 1979) known to play a key role in metallogeny of PGE deposits; the interaction of 

low amounts of sulphide melt with large volumes of silicate magma should thus reflect an upgrading of 

both PGE and Se (due to its strong calcophile behaviour) contents, therefore increasing the Se/S ratios to 

supra-mantelic values. This relationship is consistent with the lack of evidence for externally derived 

sulphur in the genesis of major reef deposits hosted in Pre-Palaeozoic layered mafic intrusions (e.g. 

Bushveld or Stillwater), but less straightforward in CFB deposits (e.g. Noril’sk, Duluth) or Sudbury, where 
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the role of crustal contamination is clearly demonstrated by independent evidence. 

(ii) The influence of source zone. A sulphide melt will expectedly have higher Se/S ratios than the 

magma from which it segregated (e.g. Se/S x 106 for MORB glass = 267, coexisting sulphide globules = 

1200; Peach et al., 1990). As long as sulphide exists in the mantle source, silicate magma will always 

have lower Se/S than the residual mantle from which it was extracted. A magmatic system that is 

undergoing crystal fractionation with concomitant sulphide segregation will therefore produce silicate and 

sulphide melts with progressively lower Se/S at their respective proportions. The preferential retention of 

Se during partial melting of sulphide-bearing mantle leads to high Se/S values for sulphides from 

refractory mantle sources. Mantle reservoirs that experienced several magma extraction events (e.g. 

boninites from supra-subduction mantle wedges, or kimberlites from sub-continental sub-lithospheric 

mantle) have higher (i.e. supra-mantelic) Se/S ratios compared to values of primitive mantle or MORB 

basalts (Hattori et al., 2002).  

(iii) Sulphur loss. Several studies have demonstrated that the mobility of sulphur is far higher than 

that of Se in a wide variety of conditions that include (magmatic-) hydrothermal alteration (Barnes et al., 

2009, Andersen, 2006), metamorphism (Maier & Barnes S-J, 1999; Barnes et al., 2008) and weathering 

(Ripley et al., 2002). Regardless of the underlying cause, a sulphide mineral or ore that experienced 

sulphur loss will show higher Se/S than initial magmatic values. 

 

Se/S ratios in the order of 600 (Table IV.11), are typical of PGE reefs wherein a conjunction of 

extremely high R factors (in the order of 10 000 to 100 000; Naldrett, 2004) and high degrees of mantle 

melting ought to account for near or supra-mantelic Se/S ratios. If the high Se/SMin for Figueirinha 

represent primary features, than one or various features listed from points (ii) or (iii) would be implied. 

Upgrading the Se contents from normal (i.e. ca. 250-300) to the observed supra mantelic values would 

imply extreme R factors, typical of PGE deposits, which are clearly not appropriate. Degrees of partial 

melting as those implied in layered igneous intrusions of Archean or Palaeo- Proterozoic age during 

Phanerozoic times are chiefly limited to tectono-magmatic settings such as boninites. Evidence gathered 

in PART III does suggests a mildly depleted character for LGS source zone and, consequentially, 

moderate partial melting degrees. Nevertheless, geochemical and petrogenetic characteristics of LGS are 

far from what may be expected from magmas derived from strongly to ultra-depleted source zones. Thus, 

the high Se concentrations in Figueirinha sulphides, giving rise to supra-mantelic Se/SMin, are hardly 

reconcilable with magmatogenic or metallogenic evidence and suggest analytical problems in Se 

measurements by micro-PIXE analysis.  

Analytical problems on whole-rock measurements would more likely cause sulphur 

underestimation due to volatilisation, incomplete solubilisation of sulphide phases or transient 

precipitation of S-bearing phases in leached solutes. This would imply that Se/SWR would also be 

overestimated, deeming Se measured with PIXE and Se/SMin as flawed. Accordingly, modification of 

Se/SWR ratios due to sulphur loss by non-magmatic processes such as interaction of the ores with 

meteoric waters appears as a more reasonable explanation for whole-rock based ratios, but can hardly 

account for an increase of Se in sulphides as measured by micro-PIXE. Because Se is immobile under 

conditions typical for superficial media, Se/SMin ratios must be disregarded until further clearing. In view 

of: (i) evidence for interaction with superficial or groundwaters in these ores; and (ii) the immobile 
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character of Se relatively to S, it is probable that Se/SWR ratios for Figueirinha are in fact lower. 

Table IV.11- In situ Se measurements in sulphides from several mineral deposits. References; [1]- Paktunc et al. 
(1990); [2]- Cabri et al. (1985); [3]- Cox et al (2007); [4 ]- Ripley et al. (2002); [5]- Ripley (1990). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pb-Pb systematics  

Results from Pb isotopic analysis for samples of the three mineralisation occurrences displayed in 

Table IV.12 are heterogeneous and complex, differing for each sulphide mineral in both mineralization 

types. Samples from magmatic type III mineralisation yield the most heterogeneous Pb isotopic 

compositions (206Pb/204Pb [18.029-18.404], 207Pb/204Pb [15.553-15.609], 208Pb/204Pb [37.874-38.105]), 

relatively to type II hydrothermal mineralisation (206Pb/204Pb [18.099-18.121], 207Pb/204Pb [15.541-15.560], 
208Pb/204Pb [37.918-38.995]). All samples are characterised by low U/Pb () and Th/Pb (), values 

between 9.5 and 9.8, and 34.7 and 37.8, respectively. Serrabritas consistently displays the most 

radiogenic compositions, although with the greatest span of values between both analysed sulphides.  
 

Table IV.12- Lead isotopes composition for LGS type II and III sulphide mineralisation. 

 
 

As can be seen in Table IV.12, the isotopic values for chalcopyrite from Figueirinha show strong 

dissimilarities relatively to all other compositions, suggesting that isotopic disturbance may have occurred. 
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The causes for this variation are assessed below, followed by calculation of model ages for each 

mineralisation. Plumbotectonics interpretation of LGS sulphides is integrated in the metalogenesis section 

(IV.4.2) and compared with relevant regional data for ore-forming systems in OMZ. 

Evidence for disturbed isotopic compositions in Figueirinha 

Chalcopyrite-pyrrhotite negative slope for both isotopic ratios relatively to 206Pb/204Pb, contrasts 

with the positive slopes typical of a closed system evolution (e.g. Chiaradia & Fonboté, 2003) displayed 

by the other two mineralised systems (Figure IV.27) and suggests an open system evolution for 

Figueirinha. 206Pb/204Pb ratios for Figueirinha chalcopyrite are clearly too high (18.404) relatively to what 

may be expected for the geological age of the host rocks, most ores with similar geological age usually 

having 206Pb/204Pb ratios below 18.230 (e.g. Tornos & Chiaradia, 2004). These features thus suggest that 

the isotopic composition of chalcopyrite in the Figueirinha mineralisation has been disturbed.  

Geological causes for disturbance of chalcopyrite lead signature include an actual younger 

geological age, due to dissolution/reprecipitation of new-formed chalcopyrite related with Late-Variscan 

faulting and brecciation of the ores. Strong evidence for tectonic reactivation of shear zones until late-

stages at the Figueirinha quarry or a close spatial relationship with younger ATT suite rocks lend support 

to this hypothesis. Nevertheless, the replacement of polycrystalline pentlandite veinlets by linnaeite group 

minerals, strongly suggest that Figueirinha sulphides were subjected to secondary processes that must 

also be considered to account for the inferred isotopic disturbance of chalcopyrite, as discussed below. 

Leaching experiments in mafic rocks (Chiaradia & Fonboté, 2003) have demonstrated that hot 

acid solutions (36 h with HCl+HNO3 at 180 ºC), similar to hydrothermal ore-forming solutions will 

preferentially mobilise non-radiogenic Pb in mafic rocks. The resulting residue lead in the leached sample 

is often more 206Pb-radiogenic than the corresponding leachate. Assuming that interaction with superficial 

or groundwaters (weathering s.l.) of the now flooded section of the quarry likely proceeded beneath the 

water table column, under (mildly?) acidic conditions, the effect described by Chiaradia & Fonboté (2003) 

could account for the disturbance observed in Figueirinha chalcopyrite. In that situation, the apparent 

disturbance of chalcopyrite relatively to pyrrhotite could reside in a significant contribution from linnaeite 

group minerals in chalcopyrite concentrates. 
 

Table IV.13- Magnetic susceptibilities of sulphides for Frantz magnetic separation (Rosenbaum & Brownfield, 2000). 

 

 

 

 

 

 

 

The strongly fractured character of the coarse-grained linnaeite veinlets (due to volume reduction 

coeval of mineralogical transformation) should allowed their physical separation from the pyrrhotite matrix 

during sample cominuition. Consequently, during magnetic separation preserved pentlandite flames 

should have been concentrated along with pyrrhotite, (due to similar magnetic susceptibility; Rosenbaum 
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& Brownfield, 2000 and Table IV.13), whereas chalcopyrite (recovered above 1.0 Amps; details in Vol. II, 

Methodologies) should have been concentrated together with secondary linnaeite, as suggested by 

overlapping magnetic ranges with violarite or siegenite (Table IV.13).  

Model ages 

Excluding the Figueirinha samples, there is a tendency for pyrrhotite to present the most 

radiogenic compositions. The positive slopes observed between both sulphide phases for Serrabritas and 

Ventoso on Pb-Pb diagrams suggest that isotopic compositions of these samples evolved in closed 

system. The internal isochron defined by each mineral pair may be used to estimate model ages on the 

basis of intersection with the 206Pb/204Pb-207Pb/204Pb two stage lead evolution curve of Stacey & Kramers 

(1975) (Figure IV.26). This procedure was performed using ISOPLOT 3.7 software (Ludwig, 1998) and 

excludes the Figueirinha samples due to the disturbance in chalcopyrite isotopic composition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.26- Lead isotopic compositions for LGS sulphides (exclusive of Figueirinha) plot in the 206Pb/204Pb-
207Pb/204Pb two stage lead evolution curve of Stacey & Kramers (1975) using ISOPLOT 3.7 software (Ludwig, 1998) 
indicating the obtained model ages.  

 

The isotopic composition of Ventoso type II sulphides defines an isochron that intersects the 

Stacey & Kramers curve at 344 Ma. This age is remarkably consistent with the 342  9 Ma zircon 

SHRIMP age in the pegmatoid dykes (Jesus et al., 2007c) and strongly reinforces the linkage between 

both systems. Sulphides from Serrabritas type III define an isochrone that intersects the Stacey & 

Kramers curve at 400 Ma, which is about 50 Ma older than the crystallisation age of LGS obtained by Pin 

et al. (1999, 2008). This age may therefore be interpreted as tentatively representing the timing at which 

lead left the mantle reservoir.  

Model ages for each individual analysis were also obtained by interpolation using the slope of the 
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isochron (m) where the analysed points should lie, obtained with expression (IV.1) where a0 and b0 are 

the parameters (206Pb/204Pb = 11.152 and 207Pb/204Pb = 11.152, respectively) for the second stage of the 

two-stage Pb evolution model of Stacey & Kramers (1975).  
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Results obtained with this method are largely less accurate: the 411 - 396 Ma age span for 

Serrabritas is consistent with that obtained graphically with isoplot 3.7 but yielded future model ages for 

the Ventoso sulphides (295-273 Ma). While the results for chalcopyrite from Figueirinha are expectedly 

unreasonable, given its disturbed isotopic composition, the results for pyrrhotite (267 Ma) are also below 

what is geologically plausible which may again reflect some isotopic disturbance of these samples as 

previously discussed.  

IV.4.2. Metallogenesis of types II and III mineralisation 

In order to build a metallogenic framework on LGS sulphide mineralisation, the nature of its 

original components (quenched sulphide melt versus mss-iss) and mineralogical evolution during cooling 

is assessed and complemented with estimates of intensive variables during sulphide deposition. 

Constrains from bulk and mineral trace element variation and the available isotopic data allow evaluating 

the sources of metal and sulphur, besides the noble metal enrichment versus depletion in LGS source 

zone. Results from modelling sulphide melt segregation and the silicate magmas that could produce type 

III mineralisation using CRFRAC.9 and the R factor approach, provide additional constrains concerning 

the metallogenic model for types II and III mineralisation presented at the end of this section.  

IV.4.2.1. Bulk sulphide compositions: cumulate versus liquids  

Experimental work indicates that sulphide melt segregates from silicate magma at temperatures 

within the range of 1100 ºC (Naldrett, 1969). Below 900 ºC, the main phases are a monosulphide solid 

solution13 (mss) and a copper-rich intermediate solid solution (iss14) from which common sulphide 

minerals exsolve throughout cooling, until temperatures far lower compared to silicates (e.g. pyrrhotite-

pentlandite  250ºC, Kullerud, 1963; pyrrhotite-troilite  140ºC, Kissin & Scott, 1982). Likewise a cumulate 

silicate rock, the sulphide assemblage in a given mineralised domain may comprise a variable mixture of 

cumulate minerals, formerly represented by iss + mss and trapped melt, representing quenched sulphide 

liquid. It is therefore fundamental to the forthcoming discussion an assessment of the cumulate (iss + 

mss) versus sulphide melt contribution in each mineralisation. Although the magmatic versus 

hydrothermal character of type III versus type II mineralisation has been assumed throughout this work on 

the basis of field, petrographic and geochemical criteria, the features discussed in this section reinforce 

this assumption and provide a more detailed picture on the origin this late sulphide system.  

                                                      
13 The mss phase is a metal deficient structure with composition varying between two end-members, (Fe, Ni)1-xS that may 
accommodate considerable amounts of Cu and Co onto its structure; stable below 992ºC (Kullerud, 1963; Naldrett et al., 1967; 
Craig & Scott, 1976 and references therein); while it is easily preserved by rapid quenching in laboratory studies, it is rarely found in 
nature, with the exception of some submarine or sub-aerial lava flows. 
14 The  solid solution (Cu, Fe)1-xS, stable at about 960 ºC (Kullerud et al. (1969), in Craig & Scott (1976)).  
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Recent developments on the understanding of Ni-Cu sulphide deposits 

The zoned character of many Ni-Cu deposits such, as Sudbury or Noril’sk, has supported the 

common interpretation that sulphide systems evolve by fractional crystallisation. In this view, the Ni-rich 

portion of the deposits would correspond to early developed mss + iss cumulate and the Cu-rich domains 

to quenched and highly fractioned sulphide melt removed from its cumulates (e.g. Naldrett, 2004).  

Both the high temperature phases mss and iss are metal deficient compared to the coexisting 

sulphide melt (comparably more Cu and Ni-rich, and S-poor). Although the Cu content of the sulphide 

melt does increase with crystallisation (Fleet & Pan, 1994; Ebel & Naldrett, 1996), experimental data on 

the partition of Ni and Cu between mss and sulphide melt has demonstrated that for any plausible 

sulphide melt composition, Ni is chiefly an incompatible element until very low temperatures (Mungal et 

al., 2005). Accordingly, common magmatic Ni-Cu ores have compositions that most likely correspond to 

cumulate mixtures of mss + iss that must remain in equilibrium with the sulphide melt until a relatively late 

stage (Mungal, 2007; see below). At that stage, the metal contents of mss + iss approach those of initial 

sulphide melt, whose composition is comparatively more Cu and Ni rich (instead of exclusively Cu rich, as 

previously presumed), representing a small mass fraction of the system.  

Natural ores with metal-rich compositions that may truly represent quenched sulphide melt should 

be exceedingly rare, because such compositions are attainable at a relatively late stage (unless the 

starting composition of the sulphide melt is pushed to implausibly rich metal contents); their mass should 

be relatively small and chiefly restricted to huge systems, such as the Sudbury Igneous Complex, were 

literally pools of sulphide melt must existed. Indeed, only extremely Cu-Ni enriched veins (each metal > 

20 wt%) and contact ores such as those at Sudbury (e.g., Strathcona deposit; Naldrett & Kullerud, 1967), 

or those from komatiite deposits, are likely to approach the composition of residual sulphide liquids. It is 

worth noting that many offset Cu-rich ores (whose composition was thought to represent quenched 

residual sulphide melt) may likely represent iss-rich cumulates, or experience metal re-distribution during 

a late magmatic stage. 

In most systems, the faith of variably metal rich residual sulphide melts should be either re-

distribution in the sulphide system or loss into the silicate system. The structural and textural features of 

most sulphide assemblages that are suggestive of near-liquidus behaviour, should thus reflect the much 

greater rates of equilibration for sulphides, their low viscosity (relatively to the silicates) and ability to 

migrate through largely consolidate rock.  

Assessing the nature of LGS sulphides 

In order to assess the cumulate versus liquid nature of LGS sulphides, their normalised 

composition is displayed in Figure IV.27, where the Ni-Cu compositional range for a series of natural ores 

is firstly compared to experimentally produced sulphide melt, mss and iss. The composition of LGS type 

III mineralisation falls between the compositional field of mss and that of mss + iss mixing line, that may 

be produced from natural sulphide ores. The composition of Serrabritas mineralisation may be explained 

by a lower mss: iss ratio compared to the most Ni-rich sample of Figueirinha (#FG-6B). The Cu rich 

samples from Figueirinha define a trend that deviates both from the mss-iss mixing line, as well as the 

liquid line of descent for sulphide melt. Several Sveconorweggian deposits plot at the end of this trend, for 

which additional explanation must be sought. Nevertheless, the mss  iss composition for type III 
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mineralisation consistently reflects its mineralogical assemblage, comprising pyrrhotite, pentlandite and 

chalcopyrite. The occurrence of pyrite in the Figueirinha assemblage (as in most systems) should broadly 

represent excess sulphur in the system and/or the by-product of low temperature transformation of 

hexagonal to monoclinic pyrrhotite (Naldrett et al., 1967; Craig, 1973).  

Figure IV.27- Ni-Cu (normalised) compositional range for a series of natural ores compared to experimentally 
produced mss and equilibrium melt (represented by the equilibrium crystallisation liquid line of descent) from Mungal 
et al. (2005) and iss (Fleet & Pan, 1994), showing the composition of LGS sulphides. Data for natural ores points 
compiled by Naldrett (2004) shaded fields for Sudbury ores from Mungal (2007); black squares show the composition 
for common ore-forming minerals (Cb- Cubanite). 

 
 

This view provides theoretical support for the validity of normalized composition for 100% 

sulphide to be recast as the common products from mss + iss exsolution, with no allowance or correction 

for trapped melt fraction. However, the common assumption that normalised metal contents are proxy for 

the original sulphide melts and their employment in modelling or calculation routines to constrain ore 

deposition conditions is not accurate. Likewise for cumulate silicate rocks, results must be discussed to 

assess different contributions from crystal fractionation versus accumulation processes.  

Ni/Cu and Co variations 

Further insights may be obtained by inspection of Ni/Cu and Co variations in Figure IV.28 where 

data for pertinent15 reference deposits illustrate typical trends in magmatic sulphide ores, at the light of 

theoretical constraints previously presented.  

Ni/Co ratios at a given Ni content for LGS type III mineralisation follow the bulk trend of positive 

correlation shown by most deposits (Figure IV.28A). Co concentrations are often omitted or incomplete in 

most publications and, therefore, its variations do not elucidate much on the cumulate versus liquid 

content of the ores. Nevertheless, a comparison of Figure IV.28A and B suggests that each deposit may 
                                                      

15 By pertinent it is meant that data from the following deposits  or geological or frameworks were not considered: e.g. komatiites, 
Archean or paleo-Proterozoic layered intrusions (e.g. Bushveld, Stillwater).  
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have a characteristic Ni/Co ratio that remains constant regardless of its bulk base metal content. 

Figure IV.28B shows the variation of Ni/Cu ratios wherein a dashed vertical line at 3 wt% marks 

Cu the solubility limit in mss crystallised from natural sulphide melt compositions (Mungal et al., 2005; 

Fleet & Pan, 1994). Several trends allow relating base metal variations with the evolution of the sulphide 

system. Decreasing Ni/Cu ratios by increasing Cu define the bulk path of crystal fractionation of a 

sulphide melt; the limit for Cu solubility in mss should thus broadly separate ores with significant amount 

sulphide trapped melt and/or iss accumulation. Deposits related with flood-basalt volcanism show a 

remarkable compositional spread (both inter and intra-deposit) that extends into the field of high Cu low 

Ni/Cu ores (e.g. Sudbury footwall ores, several domains from Noril’sk, as well as some Sveconorweggian 

deposits); these ores should thus represent iss-rich cumulates, coexisting with increasing amounts of 

trapped sulphide melt. High Ni/Cu deposits spread towards the other side of this trend, that should 

correspond to cumulates at increasing mss : iss ratio with decreasing amounts of sulphide melt; several 

points from Sudbury, showing remarkably high Ni/Cu ratios, suggest near exclusive incorporation of mss. 

Figure IV.28- Comparison of metal contents and ratios of LGS type III mineralisation and several Ni-Cu deposits from 
distinct petro-tectonic contexts. (A)- [Ni]100 vs. Ni/Co; (B)- [Cu]100 vs. Ni/Cu. Data for other deposits compiled by 
Naldrett (2004). 

 

Ni/Cu ratios for type III mineralisation define two distinct groups. The Serrabritas sulphides and 

one sample from Figueirinha, plot chiefly at the line for Cu solubility limit in mss, at the Cu-rich end of the 

area dominated by economic sulphide magmatic deposits unrelated with flood-basalt volcanism; Ni/Cu 

variations are therefore consistent with these samples representing mostly mss  iss cumulates. The 

second group corresponds to the low Ni/Cu at high Cu samples from Figueirinha that plot beyond the line 

for Cu solubility limit in mss; the decoupling from the main trend of fractionation of sulphide melt in these 

samples precludes their higher Cu contents to be ascribed to high amounts of sulphide trapped melt. The 

above noted deviation from the mss-iss mixing line for these samples (and several Sveconorweggian Cu- 

rich deposits) is again clear in Figure IV.28B, where they depart towards the shaded field where the 

Ventoso samples plot (see below), i.e lower bulk-metal contents. Excluding the Cu-rich, Ni-poor sulphide 

melt concept, among the various origins proposed for the Cu-rich Sveconorweggian Cu-rich veins (Boyd 
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et al., 1988), several include secondary processes, either of broadly hydrothermal origin, or related with 

the superimposed metamorphic processes. Accordingly, the similar trend shown by Figueirinha samples 

towards the hydrothermal field, may indeed impart secondary modification of their primary Ni/Cu ratios.  

The hydrothermal origin of the Ventoso sulphides 

The Ni-depleted, mildly Cu-rich composition of the Ventoso mineralisation cannot be accounted 

by any natural ore representing mss + iss cumulate derived from sulphide melt. Evidence from natural 

and experimental sulphide compositions further dismisses the origin of the Ventoso mineralisation as 

contact or off-set ores. These features support that Ventoso sulphides represent products of hydrothermal 

activity; the corner below this trend in Figure IV.28B was accordingly shaded to illustrate this 

hydrothermal component. The hydrothermal trend develops sub-parallel to purely magmatic trends, along 

a path of increasing fractionation of the sulphide melt. It is therefore suggested that the trend evidenced 

by Ventoso samples may be envisaged as resulting from a mixing of a magmatic residual melt (higher 

Ni/Cu ratio, lower Cu) with an hydrothermal component (lower Ni/Cu ratio, higher Cu).  

IV.4.2.2. Sulphide mineralogical evolution 

Relevant constrains may be withdrawn from textural and mineralogical data, namely: (i) the Co-

rich nature of LGS pentlandite, particularly at Serrabritas; (ii) the amount of Ni remaining in solid solution 

in pyrrhotite, i.e. that is not exsolved as pentlandite (residual Ni); (iii) the composition, texture and 

coarseness of pentlandite; and (iv) the origin of linnaeite group minerals. 

The relevance of these questions surpasses pure mineralogical interest and has a strong bearing 

on the economic value of a deposit. For example concerning point (iii) coarse grained pentlandite as 

blocky or polycrystalline chains are evidently more favourable to ore dressing. For point (ii) it should be 

noted that Ni in pyrrhotite is not currently recovered in most countries since smelting process is expensive 

and highly penalizing for the environment (Naldrett et al., 2000b); it is therefore crucial that Ni is 

effectively exsolved to form pentlandite, the main Ni ore. Regarding point (iv) the major consequence of 

ascribing the linnaeite veinlets to a pentlandite precursor is: Figueirinha mineralisation included 

polycrystalline pentlandite aggregates, commonly found in most Ni deposits with economic grades. 

The Co-rich character of LGS pentlandite 

Co-rich pentlandite is mostly described in association with serpentinized ultramafic rocks (e.g. 

Shiga, 1987), including in hydrothermal fields hosted by MORB (e.g. Mozgova et al., 1996; Borodaev et 

al., 2007) or from metamorphosed massive-sulphide ores, such as those in the Outokumpu region 

(Vaasjoki et al., 1974; Lamberg, 2005; Peltonen et al., 2008 and references therein). Since pentlandite is 

the main repository of Co and Ni in the sulphide assemblage, its relative abundances should reflect those 

of the original sulphide melt. Experimentally determined partition coefficients between sulphide and 

silicate melt, and distribution coefficients between iron and calcophile elements reported in Table IV.14 

(Rajamani & Naldrett, 1978), allow elucidating on the relative Co-Ni enrichment in pentlandite.  

Both the partition and distribution coefficients between sulphide and silicate melt of basaltic 

composition are significantly higher for Ni than Co. Accordingly, the co-variation of Co contents and Fe: Ni 

ratios in LGS pentlandite (see Figure IV.20) suggests that the incorporation of Co took place as a 

consequence of two factors: (i) the availability of Co in the system; and (ii) the existence of mild Ni-
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depletion in sulphide melt. Riley (1977) noted that, depending on the underlying process, Co enrichment 

in pentlandite may result in two distinct trends. When related to serpentinization processes, Co replaces 

Fe in the structure of pentlandite; the source of Co is related to the breakdown of olivine during 

serpentinization and subsequent incorporation in sulphides during post magmatic hydrothermal stages 

(Shiga, 1987; Mozgova et al., 1996; Borodaev et al., 2007). In contrast, the increase of Co in pentlandite 

from Scandinavian Ni deposits (e.g. Outokumpu) appears to occur mainly by replacement of Ni; as 

discussed in section IV.4.1.3, metal variations suggest that Co incorporation in LGS pentlandite occurs 

mostly by replacement of Ni instead of Fe, therefore representing a typical magmatic trend constrained by 

a relative depletion of Ni in the melt  
 

Table IV.14- Experimentally determined partition coefficients (kdi
Sulph melt/Slict melt) for Ni, Cu and Co between sulphide 

and silicate melt or their exchange distribution coefficients (KDi-Fe); adapted from (Rajamani & Naldrett, 1978); 
numbers in parenthesis are standard deviation. 

 

 

 

 

 

 
 

Merkel & von Gruenewaldt (1986) describe the disseminated sulphide assemblage hosted by 

highly evolved gabbroic rocks (Fo11-29) that include several magnetite rich layers in the Upper Zone of the 

Bushveld Complex; sulphides include “intermediate” pentlandite (47 at% Fe) and predominantly troilite, 

plus Co-rich pentlandite (12.1-44.7 at% Co to 1-19.8 at% Ni). The strongly Co-rich nature of the 

pentlandite is believed to be a consequence of strong calcophile depletion in the silicate melt, Ni in 

particular. Paktunc (1989) reached similar conclusions on the origin of Co-pentlandite (0.1 to 8.7 at% Co) 

in St. Stephen intrusion (Appalachians).  

The Ni depletion in LGS pentlandite and consequent Co enrichment is far less extreme than the 

case of the Bushveld Upper Zone or St. Stephen intrusion, where sulphides segregated from highly 

fractioned, calcophile-depleted melt, as supported by the evolved chemistry of the host rocks. In fact, a 

comparison with the composition of pentlandite from the economic Aguablanca deposit, shows that the 

Figueirinha pentlandite (Ni X=25.6 at%; 34 wt %) is only 2 wt% less Ni rich (Ni X=27.7 at%; 35.26 wt%; 

Ortega et al., 2004). Ni whole-rock concentrations are therefore mostly dependent on the modal 

abundance of pentlandite and bulk sulphide content in rocks. The small difference in Ni contents relatively 

to the high Co concentrations between Figueirinha and Aguablanca suggests that Co concentrations in 

LGS may also represent a primary and interesting anomaly in LGS magmas.  

Residual Ni contents in pyrrhotite 

The dependence of residual Ni in pyrrhotite on its Fe:S ratio reflects the cooling history of the 

original mss and consequently the modal amount and texture of exsolved pentlandite. The Ni content of 

the original sulphide melt (and then mss) will have a strong effect in the composition (Fe:Ni ratio) of the 

pentlandite, provided that enough Ni existed initially to drive pentlandite exsolution (the Ni content of 

pyrrhotite is usually below 1 wt %; Misra & Fleet, 1973). Pyrrhotite Ni-contents in LGS type III 
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mineralisation (Serrabritas X= 0.15 wt%, Figueirinha X= 0.62 wt %) are similar to somewhat lower to 

those reported for typical values in some deposits such as Sudbury ( 0.6 wt %) or Aguablanca (X= 0.51 

wt%; Ortega et al., 2004). An inspection of Figure IV.19 puts in evidence that the Ni content of pyrrhotite 

in type III mineralisation decreases with its Fe content or Fe:S ratio. This relationship is consistent with 

the observations of Kelly & Vaughn (1983), demonstrating that the amount of residual Ni in pyrrhotite is 

strongly dependent, and increases with decreasing metal : sulphur or Fe:S ratios. The high Fe:S lamellae 

observed in the Serrabritas pyrrhotite or in Ventoso disseminated sulphides hosted in ultramafic levels, 

bear the lowest Ni concentrations as expectable for their troilite-rich composition (Misra & Fleet. 1973).  

Although the features concerning pentlandite are discussed in the next point, they are relevant to 

the understanding of the composition of the Ventoso pyrrhotite, which has the lowest Fe:S ratio (X=0.85) 

and Ni contents (X=0.17 wt %), within the range of those of the Serrabritas mineralisation. Although the 

pyrrhotite metal : sulphur ratio and the Ni contents are correct from a crystal chemistry point of view, the 

hydrothermal origin of the Ventoso sulphides would anticipate lower Ni contents in pyrrhotite (e.g. Arnold, 

1967; Paktunc et al., 1990). Therefore, the Ni contents in the Ventoso pyrrhotite support previous 

inference that the hydrothermal sulphides may bear a magmatic component.  

Pentlandite textural and compositional variations 

The upper thermal stability limit of pentlandite in the Fe-Ni-S system is 610 ºC (Kullerud, 1963); 

although many studies indicate that far lower exsolution temperatures are usual in most systems. Sugaki 

& Kitakase (1998) have demonstrated the existence of a high-temperature form of Fe-Ni pentlandite 

stable at about 829 ºC. The effect of Co on the increase of pentlandite thermal stability has been 

recognised by Vaasjoki et al. (1974); subsequent experimental work confirmed that the high form of Co-

pentlandite is stable up to 926° ± 3°C (Kitakaze & Sugaki, 2004). A rough estimate of the upper thermal 

stability of LGS pentlandite using the relationships between breakdown temperatures and Co contents, as 

proposed by Vaasjoki et al. (1974), is illustrated in Figure IV.29. 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.29- Graphic estimate of upper equilibrium temperatures for LGS pentlandites based on the relationship 
between breakdown temperatures and Co contents in pentlandite determined by Vaasjoki et al. (1971).  

 

The range of temperature obtained (621-666 ºC) is above values determined in the ternary Fe-Ni-

S system, the latter varying from about 610º C (Kullerud, 1963) to 615º C (Kitakaze & Sugaki, 2004). The 
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estimated temperature for the Serrabritas sulphide assemblage (X=660 ºC; 647-663 ºC) is ca. 200ºC 

below the closure temperature obtained for silicate equilibria 863  31ºC (see section III.5.1.2), but 

systematically above values concerning Figueirinha samples (X=626 ºC; 621-630 ºC), as expected on the 

basis of their higher Co concentrations. Kitakaze & Sugaki (2004) have interpreted the significance of 

temperatures obtained by Vaasjoki et al. (1974) as the inversion temperature of high to low form of 

pentlandite which ranges from 615° ± 3°C (pentlandite) to 831° ± 3°C (Co-pentlandite) and below which 

both end-members develop a continuous solid-solution. Pentlandite exsolution from pyrrhotite is therefore 

bounded to occur below this temperature range.  

The pentlandite-mss solvus depends mostly (increasing with) on metal : sulphur ratio of mss, and 

to a lesser extent on its bulk Ni content (Kelly & Vaughn, 1983). An accurate reconstitution of the original 

metal : sulphur ratios in pentlandite-bearing ores is not possible due to extensive reequilibration and 

successive phase exsolution. Nevertheless, taking the average composition of pyrrhotite as an indicator, 

the metal: sulphur ratios were probably higher at the Serrabritas assemblage, as indicated by the 

presence of troilite lamellae. Additional evidence includes the widespread occurrence of pyrite in 

Figueirinha ores and its absence at Serrabritas, suggesting a bulk higher sulphur activity and lower metal 

: sulphur ratios in the Figueirinha system. The indication that pentlandite exsolution from pyrrhotite in 

Serrabritas assemblage took place at higher temperatures is consistent with its higher Co contents.  

An extended period for pentlandite exsolution in Serrabritas assemblage is in accordance with the 

observed low residual Ni contents in pyrrhotite, but would anticipate the occurrence of coarse-grained 

(blocky) pentlandite. The predominance of flame and lamellae in Serrabritas samples may be explained 

by the net-textured character of sulphides. The larger amount of sulphide-silicate contacts should have 

driven pentlandite exsolution to occur firstly along structural defects and grain boundaries (Naldrett et al., 

1967; Kelly & Vaughn, 1983), where flames and lamellae concentrate.  

At Figueirinha, pentlandite develops both flame/lamellae and polycrystalline chainlike aggregates, 

now fully replaced by linnaeite group minerals. Once reaching the mss-pentlandite solvus, the lower 

proportion of silicate-sulphide boundaries due to the semi-massive nature of the sulphide, allowed a more 

effective concentration of exsolved pentlandite along pyrrhotite grain-boundaries. Coalescence of small 

grains (for example at triple point junctions of pyrrhotite grains) should have allowed progressive 

coarsening of granular pentlandite and finally the chain-like polycrystalline aggregates around the 

pyrrhotite matrix. Considering that the thermal constrains on the basis of Vaasjoki et al. (1974) calibration 

were obtained using pentlandite lamellae and that the Co contents of the linnaeite veinlets are marginally 

above those in preserved lamellae, the exsolution onset for polycrystalline aggregates may have started 

at marginally higher temperatures relatively to the lamellae. This relationship is consistent with the longer 

exsolution period required to accomplish the development of polycrystalline aggregates above described. 

Because the occurrence of pyrite influences pentlandite equilibrium, this issue will be discussed in the 

next section, where equilibrium temperatures for the pyrrhotite-pyrite association are reported. 

The origin and development of linnaeite group minerals 

Violarite is by far the most commonly described mineral of the linnaeite group, although the 

reported chemical variations often depart from the ideal formula (Fe, Ni)3S4. Misra & Fleet (1974) define a 

wide compositional variety for “isometric Fe-Ni-S phases with compositions approximately (Fe, Ni)3S4 that 
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may be correctly termed as violarite”, restricting the use of greigite and polydymite to Fe3S4 and Ni3S4 

end-members, respectively. In the absence of data that allow asserting the crystallographic nature of the 

linnaeite group mineral, in this work, the general designation linnaeite (s.l. being implied) is preferred. 

Textural, compositional and experimental data suggest that violarite may form as a late replacement 

product (often by interaction with meteoric waters) of magmatic pentlandite or millerite (NiS).  

Several features found in LGS linnaeite are in accordance with those reported for violarite 

minerals by Misra & Fleet (1974). Low analytical totals from EPM analysis (down to 92.7 wt%; the 

minimum found in LGS being 94.30 wt% in Serrabritas samples) are common and ascribed to the 

strongly porous and fractured textures that lead to loss of X-ray intensity during EPM analysis; it should 

be noted that, to be sure, a wide element spectrum was sought (in this study, as well as in the work of 

Misra & Fleet), but none was found in sufficient amounts to explain the low analytical totals. The sulphur 

deficiency relatively to stoichiometric limits is also a common feature, although in the case of LGS 

pentlandite precursors do not evidence this characteristic (Misra & Fleet, 1973). The highest Co reported 

for violarite (9.1 at%) is lower than maximum values measured in LGS (15.7 at%) in single analysis of 

Serrabritas spcimens where the pentlandite precursor is consistently more Co-rich; the highest Co 

contents in linnaeite from Figueirinha are 5.1 at%. This is accordance with the rough correlation between 

the Co contents of violarite and associated pentlandite, observed by Misra & Fleet (1974), which also 

indicate that the Co content of violarite is usually equal or slightly above the values found in associated 

pentlandite, as is observed in LGS.  

Single crystal X-ray studies confirm that violarite develops from pentlandite along the same 

crystallographic direction due to the similar cubic packing of both minerals (Misra & Fleet, 1974). 

Assuming constant sulphidation conditions, the conversion process involves removal of excess metals 

from the pentlandite structure, that may be stabilised within the sulphide assemblage or loss from the 

system. The amount of Fe (relatively to Ni) that is removed and Ni incorporation in the sulphide 

assemblage have critical implication on the ore grade, particularly if much of the deposit has undergone 

(supergene) alteration. Following this reasoning, and considering that in the studied samples the coarsest 

grained pentlandite has been fully converted to linnaeite, the relative amounts of metal removed are 

tentatively quantified in the following paragraphs.  

Figure IV.30 shows metal concentrations in linnaeite and associated pentlandite for LGS, as well 

as data from specimens of several Canadian deposits studied by Misra & Fleet (1974). Linnaeite from 

LGS presents larger metal variation compared to relatively restricted composition of related pentlandite, 

with Fe and Ni presenting the widest variation relatively to Co; this observation is consistent with literature 

reports, where the compositional variation in violarite usually increases with the alteration degree of 

pentlandite. As shown in Figure IV.30, Co contents in LGS linnaeite are systematically higher than in 

associated pentlandite whereas Ni and Fe in particular, are lower, leading to higher (Ni+Co):Fe and Fe:Ni 

ratios in linnaeite relatively to pentlandite. Graterol & Naldrett (1971) report a different relationship with 

violarite (Ni X= 34.2 at%) from Marbridge deposit, being systematically more Ni-rich than pentlandite (Ni 

X= 32.0 at%); on this basis, removal of 1 atom of Ni per 4 of Fe from pentlandite to form violarite was 

suggested. Misra & Fleet (1974) noted that violarite in pyrrhotite-bearing assemblages are more Fe-rich 

and have significantly higher Fe/Ni ratios than the associated pentlandites, whereas in pyrrhotite-free 

assemblages (such as those in Marbridge deposit) violarite is more Ni-rich and has significantly lower 
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Fe:Ni ratios (X=0.32) than pentlandite (X= 0.61). Despite of differences in pentlandite-violarite absolute Ni 

contents from the Marbridge deposit, similar values of 1 Ni and 5.9 Fe seem to characterise the linnaeite-

pentlandite mineral transformation in the Serrabritas assemblage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.30- Compositional variations in linnaeite group minerals and associated pentlandite in LGS. Pn-Linn 
minerals pairs (as indicated by tielines) from several Canadian deposits (MF) are also plotted (see references in 
Misra & Fleet, 1973). All values are in at% (A)- Ni vs. Fe; (B)-; (C)- Co vs. Fe. Lines plotted for LGS minerals 
represent the required metal variations (indicated by the ratios) to transform Pn in Linn, for details see text.  

 

Concerning the Figueirinha assemblage, where linnaeite s.l. is much more widespread, and 

assuming that: (i) all linnaeite is derived from pentlandite (there is no evidence for the occurrence of 

millerite); and (ii) the flame exsolution analyses are broadly representative of the polycrystalline 

aggregates that gave rise to the linnaeite veinlets; the rotation of tielines in Figure IV.30B indicate that 

the amount of Fe removed from pentlandite probably decreases with increasing of the Fe:Ni ratios in the 

precursor pentlandite (from 1 at% Ni to 1.3 at% Fe for linnaeite with Fe: Ni = 0.75, to 1 at% Ni to 0.9 at% 

Fe for linnaeite with Fe: Ni = 0.97), leading to linnaeite with progressively higher Fe:Ni ratio. This 

relationship agrees with the observation of Misra & Fleet (1974) in what concerns the increasing amount 

of Fe that is removed from pentlandite in relation to its original Fe:Ni ratio: the loss of Fe, Ni, and Co vary, 

respectively, from about 1.8, 8.8, and 0.06 atoms per unit cell for the most Fe-rich violarite to about 11.7, 

3.8, and 0.01 for the most Ni-rich violarite studied. This further indicates that the loss of Co should be 

minimum and the higher Co contents relatively to pentlandite may be envisaged as a residual enrichment 

process. Accordingly, the polycrystalline aggregates may indeed have been up to 2 wt% more Co-richer 

than flames.  

Some linnaeite grains from Figueirinha, particularly those forming the borders of veinlets and 



 
 
 

IV- ORE FORMING SYSTEMS IN LGS 

467 

patches, appear to have involved a more significant loss of Co, up to 7 atoms of Co. The low Co contents 

of the borders of veinlets or patches and their higher Fe:Ni ratio suggest that these may represent 

pyrrhotite that was transformed to linnaeite at the edges of the precursor polycrystalline chain aggregates 

pentlandite. Although Misra & Fleet (1974) do not confirm the development of violarite from pyrrhotite, 

Nickel et al (1974) report violaritised pyrrhotite in Kambalda ores, developing from fractures and grain 

borders. Figure IV.12F from the Ventoso mineralisation shows that linnaeite developed from pyrrhotite 

displays typical “lamellar” texture inherited from pyrrhotite twin lamellae, giving rise to the saw-tooth 

aggregates along cracks, also observed on veinlet borders at the Figueirinha in Figure IV.13B. 

From the above, it is concluded that at least part of the Ni released from pentlandite in 

polycrystalline aggregates must have been incorporated in the adjoining pyrrhotite, its Co contents 

reflecting the initially low Co concentrations in the pyrrhotite precursor, since Co is apparently not mobile 

during the process. The development of linnaeite from pyrrhotite further implies releasing significant 

amounts of iron, which may have been incorporated in late-developed pyrite aggregates. Late-stage 

pyrite veinlets observed within or at the margins of linnaeite veinlets must also incorporate part of the Ni 

released from pentlandite, as suggested by the high Ni contents (X=3.2 at%) of these pyrite veinlets 

compared to other grains in the assemblage (X=0.4 at%). Although, the mechanism of replacement 

suggest that part of the Ni released from pentlandite was retained in the system, the uncertainties 

inherent to Ni massive balance does not allow excluding the development of linnaeite during interaction 

with meteoric waters as a (main?) cause of bulk variation in Ni/Cu ratios observed in section IV.4.2.1.  

IV.4.2.3. Critical features controlling sulphide deposition: S2 and O2  

Some critical features controlling the early stages of sulphide deposition in both mineralisation 

types can be addressed by means of mineral phase equilibrium, considering textural and compositional 

relationships displayed by sulphide minerals. As reported in Jesus et al (2007b), from the activity of S2 

implied by different pyrrhotite compositions at 4 kbar (Toulmin and Barton, 1964; Scott and Kissin, 1973), 

the stability of the three studied assemblages can be observed in Figure IV.31.  

  

 

 

 

 

 

 

 

 

 

 

Figure IV.31- Diagram relating log a(S2) to pyrrhotite composition at 4 kbar for the three sulphide occurrences. 
Adapted from Jesus et al (2007b) 

Serrabritas type III mineralisation 

The main stage of type III mineralization development at Serrabritas took place under low-
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sulphidation conditions, never reaching the pyrite field at T= 650  50ºC (Jesus et al, 2007b). The 

presence of troilite constrains final equilibrium conditions for the sulphide assemblage at about 140 ºC 

(Kissin & Scott, 1982). 

The estimated conditions for sulphur activity are consistent with the inferred high metal : sulphur 

ratios in the original mss that are now reflected in the high Fe : S of the matrix, forming pyrrhotite. Troilite-

bearing natural assemblages are infrequently reported (Scott and Kissin, 1973); notable exceptions 

include several domains in the Voisey’s Bay deposit (Naldrett et al., 2000b) or the Upper (magnetite-rich) 

Zone of the Bushveld Complex (Merkle & von Gruenwaldt, 1986). At Voisey’s Bay, troilite coexists with 

hexagonal pyrrhotite (46.98-48.37 at% Fe) and pentlandite (24.15-27.76 at% Ni) within the compositional 

limit determined by Misra & Fleet (1973) for this assemblage (23.5-25.5 at% Ni). Co-pentlandite (see 

above) at the Bushveld Complex is associated to “intermediate pyrrhotite” with about 47 at% Fe and 

troilite; pyrite is reported to exist in low modal contents in the sulphide assemblage, however, its 

relationship with the pentlandite-pyrrhotite assemblage is unspecified. 

The Ni content of pentlandite from Serrabritas ([18-21], X=19 at % Ni) falls within the interval 

[18.5 – 23] at % Ni reported by Misra & Fleet (1973) for minerals in equilibrium with troilite. However, 

troilite from Serrabritas is limited to the conspicuous exsolution lamellae and is subordinated to the matrix 

with lower Fe:S ratio. Pyrite-devoid assemblages of pentlandite coexisting with troilite and hexagonal or 

monoclinic pyrrhotite should bear a Ni content of (23.5-25.5) and (25.5-28.5) at%, respectively. Both the 

Serrabritas and Bushveld Co-pentlandite have Ni contents that are lower than what is commonly found in 

Fe-Ni-S system assemblages s.s., as expectable in Co-rich systems.  

Low-temperature ( 350 ºC) relationships for the Fe-Ni-S system (Scott & Kissin, 1973) 

demonstrate that the composition of Serrabritas pyrrhotite matrix is at the lower limit of the stability of 

monoclinic pyrrhotite, above which the stable assemblages are exclusively constituted by troilite + 

hexagonal pyrrhotite. The composition of troilite lamellae in matrix-forming pyrrhotite with Fe X=46.76 

at%, is very similar to that reported for the main pyrrhotite phase by Merkle & Gruenwaldt (1986; see 

above) and within the lower range of those from Voisey’s Bay hexagonal pyrrhotite (Naldrett et al., 

2000b). These features suggest that the Serrabritas main phase is more likely to be an hexagonal 

polytype, which is stable with troilite and pentlandite with lower Ni contents than what would be 

expectable if it were monoclinic. 

Figueirinha type III mineralisation 

The formation of type III mineralization at Figueirinha involved a higher sulphidation stage, 

approaching pyrite-pyrrhotite equilibrium at temperature from 670ºC to 500ºC and log a(S2) values from 

-0.4 to -4 (Jesus et al, 2007b). Pyrrhotite-magnetite equilibrium at 4 kbar for the Figueirinha mineralisation 

also indicates log a(O2) values from  -18 at 650ºC to  -22 at 450ºC Figure IV.32; Jesus et al, 2007b), 

which is consistent with values indicated by magnetite-ilmenite geothermobarometry (636ºC and logO2 

-17.8  0.5).  

Experimental data show that above 300 ºC, the mss field extends across the Fe-Ni join of the Fe-

Ni-S ternary system, preventing the establishment of tielines between pentlandite (below the mss field) 

and pyrite (above the mss field; Naldrett et al., 1967; Craig, 1973). Although this implies that pyrite and 

pentlandite can only coexist as stable mineral phases below 300ºC, Misra & Fleet (1973) suggested that 
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the common occurrence of pyrite-pentlandite- pyrrhotite (monoclinic or hexagonal) in natural 

assemblages likely developed under disequilibrium conditions. Indeed, the upper thermal stability of 

pentlandite using Co contents is very close (X= 626 ºC) to pyrite-pyrrhotite equilibrium temperature, 

suggesting that the onset of pentlandite flame exsolution occurred at temperatures close to the 

development of pyrite, or even higher for pentlandite polycrystalline aggregates (now converted to Co-rich 

linnaeite).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.32- Pyrrhotite, magnetite and pyrite log a(O2) – log a(S2) equilibrium at 4 kbar, at 650ºC and 450ºC 
(thermodynamic data from Berman’s software  TWQ vs. 2.34, 2007). Adapted from Jesus et al (2007b). 

 

The compositional range of Figueirinha pentlandite (24-26 at% Ni) is more consistent with a 

pyrite-devoid assemblage (e.g. hexagonal + monoclinic pyrrhotite [25.5-28.5 at % Ni] or monoclinic 

pyrrhotite [24-29 at% Ni]) than a pyrite-bearing assemblage (monoclinic pyrrhotite-pyrite [27.5-28.5 at% 

Ni]; hexagonal + monoclinic pyrrhotite-pyrite [26.5 - 29 Ni at%]). Accordingly, although some pentlandite 

exsolution may have been possible above or during the main stage of pyrite deposition (670 ºC -500 ºC), 

pentlandite exsolution should have been largely inhibited, until crossing the 300 ºC limit (below which 

pentlandite and pyrite form a stable assemblage). Gradual coarsening of the already exsolved pentlandite 

may have continued due to sustained Ni high self-diffusion rates under relatively high temperatures (Kelly 

& Vaughn, 1983). This process would be more effective for the development of the polycrystalline 

aggregates, while the flame exsolutions, particularly those sited at silicate-sulphide grain boundaries, 

would be completely inhibited or temporally frozen due to the higher closure temperatures of the silicate 

assemblage. The higher residual Ni contents in pyrrhotite from Figueirinha relatively to Serrabritas may 

thus reflect a period wherein pentlandite exsolution was inhibited due to the development of pyrite. In 

contrast, cooling under lower sulphur activities (never reaching the pyrite field) and the abundance of 

silicate-sulphide contacts (due to the net-textured character of the ore) allowed a better “draining” of Ni 

from pyrrhotite, although having the consequence of producing a finer grained pentlandite.  

Ventoso type II mineralisation 

The development of type II mineralization at Ventoso required relatively high sulphidation 

conditions and the pyrite-pyrrhotite equilibrium was achieved from 630ºC to 450ºC under -4.6  log 
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a(S2)  -1.3 (Jesus et al, 2007b). X-Ray mineral studies indicate that pyrrhotite from the Ventoso is mainly 

the 4C (monoclinic) polytype (Mateus et al., 2001; Jesus, 2002). The corroded and porous textures 

observed in many euhedral pyrite grains strongly suggest the development of late desulfurisation 

reactions. Indeed, investigations in the Fe-S system (Kullerud, 1967 in Craig & Scott, 1976) allow 

interpreting these textures as a product from reaction involving high-temperature, hexagonal pyrrhotite 

with early developed pyrite giving rise to the currently observed monoclinic pyrrhotite.  

IV.4.2.4. Olivine-sulphide relationships in the Serrabritas mineralisation 

Ni-Fo variations in olivine included in the host gabbroic layers of Serrabritas sulphide ores were 

preliminarily addressed in section III.2.1.6. The extremely low Ni concentrations in olivine immersed in 

sulphide (down to 7 ppm Ni) were ascribed to extensive Fe-Ni exchange reactions between sulphide melt 

and cumulus olivine grains. Figure IV.32 provides a more detailed picture of olivine compositional 

variations either in sulphide-host rocks (both mineralized and barren), or in gabbroic rocks belonging to 

stratigraphic layers below (footwall levels) or above them (hanging wall levels), the latter including the 

oxide-rich layers. In order to provide a tight control and exclude variations from other phenomena, only 

data from the detailed sampling performed at Serrabritas quarry are considered.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.33- Ol compositional variations in mineralised and adjoining layers of Serrabritas type III mineralisation.  

 

Below the mineralised layer, the usual scatter for most LGS olivine compositions is observed, 

with a range of Ni values for a relatively tight interval of Fo compositions. The field of olivine from barren 

samples (mineralised level) appears in continuity with those from the footwall, but form a large gap with 

olivines from mineralised samples. The relationship between barren and sulphide-bearing samples is 

clearly the opposite of what may be expected from a normal crystal fractionation process, with minerals 

with the highest Fo from the latter showing the lowest Ni contents. This trend is clearly driven by Fe-Ni 

reequilibration, wherein the Ni content of olivine is buffered by the sulphide phase. The net result of the 

olivine-sulphide exchange resulted in a strong partition of Ni and Fe into the sulphide phase, leaving the 

olivine nearly completely depleted of Ni at higher Fo content in comparison with olivine included in the 

barren portions of the olivine norite; similar reactions are reported for olivine immersed in sulphide at the 

“leopard” troctolite unit of the Voisey’s bay deposit (Li & Naldrett, 1999).  



 
 
 

IV- ORE FORMING SYSTEMS IN LGS 

471 

O2 estimates and olivine-sulphide distribution Fe-Ni exchange coefficient 

The absence of the magnetite-ilmenite pair and pyrite in Serrabritas sulphide ores (or in barren 

olivine norite) precludes obtaining O2 estimates on the basis of pyrrhotite-magnetite-pyrite equilibrium. 

Nevertheless, relatively low conditions of oxygen activity during sulphide deposition may be inferred 

compared to those at Figueirinha on the basis the relationship between sulphur and oxygen activities in 

the Fe-S-O system shown to be generally co-variant (Naldrett, 1969).  

Method and limitations 

Brenan & Caciagli (2000) established that the Fe-Ni exchange coefficient between olivine and 

sulphide liquid ( FeNi
OlSulphMeltKD 


16) increases significantly with the Ni content of sulphide melt and oxygen 

fugacity, and is relatively insensitive to temperature or S2 variations. The power relation between O2 

and the exchange coefficient at given Ni content of the sulphide melt enabled deriving an empirical 

oxygen barometer (IV.2) for systems that are co-saturated in olivine and sulphide (wt% Ni refers to the Ni 

concentration in the sulphide melt). 
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KD values are determined using expression (IV.3), assuming ideal mixing between all 

components (Fleet & McRae, 1988; Brenan & Caciagli, 2000): 
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The O2-KD relationship allows obtaining estimates of oxidation conditions during sulphide 

deposition in the Serrabritas system. The following must be observed to ascertain the applicability of the 

olivine-sulphide exchange oxybarometer (Brenan & Caciagli, 2000): (i) the sulphide must have a 

magmatic origin; (ii) the Fe/Ni ratio in subsolidus sulphide assemblage must be equivalent to that of the 

original sulphide liquid which coexisted with olivine; and (iii) the Fe/Ni ratio in olivine must reflect 

equilibrium temperatures above the sulphide solidus. The magmatic origin of the Serrabritas sulphides 

(first condition) is clearly supported by field, textural and compositional data so far presented and will no 

further be discussed.  

Regarding condition (ii), and considering the absence of significant alteration of the sulphide 

assemblage or its host rocks (e.g. serpentinisation), it seems reasonable assume that exsolution and 

subsolidus reequilibrium of the various sulphide minerals from the original mss + iss (or of these high-

temperature phases from the original sulphide melt), proceeded in chiefly isochemical conditions. As 

discussed in section IV.4.2.1, the Serrabritas sulphide occurrence likely represent mss  iss cumulates 

that provide the best (and only) approach to the original sulphide melt composition. Nevertheless, any 

effects related to this limitation may be minor since: (i) during equilibrium fractionation in the sulphide 

assemblage, the Ni contents of mss after significant crystallisation should approach those of the original 

sulphide melt (i.e. at the beginning of its crystallisation path); (ii) tests show that significant compositional 

                                                      
16 Hereafter simply designated as KD; for equations ruling the equilibrium see section III.2.1.6. 
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(Ni-Fe-S) variations in sulphide melt affect KD values and has no effect on O2, for which the Ni contents 

of olivine have a much stronger influence (see results and discussion).  

Due to their slow cooling rates, the most difficult feature to assess in plutonic rocks is if olivine-

sulphide Fe-Ni exchange ceased above the solidus of the sulphide assemblage. As noted by Brenan & 

Caciagli (2000), in the absence of recrystallisation, the most likely mechanism for olivine-sulphide 

reequilibration is solid-state diffusion. Because Fe-Ni diffusion coefficients in olivine as a function of O2 

are several orders of magnitude slower than for sulphide (Petry et al., 2005) the closure for exchange will 

be chiefly limited by olivine blockage temperatures. Scavenging of Ni from the olivine should have taken 

place since early sulphide segregation until subsolidus reequilibrium and closure of olivine. Two pyroxene 

equilibrium temperatures at ca. 863  31º C (section III.5.1.2) are about 200ºC above the onset of 

pentlandite exsolution from the mss melt (see above) and constrain olivine closure to similar or slightly 

higher temperatures. The temperature dependence for Fe-Ni exchange is also influenced by the grain-

size of olivine. Brenan & Caciagli (2000) demonstrated that if cooling proceeds along the FMQ buffer, as 

common for natural assemblages and demonstrated for most LGS rocks in section III.5.1.2, any olivine 

with more than ca. 30 m are likely to have retained the Fe/Ni ratio acquired during equilibrium with 

sulphide at a magmatic stage; this grain-size is well below that typical of the Serrabritas olivine norite.  

Finally, it is worth noting that the validity of the oxybarometer in a Co-enriched sulphide melt 

(such as that of the Serrabritas assemblage) has been demonstrated by Brenan & Caciagli (2000) 

through testing adequate experimental datasets of Gaetani & Grove (1997); the difference between 

experimental and estimated O2 for Cu- and Co-bearing sulphide melts (Cu 5-18 wt%; Co 5-8 wt%) is 

less than 0.4 log units, making it useful in a Co-rich system such as Serrabritas.  

Result evaluation 

The data used in O2 estimates of olivine-sulphide exchange in Serrabritas ore samples using 

equation (IV.2) and the respective results are reported in Table IV.15.  
 

Table IV.15- Data and results for calculation of O2 conditions during sulphide deposition at Serrabritas on the basis 
of olivine-sulphide compositional relationships. Sulphide melt composition used in calculations based on normalised 
values for the sulphide fraction of the rock as in Table IV.8 (Fe= 55.83 wt% Ni= 3.17 wt%, S= 38.23 wt%). Rows 
shaded in grey represent the best estimates. 

 

 

 

 

 

 

 

Calculations involving olivine grains with extremely low Ni contents (below 200 ppm Ni 0.03 wt% 

NiO) are not shown in Table IV.15, because they retrieved unrealistically high values for KD (>> 50) and 

low oxidation conditions (< -14 log O2). The interpretation for the composition of these olivine grains and 

respective KD values (far outside most natural determinations or experimental calibrations) must lie in 

subsolidus reequilibrium of olivine grains immersed in sulphide. Accordingly, the barren domains of the 
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olivine norite should offer more guarantees of an accurate estimate of KD values and oxidation conditions 

at which Fe-Ni exchange between olivine and sulphide took place. It should be noted that the domains 

labelled as “barren” and “mineralised” are from the same layer and coexist laterally; these labels simply 

denote the textural absence or presence of intercumulus sulphide. A sample (#SB-3) from a stratigraphic 

layer immediately above, where sulphide blotches are locally present, was also included in the 

calculations (Table IV.15) 

The KD values obtained for the Serrabritas assemblage are higher than most of those indicated 

for plutonic assemblages by Brenan & Caciagli (2000; Figure IV.34) with Ni concentrations in sulphide 

melt below 5 wt%; results indicate reduced oxidation conditions, as previously predicted on the basis of 

the sulphide mineral assemblage, namely, by the presence of troilite. Similar conditions for sulphide 

deposition were found in the Water Hen intrusion (Duluth Complex) or in some domains of the Voisey’s 

Bay deposit wherein the high KD (30-35) and low oxidation conditions (-10.4 to -14.6 log units) are 

ascribed to magma assimilation of carbonaceous and sulphidic country-rock. Within the different 

mineralised environments of the Voisey’s Bay deposit, different O2 values correlate well with the amount 

of troilite present in the mineral assemblage and are usually related to the more Ni-poor sulphide melt (ca. 

3.6 wt%; Brenan & Li, 2000), a value that is slightly higher than that obtained for Serrabritas.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.34- KD as a function of wt.% Ni in sulphide liquid and olivine in several plutonic suites obtained by Brenan 
& Caciagli (2000; for references on the various assemblages see the original work) and Serrabritas type III 
mineralisation. Curves are labelled in terms of corresponding log O2, calculated using equation (IV.2). Oxygen 
fugacity increments between solid and dashed curves are 0.5 log units. 

 

Discussion  

The simplest explanation for the low oxidation conditions recorded by the Serrabritas mineral 

assemblage envisages a reducing path experienced by the magma that ultimately led to extensive oxide 

deposition in the layers immediately above the sulphide mineralisation. Field and mineral chemistry 

variations, as those portrayed in Figure IV.33 for olivine, strongly suggest that the oxide-rich levels above 

derived from the same magma batch from which the sulphide was previously segregated. However, as for 

olivine grains immersed in sulphide from type III mineralisation, the strongly Ni-depleted character of 

olivine within oxide layers retrieves very high KD values (50). Determinations performed in samples 

Serrabritas field 
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representing the oxide accumulations immediately above the sulphide-rich layer point to ilmenite-

magnetite (closure) equilibrium temperatures of 627-637ºC and O2 [-0.7; -1.2] FMQ, while 

reconstitution of the original oxide assemblage at pyroxene equilibrium (902 49 ºC, thus closer to liquid 

temperatures) provided slightly more reduced conditions, within [-1.6; -1.9] FMQ interval (see section 

III.5.1.2). The latter values correspond to absolute oxygen fugacities of about -12.2 log, which fall within 

the range of the best estimates for the sulphide assemblage ([-12.0; -11.5] log) and further support the 

relationship between both ore-forming systems.  

As discussed in section IV.3.3, the development of oxide-rich layers stratigraphically above 

sulphide mineralisation may reflect transient oxygen supersaturation in the melt, triggering oxide 

formation following sulphide deposition. Developments on the Fe-O-S and Fe-O-S-Ni systems allow 

elucidating on this empirically established relationship. Kress (2007; see also the background work in 

Kress, 1997; 2000) demonstrated that the oxygen content of a sulphide liquid increases largely with 

decreasing of Ni/Fe ratio in sulphide melt at a given O2 and S2. Oxygen contents in the sulphide melt at 

liquidus temperature (experimental conditions T= 1250 ºC) decrease rapidly for XNi/(XNi+XFe)< 0.3, a value 

that is well above the one obtained for the Serrabritas sulphides (0.05) and, likely, for most natural 

assemblages. The work of Kress (1997, 2000, 2007) has successfully demonstrated that sulphide melt 

may dissolve significant amounts of oxygen at liquidus temperatures17, and is consistent with the 

observation of magnetite (often in large modal amounts) associated with many sulphide ores.  

The significant differences arising from the evolution of sulphide melt (depending on the mode of 

its distribution within silicate magma, Naldrett, 1969) further account for the occurrence of the oxide levels 

above Serrabritas sulphide mineralisation. If the sulphide melt collects to form a large pool, the massive 

ore chiefly crystallises as closed system, although thermal and compositional changes may take place by 

diffusion along the margins of the sulphide ore. In the case of Serrabritas, sulphides remained as 

disseminated blebs to net-textured within the silicate framework. Therefore, the crystallisation and 

composition of the mineral assemblage (namely the oxygen (O2) and sulphur activities (S2)) remain 

buffered by the host silicate magma until its final consolidation. The disseminated to net-textured 

character of the Serrabritas sulphides should have favoured the (upwards) oxygen diffusion, triggering 

oxide deposition at prevailing low oxidation conditions. These observations are consistent with the 

scarcity of magnetite mixed with Serrabritas sulphides, in contrasts with Figueirinha, where magnetite and 

ilmenite enclosed in the sulphides matrix are widespread. Sulphide-oxide textural relationships for 

Figueirinha thus suggest that oxygen was trapped in large amounts of sulphide melt wherefrom oxygen 

could not diffuse easily and therefore, suggesting that this may represent a rather large semi-massive 

sulphide mineralisation.  

IV.4.2.5. Trace element variations and noble metal enrichment 

In this section trace element variations for base and noble metals in sulphide ores are assessed 

in order to discuss the source(s) of metals in each mineralisation type (next section). Results from trace 

                                                      
17 Although not directly related to the problem, the following note is of interest. The confirmation that oxygen can make up a large 
component in sulphide melt (Kress, 2007) has allowed settling a dispute concerning the discrepancy found between measured and 
experimentally determined KD values in Ni-poor PGE reefs (e.g. J-M Reef Stillwater Complex), which lead to questioning on the 
relative roles of late-stage metasomatic fluids relatively to the a pure magmatic origin (for a perspective and references on this 
discussion see review in Vol. II). 
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element concentrations in sulphides obtained by EPM analysis, albeit semi-quantitative, allow comparing 

potential differences in metal contents in each mineralisation that may be obscured by different analytical 

detection limits used in whole-rock analysis. Because PGE whole-rock data (Pt and Pd) are available only 

for Figueirinha mineralisation, EPMA data are also the only mean to assess differences in noble metal 

contents for the three studied occurrences. The first part of this section relies therefore in mineral 

chemistry data. Whole-rock noble metal contents for the Figueirinha mineralisation are then evaluated to 

establish if sulphide melts were depleted with respect to PGE. This feature is critical to assess the 

economic potential of the documented occurrences of type III mineralisation, but has implications to other 

potential findings within LGS.  

Trace metal variations on the basis of EPMA data 

The most important features concerning trace metal distribution in sulphide phases may be 

systematised as follows:  

(i) There is a bulk tendency for higher Cd  Pt enrichment in all sulphides from Serrabritas.  

(ii) The most conspicuous metal enrichments in Ventoso are observed in pyrrhotite and pyrite 

where high As + Cd  (Pt + Au) concentrations were measured.  

(iii) Most minerals from the Figueirinha assemblage are distinctively enriched in a wide range of 

metals, particularly, As, Zn and noble metals: (iiia) As and Pd concentrations were systematically 

measured in all sulphide minerals (except for Pd in pentlandite) and co-vary positively with Ni; (iiib) 

pyrrhotite and pyrite are conspicuously enriched in Zn (up to 1475 and 1278 ppm, respectively) compared 

to the remaining occurrences; pyrrhotite grains showing the strongest Zn enrichment belong to sample 

#FG-6B, wherein pyrrhotite has lower Fe:S ratios ( 0.87) and higher Ni and As contents (see above); 

and; (iiic) although noble metal contents are by definition more erratic relatively to base metals, Pd + Au + 

Ag were also measured more systematically, and at higher concentrations in the Figueirinha minerals 

(Figure IV.24).  
 

The average Cd concentrations are marginally higher in pyrrhotite from type II Ventoso 

mineralisation, but measurements obtained in pyrrhotite from both type III occurrences are significantly 

more systematic. Considering that pentlandite bears significant Cd contents and was exsolved from 

pyrrhotite, it may be concluded that bulk Cd concentrations are higher in type III mineralisation, 

particularly in Serrabritas; similar reasoning may be applied to Zn and As concentrations, with Figueirinha 

presenting the highest contents within type III mineralisation. An inspection of normalised whole-rock 

values for Serrabritas and Ventoso confirms this inference. Bulk-rock Zn contents are higher in 

Serrabritas compared to Figueirinha; the Zn-rich character of Figueirinha sulphides suggests that 

analytical methods employed in routine exploration analysis may indeed be less sensitive, as previously 

questioned while dealing with the geochemistry of the gabbroic rocks.  

The nature of measured PGE concentrations 

A key feature of the measured noble metal concentrations concerns if these elements occur as 

cryptic exsolutions, also called “invisible precious metals” (less than 0.1 m in diameter), colloidal-size 

particulates (clusters of less than about 100 atoms) or form true solid solutions in the analysed sulphides 

(Cabri, 1992). Mineral chemistry studies on magmatic sulphides using distinct analytical in-situ 
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measurement methods such as electron microprobe (EPMA, e.g. Cabri & Laflamme, 1976), proton 

microprobe (micro-PIXE; e.g. Cabri et al., 1985), or combined methods (Paktunc et al., 1990; Ballhaus & 

Ryan, 1995), either fail to reveal PGE concentrations above detection levels, or show far lower 

concentrations than those determined for LGS minerals. A review by Cabri (1992) indicates that Pd 

concentrations are most commonly reported in pentlandite and appear to be markedly distinct in PGE 

sulphide-poor deposits (46000-1600 ppm) and in sulphide-rich Ni-Cu deposits containing PGE as by-

products (such as Sudbury, where pentlandite contains less than 2 ppm Pd). Reports of Pt concentrations 

are even scarcer, with concentrations in pentlandite and pyrrhotite of about 0.2 - 2 ppm and 0.3 – 2 ppm 

in disseminated ores, and less than 0.05 ppm and 0.1 ppm in massive ores, respectively. Recent 

determinations using laser ablation microprobe-inductively coupled plasma-mass spectrometry (LAM-

ICP-MS; Huminicki et al., 2005) in Sudbury ores confirms indications from early studies and revealed total 

PGE values as low as 1.35 ppm, 0.5 ppm and 0.3 ppm in pentlandite, chalcopyrite and pyrrhotite, 

respectively.  

At high temperatures18, PGE are present in the sulphide matrix where pyrrhotite is the most 

abundant sulphide and other phases (such as pentlandite and pyrite) exsolve throughout cooling. The 

distribution and solubility of Pt and Pd in pyrrhotite structure is strongly controlled by the number and 

ordering of nearest neighbour metal vacancies surrounding Fe atoms; the substitution of Fe by Pd and Pt 

in pyrrhotite requiring at least four and five vacancies, respectively (Ballhaus & Ulmer, 1995). Throughout 

cooling, the structure of pyrrhotite undergoes several phase transitions with consequent ordering of 

vacancies to minimize the electrostatic internal energy in lattice (Kissin & Scott, 1982). The re-

arrangement of vacancies from the disordered high-temperature hexagonal polytype to low-temperature 

monoclinic pyrrhotite (where the maximum number of vacancies next to a Fe atom is two), implies that Pt 

and Pd will be exsolved as cooling proceeds. Additional factors that should promote PGE exsolution 

include the increase of metal:sulphur ratios during pyrite exsolution (which also leads to structural 

rearrangement of vacancies) and the availability of metal ligands for common PGM (tellurides, 

bismuthotellurides, arsenides). These data strongly suggests that base metal sulphides will have expelled 

most of their dissolved PGE by the time they reach their closure temperatures, although PGE exsolution 

likely proceeds down to 80 ºC (Ballhaus & Ryan, 1995).  

Taking into account the factors that rule PGE exsolution as discrete mineral phases, it appears 

that conditions were favourable in both occurrences of type III mineralisation, namely: (i) the sulphides 

underwent a typical cooling path that should have involved inversion from high temperature hexagonal 

pyrrhotite to lower temperature monoclinic polytype; (ii) pyrite and troilite exsolution in Figueirinha and 

Serrabritas occurrences (respectively) should have enhanced increasing ordering of vacancies and PGE 

expelling from the pyrrhotite matrix; (iii) Bi and As were available to form ligands with the PGE. These 

features support that the noble metal concentrations measured in LGS sulphides should correspond 

either to colloidal particles or cryptic mineral exsolutions of PGM. Indeed, in the Figueirinha 

mineralisation, the highest Pt contents were systematically measured within rims of pentlandite and are 

consistently accompanied by gold (up to 1800 ppm) and silver (up to 1150 ppm). Such behaviour is much 

more erratic in pentlandite from Serrabritas, where Au is nearly systematically absent and Ag occurs in 

                                                      
18 The temperature ranges are considered once mss has been largely replaced by other mineral phases, of which high temperature 
hexagonal pyrrhotite is the most significant. 
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much lower concentrations (X= 185 ppm in only 15% of the measurements). However, the very large Pt 

concentrations of up to 4350 ppm measured at Serrabritas pentlandite are clearly too high to be 

accommodated in solid solution and should therefore represent minute PGM inclusions.  

Additional evidence may be considered from the systematic absence of Pd in pentlandite, where 

this PGE is most commonly reported to occur in solid solution relatively to other base metals (as bear out 

by the existence of a variety of Pd-pentlandite). In order to PGE remain in solid solution an over-

saturation in PGE is required at about the order of tenths to hundreds ppm total PGE + Au (e.g. Ballhaus 

& Ryan, 1995). This feature explains why significant PGE concentrations in base metal sulphides are 

chiefly restricted to high-grade, low-sulphide PGE deposits where the degree of saturation in PGE is 

probably several times higher than in low-PGE Ni-Cu deposits. In high tonnage base-metal dominated 

deposits, there should be a much higher dilution of PGE due to the much larger amount of sulphide matrix 

(Paktunc et al., 1990). Whole-rock PGE concentrations available for Figueirinha are clearly too low to 

support that the EPMA measured PGE concentrations could represent over-saturation, which furthermore 

would imply the widespread occurrence of PGM coexisting with the base-metal sulphides.  

From the above considerations it appears that the ultimate factor controlling the occurrence of 

PGE concentrations as invisible metal or colloidal particles should have been the relatively low PGE 

abundances, limiting grain coarsening to sub-microscopic exsolution. This being true, the remaining 

question is: can the PGE existing as invisible metal account for the measured whole concentrations or is 

the presence of discrete, coarser-grained PGM overlooked by the impossibility of performing SEM studies 

in the studied ores? Since PGE concentrations measured by EPMA do not represent metals in solid 

solution, but sub-microscopic discrete phases, the answer cannot be approached by mass balance 

calculations, which would imply an estimate of the modal abundance of the PGE particles. Indirect 

evidence may be withdrawn by comparing EPMA concentrations of Ventoso and Figueirinha.  

Absolute Pt concentrations measured with EPMA are usually above those of Pd, whose 

occurrence is chiefly restricted to type III mineralisation, being higher at Figueirinha. Pt concentrations in 

pyrrhotite above detection limit never exceed 20% of the measurements in any mineralisation type but 

median values increase largely from Figueirinha to Serrabritas and Ventoso from 400 to 1350 and 2070, 

respectively; higher Pt concentrations were also measured in pyrite from Ventoso than Figueirinha (X= 

1040 and 884 ppm in 38 and 17% of the measurements, respectively). Whole-rock PGE concentrations in 

Ventoso sulphides are all below detection level, except for Rh, one of the few PGE more commonly found 

with solid solution with base-metal sulphides (Cabri, 1992). The only additional Pt-bearing phase at 

Figueirinha is pentlandite, which is more homogenously enriched compared to pyrrhotite or pyrite (67% of 

measurements with X= 738 ppm) but whose low modal abundance (less than 2.6 wt% of the bulk 

sulphide fraction, including linnaeite) could not account for Pt bulk-rock concentrations. It seems clear that 

if invisible metal-alloys would bear a heavy weight on PGE whole-rock concentrations, Pt concentrations 

at Ventoso would be at least as high as those in Figueirinha. Accordingly, although invisible metal-alloy 

are present in all sulphide ores, evidence suggests that the occurrence of discrete PGM at Figueirinha is 

a strong possibility and should be validated by SEM; the same should be verified in Serrabritas samples.  

Assessing PGE enrichment versus depletion 

Following the reasoning from Ni/Cu variations (IV.4.2.1), the steep, near sub-vertical trends 
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displayed in Cu-Pd and Ni-Pd plots (Figure IV.35) may be correlated with increasing amounts of 

fractionated sulphide melt (wherein PGE preferentially partition), as well as metal upgrading due to high 

silicate melt:sulphide melt ratios or high R factors. PGE enrichment may be further assessed on the basis 

of base-noble metal primitive mantle (PM) normalised PGE profiles (see details in Figure IV.36) or 

base/noble metal ratio plots19, wherein the sketched vectors representing processes are based on the 

behaviour of Ni, Pt and Pd in presence of olivine and sulphide (Figure IV.37). The main features 

observed in these figures may be summarised as follows.   

(i) Deposits related with flood-basalt volcanism and Cu-rich ores have the highest PGE contents 

(ca. 270 to 21800 xPM) and show PM-normalised patterns with humped PGE segments, that give rise to 

high noble/base metal ratios; only these deposits show PGE enrichment relatively to Cu ((Cu/Pd)PM <1). 

The high noble metal enrichments and Ni/Cu ratios are consistent with the inferred larger amount of 

(fractionated) sulphide melt, wherein PGE preferentially partitioned. This feature is further reinforced by 

the larger gap between high and low PGE sub-groups in the Cu-Pd plots (Figure IV.37), reflecting the 

stronger affinity of Pd with the Cu-rich phase due to the decrease of Pd partition coefficient with mss at 

increasing Cu concentration in the sulphide melt.  

(ii) Scandinavian intra-orogenic deposits display variable PGE contents (ca. 10 – 250x PM). Cu is 

variably enriched over Pd ((Cu/Pd)PM X= 13.1 [3.6 – 281.9]) and Pt is depleted over Ni in most deposits 

((Ni/Pt)PM X= 1.10 [0.16 – 6.14]). One common feature is the strong spiked (both positive and negative 

anomalies) in different noble metals. As can be inferred by profiles from deposits in other tectonic 

settings, such strong Pt-Pd fractionation is uncommon in primary mantelic and intra-crustal differentiation 

processes and likely reflects the complex post-magmatic history experienced by the ores that often 

underwent strong metamorphism and alteration. Some of these deposits are truly PGE depleted. 

(particularly Bruvann; Barnes S-J, 1987; see also, Boyd et al., 1988; Barnes S-J, 1989; Papunen, 1986) 

presumably due to segregation of small amounts of sulphide (“sulphide removal”) prior to final 

emplacement of the magmas in the upper crust (see details in section Vol II- I.2). Arrows/fields indicative 

of PGE-depleted magmatic sulphides were accordingly placed in Figure IV.35 and Figure IV.37.  

(iii) Deposits unrelated with flood-basalt volcanism show PGE enrichment between both types 

above described (ca. 25 - 250 xPM). Although Sudbury ores are generally more PGE enriched than 

Voisey’s Bay, there is a considerable variety of patterns for a single deposit compared to the homogeneity 

displayed by those related to flood-basalt systems. The tight relationship between PGE enrichment and 

trapped sulphide melt is particularly well illustrated by mss-rich, Cu-poor cumulates (Figure IV.28) that 

plot at, or below the PGE depletion fields in Figure IV.37. Voisey’s Bay samples show straight patterns 

with steep positive slopes, defining distinct noble/base metal enrichments. PGE are variably depleted 

over Cu ((Cu/Pd)PM in Sudbury X=5.6 [2.5-19], and Voisey’s Bay X=15.4 [13.2-17]), and only mildly 

enriched relatively to Ni ((Ni/Pt)PM Sudbury X=0.75 [0.22-2.44], Voisey’s Bay X=0.56 [0.45-1.4]). 

                                                      
19 Barnes S-J et al (1988) demonstrated that the highly calcophile behaviour of Pt and Pd relatively to IPGE (namely Ir, which is 
strongly partitioned into mantle mineral phases as olivine and chromite) enable using Pd/Ir vs Ni/Cu and Cu/Ir vs. Ni/Pd as 
parameters for various processes including sulphide segregation, different degrees of partial melting, magma differentiation and 
mineral accumulation. In the absence of data for Ir, only processes that involve sulphide and olivine may be evaluated; the vectors 
sketched in Figure IV.37 are based on the observations of Barnes S-J  et al (1988) and are summarily explained in the main text.  
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Figure IV.35- General co-variation for whole-rock base and noble metals. (A)- Pt vs. Ni; (B)- Pd vs. Cu. The block 
arrow, indicating sulphide melt crystallisation (X’al), is based on the distribution coefficients of base and noble metals 
between mss and coexisting sulphide melt (Mungal et al, 2005 and references therein). The noble metal depletion is 
based on the demonstrated PGE depletion of several intra-orogenic deposits (see text). 

 

LGS sulphides from Figueirinha show sigmoid-shaped PM-normalised patterns with rough 

positive slope and increasing enrichment over PM from Ni (10-23 xPM), to PGE (21-51 xPM), Au (70-143 

xPM) and Cu (1674-2919 xPM); (Ni)PM for Serrabritas falls within the range of those from Figueirinha (17 

xPM) and shows lower enrichment for (Cu)PM of 1208 xPM. Considering that: (i) Figueirinha samples do 

not have olivine contributing on Ni concentrations; (ii) Ni concentrations in LGS rocks or model melts 

(MM) are, likewise most silicate rocks, several times depleted relatively to PM (X= 0.04 and 0.01 xPM, 

respectively); (iii) typical enrichment in incompatible elements for LGS silicate rocks and MM between 1-

10 xPM and 10-40 xPM, respectively; normalised base and noble metal concentrations for LGS type III 

mineralisation suggest that sulphide segregated from silicate melts undepleted with regard to those 

metals and/or experienced significant upgrading by interaction with moderate amounts of silicate melt (R 

factor); both features are discussed ahead on the basis of modelling. 

Base-noble metal relationships for LGS reveal that Pt and Au variations are consistent with the 

cumulate nature of sulphides inferred on the basis of Ni-Cu relationships. The LGS sample with highest 

Ni/Cu ratio (#FG-6B) shows lower Pt+Au enrichment over Ni compared with Cu-rich samples, as 

expected from its inferred higher mss:iss ratio; this sample lacks a conspicuous Pt positive anomaly and 

presents a much straighter pattern that is similar to PGE- poor, mss-rich samples from Sudbury (although 

several times more enriched over PM). LGS sulphides from Figueirinha have a (Ni/Pt)PM ratio ([0.23-

0.77]), that falls outside the fields of Pt depletion in Figure IV.36 and Figure IV.37, wherein most 

Scandinavian PGE- depleted deposits or mss-rich Sudbury ores plot. Likewise most deposits unrelated 

with flood basalt volcanism, noble/base metal ratios for Figueirinha sulphides are much lower than unity 

relatively to Cu (Cu/PdPM [46-38], approaching the PGE-depleted Scandinavian deposits. However, while 

Pt concentrations plot outside the PGE depletion fields, Pd contents fall near or within these thresholds; 

the more depleted character of Pd relatively to Pt is supported by several features. Data from the range of 

deposits with which the Figueirinha samples bear larger affinity (e.g. Voisey’s Bay) have Pd>Pt and 
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therefore positive Pt-Pd slopes. LGS samples display a negative anomaly on Pd relatively to 

neighbouring Au and Pt, similar to the Kotalahti deposit (Svecofennian; Papunen, 1986; 2003; Mäkinen & 

Makkonen, 2004) that was unrooted from its original host intrusion and experienced significant 

metamorphism. Finally, Pd lower incompatibility in mss relatively to Pt or Au and increasing solubility in 

Cu rich melt + iss, result in well-developed Pd-Cu positive correlations for most deposits whereas LGS 

samples show a negative correlation. 

Figure IV.36- PGE normalised profiles for LGS and other relevant deposits (data compiled by Naldrett, 2004). 
According to Barnes et al. (1988), PM normalisation allows obtaining smoother profiles compared to chondrite (CN) 
normalisation because most rocks or sulphides are derived from the mantle, whose Ni and Cu concentrations are 
several orders lower than in chondrite. Additionally Ni and Cu are placed in the compatible (before PGE) and 
incompatible (after PGE and Au) side of diagrams, respectively. For consistency, the normalising values of Palme & 
O’Neill (2003), used for LGS silicate rocks, are also employed in these plots. 

 

The main causes for PGE depletion in a sulphide mineralisation are primary depletion at their 

source zone or sulphide segregation before final emplacement (e.g. at lower crustal levels). PPGE and 

IPGE may be decoupled during mantle processes due to their distinct calcophile and siderophile affinities 

(Barnes et al., 1988). Pt may be effectively fractionated from Au due to the latter much stronger 

incompatibility in mss; but that seems unlikely to occur between Pt and Pd. Taking into account the 

limited sampling, the possibility of Pd and Pt bearing minerals (PGM) segregated and sorted in a different 
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portion of the sulphide assemblage must be considered. However, if that was the case, it is hard to 

envisage a reason for Pt-rich versus Pd-rich minerals to be sorted differently within the sulphide 

assemblage. The presence of linnaeite in all studied samples suggests that secondary processes may be 

the cause for the decoupling between (Pt+Au) and Pd contents, as discussed at the end of this section.  

Excluding the anomalous behaviour of Pd, data demonstrate that Figueirinha sulphides were 

derived from a magma undepleted in PGE. Although in multi-replenished large intrusion such as LGS 

different magma batches may impart substantially different degrees of PGE enrichment, because no 

additional PGE data are available for LGS rocks, one must rely exclusively on Pt and Pd data obtained for 

Figueirinha type III mineralisation to assess the depletion in LGS magmas. Given the high calcophile 

behaviour of PGE, the PGE pattern of a rock that contains sulphides is dominated by the pattern of 

sulphide phases. The main conclusions here established for the Figueirinha type III mineralisation apply 

to the magma batch from which the sulphide melt was segregated, but should have left rocks that 

fractioned from the same batch depleted in base and noble metals. 

Figure IV.37- Metal ratio plots for LGS and relevant deposits (A)- Ni/Pt vs. Ni/Cu; (B)- Ni/Pd vs. Ni/Cu .Barnes et al 
(1988) demonstrated that the highly calcophile behaviour of Pt and Pd relatively to IPGE (namely Ir, which is strongly 
partitioned into mantle mineral phases as olivine and chromite) enable using Pd/Ir vs Ni/Cu and Cu/Ir vs. Ni/Pd as 
discriminant for a series of processes that include sulphide segregation, different degrees of partial melting, magma 
differentiation and mineral accumulation. In the absence of data for Ir, only processes that involve sulphide melt may 
be evaluated. The vectors sketched are therefore based on the observations of Barnes et al (1988), and their 
significance is as follows: Sulphide trapped melt  iss accumulation will reflect Ni/Cu and Ni/PGE decreasing due 
to the Cu and PGE greater compatibility with sulphide melt and iss. Sulphide removal indicates that the magma from 
which a given ore developed experienced a prior sulphide segregation event before its final emplacement; since Pd 
and Pt are more calcophile than Ni, each sulphide segregation event should become much more depleted in PGE 
than Ni thus leading rise to high base/noble metal ratios. The hydrothermal alteration path is specifically proposed 
for LGS samples, although several deposits seem to deviate in a similar trend. It is suggested that secondary 
alteration ´processes involving the breakdown of pentlandite into violarite/linnaeite may cause decoupling of Ni and 
Pd relatively to Cu and Pt, respectively, with consequent decrease of Ni/Cu and increase of Ni/Pd ratios. 

Possible causes for unusual Ni-Cu-Pd variations 

PGE mobility at groundwater temperatures allows them to readily go into solution as chloride 

complexes in acidic, oxidized environments (PtCl4
2- and PdCl4

2), such as those leading to the 

development of laterites (Bowles, 1986). Because PdCl4
2 is stable over a broader range of Eh and pH 

than PtCl4
2-, Pd is more easily dissolved in groundwaters than Pt. This leads to a decoupling similar to Au 

and Ag, with Pd going into solution and Pt concentrating in soils and sediments (Wood & Vlassopoulos, 

1990). In non-lateritic environments, where groundwaters are near neutral to alkaline and more reducing, 
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PGE will not be transported as chloride complexes, but more likely as neutral hydroxide complexes 

(PdOH2 and PtOH2). Decoupling of Pt and Pd still occurs in non-lateritic weathering profiles; however, 

while Pd is dispersed in solution, Pt and Au are less easily mobilized.  

It is suggested that the process leading to the replacement of pentlandite by linnaeite group 

minerals is responsible for the decoupling between (Pt+Au) over Pd (and perhaps decrease on Ni/Cu 

ratios, detectable (at least) in two of the studied samples). Preferential solubilisation of Pd over Pt, thus 

leading to the observed decoupling between Pt and Pd in sulphide samples has been reported in other 

deposits (Oberthür et al., 2003; Prichard et al., 2001). If conditions were sufficiently acidic and oxidising, it 

is also probable that some Pt has been leached, implying that the original PGE concentrations in 

Figueirinha sulphides were higher than those measured in the weathered samples. All three samples 

display Pd depletion; those previously suggested as having unusual Ni/Cu ratios for their Cu content 

showing the lowest Pd contents.  

IV.4.2.6. The origin of metals and sulphur 

In this section the sources for metal and sulphur are sought using previously reported isotopic 

and Se/S data. This reasoning is quite similar to the recognition of source components from a 

petrogenetic standpoint and may therefore be envisaged as the identification of the metal source 

components for the sulphide magma.  

Sulphur 

In contrast with sulphide-poor PGE deposits, high amounts of sulphur are required to develop 

significant accumulations of Ni-Cu sulphides. Experimental studies on sulphur solubility in mafic magmas 

(e.g. Mavrogenes & O’Neill, 1999; Holzheid & Grove, 2002) confirm the empirical observations on the role 

of externally derived sulphur to accomplish saturation and develop economic concentrations of Ni-Cu 

magmatic sulphides. Although the exact mechanism(s) of transfer of external sulphur to the magma are 

not fully understood (e.g. Naldrett, 2004), there is wide agreement that crustal contamination is the most 

effective mechanism that can trigger sulphur saturation by promoting sulphur addition to the magma.  

Unravelling the petrogenesis of the host magmas by means of conventional geochemistry tools, 

as performed throughout PART III, is a consistent mean of monitoring crustal contamination processes in 

the broadest sense. Moreover, much evidence for the role of external sulphur relies on the sulphur 

isotopic composition and Se/S ratios of sulphide ores. Magmatic sulphide deposits showing 

sulphur/selenium ratios that depart from what is believed to represent mantle values (S/Se  3000 or 

Se/S x 106¨< 300-250; Eckstrand et al. 1989) have been interpreted to reflect crustal contamination from 

sedimentary crustal rocks, which are usually depleted in Se relatively to mantle-derived rocks. The same 

reasoning applies to sulphur isotopes, since mantle-derived sulphur has an isotopic composition of about 

0  2 ‰, while crustal rocks commonly present variations of about two orders of magnitude (e.g. coal  25 

‰; Faure, 1986; Ripley & Li, 2003).  

Combined results from Se/S and sulphur isotopes are clear in demonstrating the strong 

contribution from crustal-derived sulphur in the origin of the Ventoso sulphides. The Figueirinha sulphides 

(median and range) values for Se/S ratios and sulphur isotopes cannot be distinguished from typical 

mantle values. It should be noted, however, that Se/S ratios for this mineralisation may have been 
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affected by interaction with superficial or groundwaters. In that situation, the immobile character of Se 

relatively to S would indicate that the original Se/S for the Figueirinha mineralisation were in fact lower, 

and therefore closer to what may be anticipated from contamination with metasedimentary rocks. Results 

are less clear for the Serrabritas assemblage: although sulphur isotopes present slightly higher values 

than Figueirinha they are still within the mantle range of 2  0‰, while the simplest interpretation for the 

low Se/S ( 70) would be dilution of typical mantle values due to contamination with low Se/S (meta-

)sedimentary rocks.  

Plumbotectonics 

Figure IV.38 shows the Pb isotopic composition of LGS sulphides plotted in relation to the 

Zartman & Doe (1981) evolution curves for the mantle, crust (upper and lower) and orogenic. The dashed 

curve in the thorium 206Pb/204Pb - 208Pb/204Pb diagram represents the evolution curve for OMZ Cambrian 

shale (sample ZAF-5 of Nägler, 1990) with  9.75, whose geochemistry and isotopic Sr-Nd-Pb 

composition indicates derivation from erosion of a Cadomian magmatic arc; this regional crustal evolution 

curve broadly overlaps that of the Stacey & Kramers curve in the uranium 206Pb/204Pb - 207Pb/204Pb 

diagram. Together, the Stacey & Kramers (SK) and Cambrian shale (CS) curves, represent the average 

lead signatures of metasedimentary rocks in OMZ and lead isotope data ploting below them must bear 

significant contribution from juvenile mantle lead (Tornos & Chiaradia, 2004). The isotopic composition for 

various OMZ ores and rocks (see details in Figure IV.38 caption) are also plotted for reference, as well 

as the field for SPZ volcanogenic polymetallic massive sulphides of Marcoux (1998). In the following 

discussion the isotopic composition of chalcopyrite for the Figueirinha sulphide is disregarded due to 

evidence of isotopic disturbance (as discussed in section IV.4.1.5). 

In the 206Pb-207Pb diagram, all LGS samples with exception of pyrrhotite from Serrabritas lie 

below the orogenic and SK or CS crustal evolution curves along with most Variscan and Late to Post 

Variscan OMZ ores. The secondary isochron defined by Serrabritas samples passes through the main 

field for Aguablanca20, whose isotopic composition is slightly more radiogenic (= [9.6-9.7]) than all other 

LGS sulphides (=9.5; 9.6). The bulk position and high  values (9.6; 9.8) for Serrabritas suggest that this 

mineralisation bears the most significant contribution from high U/Pb, upper crustal components.  

Type II sulphides from Ventoso present an interesting combination of most homogenous and less 

radiogenic composition compared to type III mineralisation. These sulphides plot furthest below the 

orogenic curve, towards the mantle and lower crustal evolution curves, therefore with the least degree of 

contribution from upper crustal components. 

Pyrrhotite from Figueirinha plots at higher 206Pb/204Pb at a relative position from the orogenic 

curve similar to Ventoso pyrrhotite. Accordingly, it may be speculated that the original (i.e. prior to 

secondary modification) isotopic composition of Figueirinha chalcopyrite would lie at lower 207Pb/204Pb, 

defining a secondary isochron as seen in the other LGS sulphide mineralisations. Nevertheless, the 

isotopic composition of Figueirinha pyrrhotite suggests a bulk lower contribution from upper crustal 

components relatively to Serrabritas and a stronger signature from either mantle or lower crustal 

components, as seen in Ventoso. 
                                                      

20 The outlier from Aguablanca at lower 206Pb/204Pb and higher 207Pb/204Pb represents a sample with by post-magmatic hydrothermal 
alteration (Tornos & Chiaradia, 2004); references to Aguablanca isotopic composition in the text refer to the main isotopic field 
defined by samples retaining their primary signature. 
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Figure IV.38- Plumbotectonics of LGS sulphides using values for the evolution curves of the mantle, upper and lower 
crust and orogen from Zartman & Doe (1981). (A)- 206Pb/204Pb vs. 207Pb/204Pb diagram for the U238 evolution curves; 
(B)- 206Pb/204Pb vs. 208Pb/204Pb for the 232Th evolution curves; the dashed curve (CS) in this diagram represents the 
evolution curve for OMZ Cambrian shale (#ZAF-5 of Nägler, 1990) with  9.75, whose geochemistry and isotopic Sr-
Nd-Pb composition indicates derivation from erosion of a Cadomian magmatic arc; this regional crustal evolution 
curve broadly overlaps that of the Stacey & Kramers (SK) curve on the uranium 206Pb/204Pb - 207Pb/204Pb diagram. 
Regional data: OMZ rocks, Beestma (1995); OMZ ores, Tornos & Chiaradia (2004); SPZ sulphides, Marcoux (1998).  
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Due to the lesser contrast between mantle and upper crustal components and a larger 

heterogeneity of the lower crust in the thorium diagram (Zartman & Doe, 1981), LGS sulphides show a 

more homogenous behaviour. Likewise the large majority of OMZ ores, LGS sulphides form a well 

defined trend subparallel to the various reservoir curves. All LGS samples plot above the SK and orogen 

evolution curves. The regional CS curve is therefore particularly useful in this plot because it allows 

identifying the contribution from crustal components much clearer relatively to the SK curve; indeed, 

based on this reference, the behaviour described for each mineralisation type in LGS conforms to that 

observed in the 207Pb/204Pb diagram.  

Regional implications 

Tornos & Chiaradia (2004) have demonstrated that between 350 and 300 Ma an input of primitive 

lead with  values as low as 9.5, controls the signature of magmatic, hydrothermal and, therefore, 

metallogenic systems in OMZ throughout the peak and waning stages of the Variscan orogeny. This lead 

reservoir accounts for the markedly distinct signature of OMZ Variscan igneous rocks and ores relatively 

to the adjoining CIZ and SPZ, which show a metallogenic evolution involving long-lived crustal reworking 

with little input of juvenile lead. The influence of juvenile lead in OMZ magmatic and metallogenic 

processes is not restricted to mafic rocks and related ores (e.g. Aguablanca), but extends to evolved 

magmatic rocks and associated hydrothermal systems. Although several of these rocks (e.g. Burguillos, 

Brovales plutons) and hydrothermal systems preserve many geochemical features with clear influence 

from crustal components (e.g. Santa Marta Pb-Zn barite veins, San Nicolás peri-granitic W vein system, 

Nava Paredon massive sulphides), their  values as low as 9.4, clearly require involvement of juvenile 

lead.  

The most likely candidate for the primitive lead reservoir would be the mantle. A relationship 

between the Iberian Reflective Body (IRB) has been established by Tornos & Chiaradia (2004) on the 

basis of the interpretation that this remarkable geophysical feature represents a large mafic sill intruded 

beneath the OMZ during Variscan times. Regardless of the discussion involving the detailed interpretation 

on the IRB (see section III.6.4 and geodynamic implications in PART V) it is unquestionable that the OMZ 

juvenile lead province is related with a major event of input of juvenile mafic magma at ca. 350 Ma. The 

lead isotopic composition for LGS sulphides is among the least radiogenic within OMZ ores and are 

consistent with accumulating evidence presented throughout PART III that LGS is one of the most 

prominent and pristine manifestations of Variscan juvenile magmatism in OMZ. 

Evidence from Pb isotopes gathered by Tornos & Chiaradia (2004) further suggests that the low 

U/Pb character of the lead province underneath OMZ may be in part inherited from Cadomian times. 

Indeed, the large majority of ore deposits of Pre-Variscan age also show depleted 207Pb signatures with 

median ( 50% of the values) of  = 9.6. Several examples of OMZ Cadomian (meta-)igneous rocks with 

depleted Nd signatures were referred while modelling LGS Nd-Sr composition; many of these rocks show 

Nd-Sr isotopic composition that are indistinct relatively to LGS. Data on OMZ Cadomian volcanic hosted 

massive sulphides (Sta. Ana, Maria Luisa and Puebla de La Reina) are heterogeneous (a feature likely 

owed to the small size of convective cells and, therefore, low degree of homogenisation compared to the 

remarkable restricted composition of SPZ VHMS; Tornos & Chiaradia, 2004), but follow the bulk 

Cadomian trend of mildly depleted U/Pb signatures (X = 9.6). Pin et al. (2002) further demonstrated that 
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the Late Neoproterozoic andesitic rocks (Sierra de Córdoba Andesites, San Jeronimo Formation) hosting 

massive sulphides, were derived from a LREE depleted mantle reservoir (Nd550= +4).  

In section III.6.3, it was proposed that LGS and related mesocratic magmatic/hydrothermal rocks 

represent the product of lower crustal underplating of mafic mantle-derived magma and, accordingly, 

carry a significant component from lower crustal components. Evidence was further shown that much of 

the contamination on the Aguablanca and related mesocratic plutons took place within OMZ lower crust. 

Although data are still restricted, there is compelling growing evidence that suggests that the OMZ crustal 

growth stage during the Cadomian orogenic cycle already involved an input of depleted Pb and Nd 

mantle components. The bearing of these data on the current problem, namely the degree of 

contamination of LGS rocks and sulphide mineralisations is twofold. Firstly the mild Nd and strong U/Pb 

depletions of the mantle reservoir beneath OMZ may represent a long-lived feature that extends at least 

until Cadomian times. Secondly, the depleted nature of Pre-Variscan metamorphic rocks, particularly 

those of ortho-derivate filiation, render the assessment of crustal contamination (either at the lower or 

upper crustal levels) of Variscan magmas extremely difficult.  

Summary of sulphide main source components 

Lead isotope signatures for LGS sulphides plot close to the orogenic field of Zartman and Doe 

(1981) although with differences in both plumbotectonic diagrams, particularly with regard to their position 

relatively to the SK and CS crustal evolution curves. In spite of representing distinct magmatic versus 

hydrothermal dominated ore forming systems, the Figueirinha and Ventoso type III and II mineralisations, 

respectively, show a bulk lower contribution from upper crustal components and a stronger signature from 

either mantle or lower crustal components relative to Serrabritas. On the other hand, the Serrabritas and 

Ventoso mineralisations both display Se/S ratios lower than mantelic values, typical of magmatic rocks 

that experienced contamination by sedimentary rocks, but only at Ventoso the sulphur isotopic signatures 

depart from mantelic values. 

IV.4.2.7. Modelling sulphide segregation during crystal fractionation 

Using the metallogeny-oriented features embedded in CRFRAC.9 (Munhá et al., 1988) the 

objectives of this section are two-fold: (i) Inverse modelling in order to fit LGS natural sulphide 

assemblage of type III mineralisation in an appropriate framework within the large data set produced by 

the model; these data should provide numerical support for several lines of evidence concerning 

cumulate versus melt nature of LGS sulphide type III mineralisation; and (ii) direct modelling, providing a 

numerical background for metal concentrations in sulphide ores that may be expected from the relatively 

wide range of LGS magma compositions; the data should therefore allow significant narrowing of the 

most interesting targets (with economic potential). 

Sulphide modelling features embedded in CRFRAC.9 and modelling procedure 

The main features of the software were presented in section III.6.1.3; therefore only relevant 

issues concerning modelling of sulphide segregation are briefly introduced here, followed by an outline of 

the generic modelling procedures. Contrarily to the original version of CRFRAC for which detailed 

descriptions of the program’s script and parameterisation were published (Munhá et al., 1988), the new 

metallogeny features embedded in CRFRAC.9 are not yet available to the public. The program includes 
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the most recent empirical and experimental models that allow predicting the timing and conditions for 

sulphide saturation and immiscibility. Therefore, the reasoning and the sources for each module 

parameterisation are described, but for the sake of brevity the original formulation is omitted, being clear 

that they may integrally be found in the quoted references. 

Background and parameterisation 

The most relevant theoretical background is provided by the understanding of the behaviour of 

sulphur solubility in silicate magmas. Sulphur (S2-) dissolves in a silicate melt by replacing O2+ in the 

anion sub-lattice, following the reaction (IV.4) proposed by Fincham & Richardson (1954, in Mavrogenes 

& O’Neill, 1999).  

(IV.4) S2- +½O2 = O2- + ½ S2 
 

Because in silicate melts, the number of oxygen atoms largely exceeds any other anion, including 

S2-, the concentration of O2- may be assumed as constant, giving rise to the so-called Fincham-

Richardson relationship expressed in (IV.5), where S is the sulphur content in the melt (ppm) and CS the 

sulphur capacity of the melt, which may be understood as an equilibrium constant for reaction (IV.4). 

Considering the main question of interest for geologists (“what is the amount of sulphur dissolved in a 

silicate melt saturated with an immiscible sulphide phase?”) the sulphur capacity is best described as the 

sulphur capacity at sulphide saturation or SCSS, after Shima & Naldrett (1975): 
 

(IV.5)  22ln21lnln fSfOSCS   

 

The Fincham - Richardson relationship was tested by Mavrogenes & O’Neill (1999) as a function 

of temperature (1400 - 1800ºC) and pressure (5 – 90 kbar), and by O’Neill & Mavrogenes (2002) in the 

CMAS (CaO – MgO - Al2O3 – SiO2)  TiO2  FeO system (1 bar, T= 1400 ºC) under controlled oxygen 

and sulphur fugacities. Pressure was shown to have a profound effect on the sulphur capacity of the 

magma. The exponential increase of sulphur solubility in a silicate melt with decreasing pressure 

demonstrated by Mavrogenes & O’Neill (1999) implies that magma undergoing adiabatic ascent from the 

mantle will have an increasing capability to dissolve sulphur and thus becoming progressively under 

saturated upon reaching upper crustal depths. This work thus confirmed one of the hallmarks of Ni 

exploration, concerning the need of external sulphur addition via contamination to attain sulphur 

saturation in the silicate magma before significant crystallisation and Ni depletion. In contrast to the 

influence of pressure, it became well established that SCSS is insensitive to temperature and its 

dependence from O2 and S2 only affects the nature of sulphide and silicate melts, particularly the 

activity of FeO and S speciation.  

Following the key-stone demonstrations of Mavrogenes & O’Neill (1999) and O’Neill & 

Mavrogenes (2002), there has been several proposals in literature to formulate the SCSS parameter in a 

way that can be of practical application to natural compositions, without requiring complex (and often 

unavailable) thermodynamic measurements. Modelling of SCSS must consider the O2/S2 ratio implied 

by the Fincham-Richardson relationship and, therefore, requires an accurate knowledge of these two 

intensive variables. However, as recommended by Mavrogenes & O’Neill (1999), oxygen and sulphur 

fugacities should not be explicitly involved in the formulation and may be replaced by the activities of FeO 

and FeS in the silicate and sulphide melts, respectively. Following these recommendations and the 
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original empirical formulation of Mavrogenes & O’Neill (1999), there are currently four proposals in 

literature for the calculation of SCSS parameter taking into account P-T- melt composition (Holzheid & 

Grove, 2002; Scaillet & Pichavant, 2005; Li & Ripley, 2005 and Liu et al., 2007).  

The model of Holzheid & Grove (2002)21 and Li & Ripley (2005) are both designed for anhydrous 

melts and the former gives a strong emphasis on the structure of the melt (polymerisation degree), 

making explicit the account for NBO/T parameter of Mysen (1988). The models of Scaillet & Pichavant 

(2005) and Liu et al. (2007) have the advantage of being calibrated for both anhydrous and hydrous 

melts. Among all four models, only that of Scaillet & Pichavant (2005) is not contemplated in CRFRAC.9 

since, as noted by Liu et al. (2007), it does not reproduce SCSS in intermediate hydrous melt 

compositions, as well as any of the others (possibly because it is strongly tied to SCSS values measured 

by the experiments of Clemente et al., 2004); nevertheless this model excels in prediction of SCSS in 

high silica and low iron rhyolite melts. A comparison on measured and modelled SCSS values retrieved 

by the other three models in a wide spectrum of both hydrous and anhydrous magma compositions, 

demonstrate a systematic better performance of the formulation of Liu et al (2007). Accordingly, for each 

crystallization increment, CRFRAC.9 calculates the required variables and determines SCSS using all the 

three models but given the demonstrated robustness of the model from Liu et al (2007), that SCSS value 

is used to verify if sulphur solubility has been reached, taking into account sulphur speciation (see below). 

Nevertheless, the results are made available to the operator in an detailed output (CRF files) and a 

simple comparison demonstrates that SCSS values for typical LGS compositions computed from 

Holzheid & Grove (2002) and Li & Ripley (2005) are about half (in S ppm) of those from Liu et al (2007), 

implying that the latter provides a more conservative approach.  

As just mentioned, at each increment, the SCSS values are compared to the sulphur contents of 

the magma considering sulphur speciation, meaning that to achieve sulphide saturation, the sulphur 

content of the magma as sulphide must be sufficient to satisfy the SCSS. Sulphur speciation is a function 

of oxygen fugacity and determines if S is present in the melt predominantly as sulphide (S2-) or sulphate 

(S6+O4)
2-. In order to determine how much sulphur is available to form sulphide, the partitioning between 

sulphide versus sulphate equivalent moles is calculated using the empiric function of Jugo et al. (2005a), 

after Wallace & Carmichael (1994).  

Once sulphur saturation is finally achieved and an immiscible sulphide melt segregates, the 

program further calculates the liquid line of descent for the various sulphide batches, i.e. the 

crystallization and differentiation of the monosulphide melt in the S-Fe-Cu-Ni system. Liquidus 

temperatures for sulphide melt liquidus as a function of composition are calculated according to the 

routine explicit in Fleet & Pan (1994), using the Ni, Cu and S exchange coefficients indicated in Mungal 

(2007). As proposed by Mungal et al. (2005), the model assumes equilibrium crystallisation for the mss-

sulphide melt system, following the parameterisation reported in Mungal (2007). 

Generic modelling procedure 

Modelling gives particular emphasis on the need to achieve sulphur saturation soon in the 

crystallisation sequence, i.e. before the magma becomes depleted in Ni, which is compatible with early-

                                                      
21 It should be noted that these authors use a slightly different designation for the SCSS, referring it as to the sulphur saturation 
limits (SSL). 
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formed silicates, such as olivine. Among the several factors that may influence sulphur solubility, it is well 

established that the most effective mechanism of attaining sulphide saturation is direct sulphur addition to 

the melt as a contaminant, a volatile or aqueous phase. Adding non-basaltic contaminants with different 

sulphur concentrations to the selected starting compositions would probably be the more realistic mean to 

assess sulphide saturation, but the number of variables involved is very large and their individual effects 

difficult to monitor. Hence, the approach to modelling was rather simplistic, and consisted in increasing 

sulphur concentrations in the selected starting composition (SC) (Table IV.16) .  
 

Table IV.16- Starting compositions used to model sulphide saturation during crystal fractionation with CRFRAC.9. 
Each one of these SC was combined with increasing values of sulphur. The RMF and Fo for SCs other than SB I- 2 
and 4, refers to the point where they were retrieved from SB I-4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tests were firstly performed with a composition proxy for LGS most primitive and oxidised 

magmas, SB I-2 (DFMQ= +1.8; see Table III.39). These runs provide a brief assessment of the effects of 

strongly oxidising conditions on sulphur solubility and are discussed at the end of this chapter. In 

conformity with the methodologies presented in section III.6.1.3, melt compositions at a desired degree of 

evolution were extracted from SC labelled SB I-4 at DFMQ +1.2 (see Table III.39), used to subsequently 

derive all other LGS compositions. Using Ni contents in the silicate melt as reference, the compositions 

listed in Table IV.16 were selected for modelling, namely at Ni concentrations of 205, 150, 100, 75 and 50 

ppm; in the text, they are referred by their initial Ni and S contents, e.g. Ni75S600.  

Result evaluation and discussion 

Unless otherwise noted, the metal concentrations shown in all diagrams, or referred in the text, 

are in atoms % (at%) and not weight % (wt%), as retrieved by the program. Because a large data set was 

generated during modelling, it is more practical to convert the metal concentrations in ore samples as 

listed in Table IV.17.  
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Table IV.17- Original metal concentrations (wt%- A) of the sulphide fraction in type III mineralisation and conversion 
to atoms % (at%- B) for comparison with the results obtained with CRFRAC.9. 

 

 

 

 

 

 

 

 

All modelled SCs display a SCSS close to 1550 ppm sulphur in the silicate magma. Accordingly, 

by increasing the initial sulphur concentrations in magma, sulphide saturation occurs at earlier stages of 

crystal fractionation. As implied by the strong incompatible behaviour of sulphur in silicate minerals and 

melt, its abundance increases throughout crystal fractionation. Therefore, to bring about sulphide 

saturation in the most primitive magma composition, much higher amounts of external sulphur addition 

are required, since they are further from reaching that condition. As sulphide saturation occurs earlier, so 

does the number of batches of immiscible sulphide melt that segregate, although metal contents vary in 

large degree throughout crystal fractionation. Figure IV.39 shows the main variations in the timing, 

amount and composition of the first sulphide batch (melt and mss) for different starting compositions; 

Figure IV.40 displays the compositional variation of selected sulphide melts and coexisting mss 

undergoing equilibrium fractionation. The main variations observed are summarised below, considering 

firstly the effects of silicate magma composition at the time of sulphide segregation, and then the 

fractionation of the sulphide system; in the first approach (silicate magma composition at the time of 

sulphide segregation), the described compositional variations concern the instantaneous composition of 

the sulphide system, following segregation of each sulphide batch. 

Effects of magma composition on the sulphide system 

Ni and Cu partioning into the sulphide melt reflect their abundance in silicate melt at the timing of 

sulphide saturation. The strong compatible behaviour of Ni with the earliest formed silicate (olivine) limits 

its abundance in the sulphide system to sulphide melts that segregate early in the magma evolution. 

Once a maximum Ni concentration in the first sulphide melt is achieved, the Ni concentration (in the first 

sulphide melt) stabilises regardless of the amount of sulphur added (Figure IV.39B-D); this feature also 

reflects the number of sulphur batches that are produced. In contrast, for sulphide melt that segregate 

later in the sequence, Cu concentrations show a significant increase, reflecting this metal incompatibility 

in silicate minerals, and consequently, its increasing throughout crystal fractionation of the silicate melt 

(Figure IV.40F). When sulphide saturation occurs at the earliest stages of crystal fractionation, Cu 

concentrations show a minimum, regardless of the amount of sulphur added to the magma. Although Cu 

and Ni concentrations in monosulphide solid solution (mss) reflect their bulk concentrations in the silicate-

sulphide system, Figure IV.40E-F clearly demonstrates that both metals are incompatible in mss 

relatively to the coexisting sulphide melt (Figure IV.40G-H see below). 
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Figure IV.39- Main results obtained in modelling with different SC at increasing amounts of S addition; Ni50 = starting 
Ni concentration in the silicate magma. All results are instantaneous conditions at the timing when sulphide saturation 
occurs, meaning that for sulphide and mss represent compositions of the first sulphide batch at the beginning of 
equilibrium crystallisation (whose effects are not explicit here). (A)- Residual melt fraction (RMF) in silicate magma; 
(B)- Number of batches of sulphide melt produced; (C)- Ol composition; (D)- Ni (ppm) in silicate magma; (E-H)- Ni 
and Cu (at%) in sulphide melt and equilibrium mss. Results for SC at Ni205 run at DFMQ+1.8 (compositionally 
equivalent to SC SB I- 2 and SB I- 4) are discussed only at the end of this section. 
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Equilibrium fractionation in the sulphide system  

For a given sulphide batch, the concentration of Ni and Cu increases in sulphide melt as it cools 

and undergoes equilibrium crystallisation. As predicted by experimental solid/liquid partition coefficients 

between mss and sulphide melt (kd), Ni remains chiefly incompatible in mss (KdNi
mss/Sulph melt < 1) until 

about 50% of crystallisation occurs. Cu contents in mss remain chiefly constant, reaching a maximum 

solubility in mss (ca. 3.2 wt%) for mss coexisting with the most Cu-rich sulphide melts, i.e. those 

segregated at later stages of crystal fractionation. The increase of (Cu/Ni)Sulph melt with bulk Cu 

concentration (or lowering Ni/Cu) in the silicate-sulphide system may be appreciated by the gradual 

steepening of the sulphide melt composition and the anti-clockwise rotation of the mss-sulphide melt 

tielines (Figure IV.40).  

Figure IV.40- Equilibrium crystallisation and fractionation of selected sulphide batches, Ni100S700 (A) and Ni150S900 (B). 
In each diagram, the equilibrium crystallisation of several batches of sulphide melt that segregate at given residual 
melt fraction of the silicate magma (RMF) and the Ni content of the silicate melt at that time, are indicated; the 
following sulphide batches are shown: first, when 50% and 75% of the sulphide segregate and the last batch. For 
each sulphide batch, the tielines connect the composition between sulphide melt and equilibrium mss throughout 
crystallisation of the assemblage, as indicated by the block arrows.  

 

As implied by the equilibrium crystallisation model, the bulk composition of the sulphide system 

remains chiefly constant throughout crystallisation. An inspection of the results shows that when ca. 70 % 

of the system has solidified, the Ni content of mss cumulate approaches that of the initial sulphide melt, 

as also reported by Mungal et al. (2005). At that time, the sulphide melt has become both Ni- and Cu-rich 

but represents a small part of the bulk mass of the sulphide system (30%), which is chiefly comprised by 

mss and iss22; the latter should incorporate the Cu that is not partitioned into residual sulphide melt.  

Ni concentrations in mss generated by the model at ca. 70% crystallisation are very similar to 

most natural ores (LGS included) or experimentally compositions (e.g. Fleet & Pan, 1994; Mungal et al., 

2005). In contrast Cu concentrations in model mss only reach the lowest concentrations observed in 

natural magmatic ores from later fractionated sulphide batches, wherein Ni is completely depleted. The 

limited solubility of Cu in mss thus indicates that the Cu concentration in an ore assemblage should be 

chiefly controlled by the sulphide melt from which the high temperature iss crystallises along with mss.  

                                                      
22 Intermediate solid solution is not predicted by the model being worth noting that experimental data on this phase are yet poorly 
constrained.  
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An inspection of the results shows that Cu concentrations in sulphide model melts are 

significantly higher than those present in LGS type III mineralisation, as well as most natural ores 

unrelated to flood basalt volcanism. The data from the model are thus in good agreement with the view 

discussed in previous sections (e.g. IV.4.2.1), i.e. that sulphide systems hosted in CFB suites show low 

Ni/Cu at high Ni, implying large amounts of variably fractionated sulphide melt trapped along with mss. 

Consequentially, as in most other natural situations, LGS sulphide ores chiefly comprise mss with 

relatively small amounts of iss are and are devoid of significant amounts of residual (trapped) sulphide 

melt. Therefore, the small fractions of Ni-Cu rich residual melt are either lost from the system or 

redistributed.  

These results allow setting the appropriate boundary conditions, for direct and inverse modelling, 

as follows.  

(i) Direct modelling involves mainly the choice of an adequate SC. Because the same starting 

composition was used at different degrees of primitiveness, the result from segregating sulphide late in 

the sequence from a primitive SC (say N100S700 at RMFSlct 0.441; Figure IV.39 is chiefly equal to that 

obtained from a sulphide batch that segregates earlier from a more evolved SC (e.g. Ni50S1000 at RMFSlct 

0.6776; Figure IV.39). This happens because in both instances, the silicate magma has the same Ni 

content (in this case 26 ppm), and despite of minor variations in Fe and S contents of sulphide melt and 

mss, their calcophile metal contents are broadly equal. The problem thus resumes to the composition of 

the sulphide system at given Ni content of the silicate magma.  

(ii) Inverse modelling involves significantly higher degrees of freedom that are implied by the 

choice of an adequate SC (namely, Ni, S, and a particular residual melt fraction of the silicate magma; 

RMFSlct) as well as the appropriate sulphide batch (within the many tenths usually produced by each SC) 

or the degree of fractionation of the sulphide system (RMFSulph). The problem may be circumvented using 

the premise that when 70 % of the system has crystallised, the Ni content of mss cumulate approaches 

that of the initial sulphide melt. The limiting conditions were set by screening initial Ni contents in the 

sulphide melts from the first batch that segregates.  

Results for inverse modelling: constrains on type III mineralisation host magmas 

From the available 60 runs obtained from different SC with variable sulphur contents, only 15 

have Ni concentrations in the first sulphide batch within the range of Ni concentrations measured in the 

sulphide fraction of type III mineralisation (1.5 – 3.1 at%); their main features are listed in Table IV.18. 

Only SC with initial an Ni content in silicate melt between 50 and 150 ppm plus an external sulphur 

addition ranging between 700 to 1600 ppm, show fitting results. Ni concentration in the silicate melt at the 

time of sulphide saturation stays within a range of [30 - 49] ppm with a median value of 37 ppm. In 75% of 

the runs, at the time of sulphide saturation, olivine is still a liquid phase and presents a narrow 

compositional range of Fo75 (Fo72-76). As shown in Figure IV.39C, this range overlaps the composition of 

olivine included in the barren olivine norite layers at Serrabritas, whereas the maximum Fo coincides with 

the transition to the ore-bearing domains. This feature shows the excellent fit of the model results and is 

in agreement with conclusions from olivine-sulphide relationships, indicating that reaction between 

sulphides and olivine resulted in Ni and Fe depletion in olivine thereby leaving the original phases 

somewhat more Fo- rich. Additional explanations may include the oxidation conditions used for sulphide 
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modelling as discussed ahead.  
 

Table IV.18- Inverse modelling results: main features for the silicate and sulphide assemblages that may account for 
LGS type III mineralisation; results are displayed for the first and last sulphide batch produced. 

 

The compositional variation throughout equilibrium fractionation of selected sulphide melt-mss 

pairs is shown in Figure IV.41. Inspection of the results confirms that at about 30% of residual sulphide 

melt, the LGS high Ni/Cu samples plot within the tielines between both components of the system, though 

significantly closer to mss. As noted before, no mss composition has enough Cu to account for those 

contents displayed by the analysed samples, meaning that Cu should be mostly included in iss that 

crystallised from the sulphide melt. Unless the system would cease to fractionate at or before the 

reference threshold of 70%, the loss of a small fraction of Ni-bearing Cu-rich melt is implied. In any case, 

the maximum concentrations in the small fraction of residual sulphide melt that should be lost is 18.56 

at% Cu and 7.5 at% Cu obtained for Ni150S700 and Ni75S1200, respectively; note, however, that the referred 

Cu content corresponds to extremely fractionated sulphide melt (88% equilibrium fractionation) when Cu 

concentrations steeps strongly (Figure IV.40). Nevertheless, making allowance for the mass fraction 

required to form iss (not accounted by the model), the effective loss of residual sulphide melt into the 

surrounding silicate host-system should be somewhat reduced.  

The two samples from Figueirinha with low Ni/Cu and high Cu contents plot systematically closer 

to the sulphide melt composition. According with the “traditional” view of sulphide fractional crystallisation, 

these low Ni/Cu compositions could be interpreted as quenched sulphide melt. The monotonous 

mineralogy and prevailing geochemical features, namely, the negative correlation between Cu and Pd 

cannot support this view entirely, although a larger amount of iss  sulphide melt does seem appropriate, 

as inferred in previous sections; in this situation, some type of ore-zoning, represented by different 

studied samples, would be implied. Superimposed hydrothermal alteration should also be precluded on 

the basis of the similar mineralogy displayed by samples and the absence of evidence in host silicates. 

Additional explanations include heterogeneous Ni re-distribution during the development of linnaeite 

(which cannot be confirmed with the restricted EPMA database) and fractionation from different sulphide 

batches/magma compositions, the latter again implying ore-zoning in the system.  

Figure IV.40 shows one of the many possible situations where mss-sulphide melt pairs, may 

account for the Cu-richer compositions at higher mss: sulphide melt ratio: Ni75S1500 at about 60% 

crystallisation of the silicate magma (RMF=0.421), when ca. 75% of the total sulphide batches were 
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already segregated. In these conditions, the silicate magma would have a very low Ni concentration of 13 

ppm at the timing of sulphide saturation, and the sulphide melt, will be extremely enriched in Cu, even at 

the beginning of its crystallisation path (from 10 at% to 23 at% in the residual melt after ca. 70% 

crystallisation). Such scenario is not impossible, but would require the existence of extremely Ni-poor, Cu-

rich domains, which at the current state knowledge cannot be assessed.  
 

Figure IV.41- Compositional variation throughout equilibrium fractionation of selected sulphide melt-mss pairs that 
may account for LGS type III mineralisation at Ni150 (A), Ni100 (B), Ni75 (C), N50 (D); for clarity, tielines are not 
displayed. As noted before (setting of boundary conditions), all displayed compositions refer to the equilibrium 
fractionation of the first generated sulphide melt, because subsequently segregated batches will have lower Ni 
contents. In this figure, the results are displayed according to the SC-Ni content, and then the range of sulphur 
addition wherein the compositions may fit LGS natural compositions, meaning that they are bounded within the mss-
sulphide melt tielines.  

 

Results for direct modelling: the ore potential of LGS magmas 

Because modelled compositions encompass the full spectra of LGS magmas they provide a 

detailed framework for the range of sulphide that may segregate at different evolving stages of each 

Series. The results obtained are divided in two main groups, labelled as high- and low- Ni magmas, 

according to the Ni contents in silicate melt at sulphide saturation of [50-150] ppm and [30-20] ppm, 

respectively. The model conditions for type III mineralisation presented above fall (inverse modelling) at 

the transition [33-49] ppm and are also presentd for comparision in the plots; comparative results for the 

main parameters are summarised in Table IV.19; relevant variation diagrams are shown in Figure IV.42 

(high-Ni magmas) and IV.43 (low-Ni magmas). When sulphide segregates in the low-Ni runs olivine has 

left the liquid assemblage due to the relatively high oxygen fugacity conditions used in modelling; 
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because olivine Fo-content represents one key-feature for (and a basic distinguishing criterion); the 

graphical presentation of high- versus low-Ni magmas in Figure IV.42 and IV.43 is therefore slightly 

diferent. Nevertheless, olivine is present in LGS magma compositions as evolved (or even more) as those 

considered in the low-Ni magmas runs (as a consequence of lower oxidation state) and appropriate 

olivine compositional ranges are provided as guideline for low-Ni magmas.  

 

Figure IV.42- Composition variations in model sulphide melts (A) and coexisting silicate melt (B) that may be 
generated from LGS high- Ni magmas. All compositional parameters refer to the conditions at sulphide saturation, 
and the first segregate magma batch; results from indirect modelling type III mineralisation is shown for reference. 

 

Figure IV.43- Composition variations in model sulphide melts (A) and coexisting silicate melt (B) that may be 
generated from LGS low-Ni magmas. All compositional parameters refer to conditions at sulphide saturation, and the 
first segregate magma batch; results for LGS high-Ni magmas and type III mineralisation (indirect modelling) are 
shown for reference. 

 
 

The results indicate that if conditions are gathered to bring about early sulphide saturation in LGS 

primitive magmas, their ore potential is significant. This needs not to occur for the most primitive 

compositions, such as those implied for SB I and BG troctolite, but considering for example rocks with 
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olivine of about Fo80, ores with Ni contents as high as 6 to 8 at% (equivalent to ca. 8-11 wt%) may 

develop. The displayed Cu concentrations are minimum thresholds since, if significant iss accumulation 

occurs, higher Cu contents may be expected. Metal contents within the range of those of type III 

mineralisation may be expected for magmas with Fo75, whereupon their metal contents will decrease 

significantly. 

The most common magma compositions found in LGS (with olivine below Fo70) can generate 

sulphide assemblages with Ni concentrations below 1.6 at%, corresponding to 2 wt% Ni. This reference 

value is based on a silicate melt with ca. 25 ppm Ni, which is representative of the most common rock 

types in LGS, corresponding to the median of Ni contents in LGS MM retrieved by EDM. Although this 

value encompasses the low Ni/Cu samples from type III mineralization, being the maximum Ni content 

expectable (i.e. Ni in the sulphide fraction), it is clearly sub-economic and indicates a low economic 

potential for most of the LGS outcropping area. 

 

Table IV.19- Composition of potential sulphide melts and coexisting silicate melt that may be generated from LGS 
high (A) and low Ni magmas (B). Results are displayed for the first and last sulphide batch  
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Comments on the oxygen fugacity in the silicate magma 

The effects of varying oxygen fugacity in silicate magma may be evaluated by comparing the 

compositionally equivalent SCs at Ni205 run under different oxidation conditions: DFMQ+1.8 (SB I-2) and 

+1.25 (SB I-4) (Figure IV.39). For similar ranges of sulphur addition, the oxidised melt comparatively 

segregates much lower amounts of sulphide melt (e.g. 10 versus 60 sulphide batches at ca. 800 ppm S; 

Figure IV.39B). The most oxidised SC experiences a second period of passive sulphide segregation (i.e. 

due to normal enrichment by crystal fractionation) at a very late stage, after ca. 90% crystallisation; those 

sulphide melts are expectedly Ni-poor and Cu-rich (many of scale in Figure IV.39H). This late stage of 

passive sulphide segregation is probably explained by the low amounts of sulphide that segregate earlier 

because a significant part of sulphur is yet oxidised; gradual reduction of sulphate and residual 

enrichment should allow achieving sulphide saturation at a late magmatic stage. 

No sulphide could be generated in melts in equilibrium with the most primitive olivine composition 

(similar to what is recorded by LGS rocks with Fo88), but only for a maximum of ca. Fo86 (even at the 

lower DFMQ runs). These results support the view that it should be virtually impossible to achieve sulphur 

saturation in strongly oxidised, primitive magmas. These data confirm empirical observations concerning 

the increasing solubility of sulphur oxidised species with oxygen fugacity, well known by the high 

anhydrite contents in strongly oxidised lava eruptions (e.g. Jugo et al., 2005b). A comparison of the 

sulphide versus sulphate equivalent moles (S+6/STotal) in similar conditions (e.g. at RMF= 0.999 S800) 

shows significantly higher values of 0.6585 for the most oxidised SC relatively to a value of 0.4080 for the 

most reduced. For the most evolved SC Ni50 derived from SB I-4, when oxygen fugacity decreases to 

about DFMQ +1.1, the S+6/STotal ratio decreases accordingly to 0.3293. 

The availability of reduced sulphur species has a strong effect on the capability of silicate melt 

reaching sulphur saturation. Much of LGS crystallised under conditions close to FMQ, probably more 

reduced than those modelled at 1 log unit above FMQ; strong reduced conditions are restricted to the 

most evolved melts with potential to generate oxides, hence their exclusion from the modelled data set for 

sulphide segregation. Nevertheless, it may be argued that modelling was performed at needlessly high 

oxidising conditions. In face of the overwhelming evidence for the oxidised character of LGS source zone 

and parental melts, the choice was to follow a more conservative approach. By using slightly more 

oxidising conditions for some LGS melts, the modelling results are what may be called a “worst case 

scenario”. It is important recall that the effects of this approach do not affect sulphide saturation 

exclusively, but also have a strong bearing on Ni depletion and Fo contents in olivine (see discussion in 

section III.6.1.3), whose absence in other more evolved compositions also reflects the excessively 

oxidising conditions.  

Despite of the uncertainties or criticisms presented above, it is worth noting that Jugo et al. 

(2005b) demonstrated experimentally that the lower stability of sulphate liquids is ca. DFMQ+1.8, which 

corresponds to the conditions estimated for LGS most primitive magmas. Below that limit, sulphide is the 

dominant species (as also supported by sulphur speciation values computed by CRFRAC), and 

conditions for sulphide-ore segregation will markedly improve. Accordingly, compared to the results from 

modelling, favourable conditions might be reached in some domains of LGS, but the estimates here 

presented for the ore potential of the most primitive and oxidised melts were not raised beyond the 

reasonable doubt. 
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IV.4.2.8. Estimate of silicate/sulphide melt ratios (R factor) in type III mineralisation 

By combining the constrains from modelling of sulphur saturation with crystal fractionation and 

PGE concentrations, the R factor provides limits on the degree of metal upgrading of the sulphide 

assemblage and, therefore, on the dynamics of magmatic environment wherein type III mineralisation 

was generated. The approach assumes that all sulphide represents sulphide melt, thus making no 

allowance for the presence of mss, whose metal contents and partition coefficients for base and noble 

metals are significantly distinct from the coexisting sulphide melt.  

Formulation 

As proposed by Campbell & Naldrett (1979), the interaction of sulphide melt with increasing 

volumes of silicate magma may significantly increase its final metal contents (for details consult Vol II- 

I.2). The metal upgrading process, commonly named as R factor, has a strong influence on the estimation 

of the economic potential of a given magmatic mineralisation. The formulation expressed in (IV.6) relates 

the mass ratios of silicate melt and sulphide melts R, with the partition coefficient between both melts for 

a metal i (Kdi
SulphMelt/SlctMelt, hereafter Kd), using its initial concentration in silicate melt (CSlct) to predict the 

concentrations attained in sulphide melt (CSulph) at equilibrium. 

(IV.6)   SlctMeltSulphMelt
i

SlctMeltSulphMelt
i

Slct

Sulph KdRRKd
C

C // 1   

The remaining metal concentration in the silicate magma, following interaction or segregation with 

the sulphide CResSlct melt, will be given by expression (IV.7), which derives from the metal Nernst partition 

coefficient. 

(IV.7) SlctMeltSulphMelt
iSulphsSlctMelt KdCC /

Re /  

To estimate the R value for a metal of interest i (e.g. Ni, Cu or PGE), its concentration in sulphide 

(CSulph) and silicate (CSlct) melts prior to upgrading must be known, as well as the sulphide/silicate melt 

partition coefficient (Kd). Partition coefficients for Ni (500), Pd (1.7 x 104) and Pt (1.0 x 104) were chosen 

from values most commonly used in this kind of modelling (Naldrett, 2004).  

Results and discussion 

As a first test, a series of possible R values were computed by combining the Ni concentrations in 

LGS type III mineralisation (Ni100 [19527 – 42115] ppm) with Ni concentrations in silicate melt (CSlct) 

between 5 and 400 ppm; the results are displayed in Figure IV.44. For clarity it should be noted that, 

when values of CSlct as low as 5 ppm are used for testing, expression (IV.6) is irresoluble, reason why 

curves in Figure IV.44 only appear for higher values of CSlct. A detailed variation of R values with Ni 

concentration in the silicate melt is shown in Figure IV.45, where the range of LGS sulphides 

compositions was superimposed. 

Assuming that all Figueirinha sulphide samples were derived from the same sulphide melt at 

similar degrees of crystallisation (in order to account for the minimum and maximum Ni100 concentrations), 

CSlct is required to be higher than 40 ppm and 85 ppm, respectively. In these conditions the range of R 

values is extremely large, between ca. 20500 (logR= 4.3; for CSlct=40 ppm, in the more Ni-poor sulphides) 

and 50 000 (logR= 4.7; for CSlct=85 ppm, in the more Ni-rich sulphides). The difference in logRMin and 
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logRMax gradually decreases when higher CSlct values are considered, becoming less than 1 log unit (1000 

in absolute values) for CSlct  125 ppm Ni. Ni concentrations in Serrabritas sulphides fall within the range 

of those from Figueirinha (Ni100= 31727 ppm) and thus require a minimum of CSlct = 64 ppm Ni, 

corresponding to a logR value of 4.8 (58028). R values for Serrabritas decrease to less than 500 (logR = 

2.7) for CSlct  125 ppm Ni, where R estimates for the Figueirinha mineralisation show reasonable 

convergence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.44- Range of R values obtained with measured Ni concentrations for type III mineralisation, for Ni 
concentrations in silicate melt (CSlct) between 5 and 400 ppm. The shaded area represents typical R values for 
extreme high-grade PGE reefs (Naldrett, 2004).  

 
 

As implied in expression (IV.6), to achieve a given metal concentration in a sulphide melt, 

increasingly large silicate/sulphide melt ratios (R values) are required as initial metal concentrations 

decrease in silicate melts. Therefore, even for high PGE concentrations typical of some primitive silicate 

melts (like CFB picrites with Pt= 10.5 ppb and Pd= 9.5 ppb; in Mungal, 2005), it takes a value of R > 10 

000 for Pt to reach the concentration in sulphide that is characteristic of most PGE-reef deposits (Naldrett, 

2004). This observation shows that the results obtained are hardly reconcilable with the extreme R values 

required, assuming low Ni concentration in the original silicate melt, also inconsistent with its PGE-poor 

nature. On the contrary, if the lower range of (more reasonable) R values is considered, the required high 

Ni contents in the initial silicate magma are inconsistent with the prevailing LGS geological features (see 

below), as well modelling results of sulphide saturation, even assuming some degree of uncertainty in 

each modelling procedure.  

No explicit restrictions for the use of the approach was found in the original paper (Campbell & 

Naldrett, 1979) that may explain such large discrepancy in the results obtained for LGS. However, in 

many works that apply this approach, R modelling is used to calibrate high-grade sulphide ores at much 

higher starting Ni concentrations in silicate melt (e.g. 125 ppm, Thériault et al., 1997; see also Naldrett, 

2004), whereas in low-grade deposits the formulation is applied exclusively for PGE metal concentrations 

(e.g. Naldrett et al., 2000a). The degree of metal upgrading achieved by a sulphide melt is independent of 

the initial metal concentration in the magma, but increases strongly with the metal Kd. Therefore, for the 
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same R value, noble metals are more effectively upgraded than base metals, by about 130 or 10 times 

their original concentration, respectively. Although this is admittedly speculative, the explanation perhaps 

lies in a much larger margin of error of the R approach for low-grade, base metal ores such as LGS.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.45- Range of R values obtained by combining a series of assumed Ni concentrations in the initial silicate 
melt. The interval of Ni100 concentrations in LGS sulphides is represented by the shaded area.  

 
 

It does not seem reasonable to deem any of the modelling results (i.e. R vs. sulphide saturation) 

as spurious. Therefore, in spite of the uncertainties, it was decided to present the R results because they 

may provide clues for interpreting the evolution of LGS sulphides. Firstly, it must be considered that 

results from sulphide saturation modelling are consistent with those obtained for LGS MM estimated 

independently with EDM. Median Ni concentration in the 33 MM compositions estimated for LGS 

cumulates is 26 ppm Ni; only 18% of the data retrieve Ni values higher than 45 ppm, while SB I Series 

MM, display higher Ni concentrations (50 to 79 ppm). Therefore, even if results from sulphide saturation 

modelling were deeply flawed, only invoking the melt in equilibrium with one sample of SB I Series 

(wherein olivine has an extraordinarily Ni-rich concentration, up to 2218 ppm, for which a coarse estimate 

yields a melt with ca.180 ppm Ni at #Mg0.63) could the CSlct obtained from R modelling be accounted for. 

Secondly, using expression (IV.7), i.e. the direct application of the Nernst partition coefficient on ores, the 

Ni contents in silicate magma after interaction with sulphides retrieves values between 39 and 84 ppm Ni 

(much higher than any LGS MM), clearly indicating that to develop the metal concentrations in sulphides 

significant upgrading is warranted. Finally, just to detach the discussion from exclusively modelling- based 

results, Ni contents in most LGS rocks are relatively low, as conditioned by the Ni contents in olivine at 

their magnesium content; the latter result in deviation of LGS olivine from the typical field of layered 

igneous intrusions as proposed by (Simkin & Smith, 1979; section III.2.1.1), towards low-Ni contents.  

Within the uncertainty, the range of Ni contents in the silicate melt retrieved by sulphide saturation 

modelling may be used to constraint R values more loosely from the variations displayed in Figure IV.45. 

For a silicate melt with 50 ppm Ni, a minimum value of R of about 1500 may allow obtaining an ore with 

ca. 2 wt% Ni (i.e. the lowest concentration for LGS ores). For a silicate melt with 75 ppm Ni, a range of R 

values between 1500 and 500 may account for the median range of LGS sulphide mineralizations of 

about 3 wt%, a value representative of Serrabritas mineralization. Introducing this rather large range of R 
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values in Figure IV.46, wherein the interval of Pt100 concentrations in the Figueirinha sulphides is plotted, 

a narrow of possible Pt concentrations in silicate magma can be found, between [0.4 – 0.6] ppb. This 

represents a higher degree of depletion in silicate magma after interaction with sulphide melt than was 

reported for Ni, and supports the eventual greater adequacy of R factor to approach noble metals, as 

above suggested. Nevertheless, the range of Pt concentrations obtained for the original silicate must be 

regarded as merely indicative, given the aforementioned uncertainties as well as the unknown 

concentrations in LGS magmas.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.46- Range of possible R values that may obtained by combining a series of assumed Pt concentrations in 
initial silicate melt with; the interval of Pt100 concentrations in the Figueirinha sulphides is represented by the shaded 
area. 

Although the estimated Pt concentrations are very close to those reported for the average 

continental crust (0.5 ppb; Rudnick & Gao, 2003) these same authors indicate that crustal estimates for 

highly siderophile elements such as PGE can be as large as an order of magnitude, as may be perceived 

by comparison with other estimates (up to 1.81 ppb); only one estimate for Pt content of the lower crust 

(1.8 ppb) is available, according to Rudnick & Gao, 2003. Compared to values reported for Pt 

concentrations in continental settings, those obtained for LGS seem reasonably low. For example, the 

most depleted tholeiite basalt from the sequence overlying the Noril’sk deposit has 16 ppm Ni and 0.12 

ppb Pt (Lightfoot & Keays, 2002). 

Concluding, regardless of the actual initial Pt concentrations in LGS melts, the most significant 

insight brought from the R approach is that to accomplish the highest Ni contents in LGS mineralisation 

from magmas with an initial low Ni concentration, it is likely that the sulphide melt has to interact with a 

considerable amount of silicate magma. If the area where Serrabritas sulphides are seen outcropping are 

representative, than the small amount of sulphide melt must have had a chance to interact with a 

proportionally high amount of silicate magma. This would give rise to a small amount ore that attained a 

relatively high Ni concentration from relatively Ni-poor silicate magma. For the Figueirinha mineralisation, 

two limiting situations may be envisaged. The amount of sulphide melt was small, leading to domains 

where the ore was being efficiently upgraded and others less so; this could mean that the supply of fresh 

silicate magma was limited and that the magma became quickly Ni depleted and/or the dynamics was 

ineffective. Nevertheless, there would have been a rapid and heterogeneous upgrading effect which 
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anticipates a small and localised ore-forming system. Alternatively, assuming more favourable Ni 

contents in magma, and a minimal efficient interaction, the different Ni grades would have been caused 

by the existence of large amounts of moderately Ni-rich sulphide melt, e.g. like the most Ni-poor sulphide 

samples; these suggest, on the contrary, a conspicuous metal zoning and a larger mineralised system. 

IV.4.2.9. Metallogenic model for sulphide mineralisation 

In previous sections the nature of LGS sulphide mineralisation (i.e. magmatic vs. hydrothermal), 

the mineralogical evolution of sulphide assemblages and the conditions prevailing during sulphide 

deposition, were discussed. These data support an hydrothermal origin for type II mineralisation whereas 

complementary data from modelling provided crucial information in narrowing the magma types that might 

account for the metal contents in type III mineralisation. Placing the sources of metals and sulphur 

identified in the previous section within the petrogenetic framework established throughout PART III is the 

final step in deciphering the metallogenesis of sulphide mineralisation and elucidate on the mechanisms 

that may have triggered sulphide fractionation.  

Type II Ventoso mineralisation 

Field and petrogenetic evidence presented in section III.6.3.2 suggests that type II mineralisation, 

the pegmatoid dyke swarms crosscutting ODV III Upper Group and the widespread hydrothermal there 

recorded, are likely all different expressions of a same hydrothermal major event. The 344 Ma model 

ages obtained for Ventoso sulphides are remarkably consistent with the 342  9 Ma zircon SHRIMP age 

in pegmatoid dykes (Jesus et al., 2007c) and strongly reinforce a relationship between both systems. 

Extensive water/rock interaction documented in ODV III section exposed at the Ventoso quarry 

suggests that pegmatoids developed from a fluid or strongly diluted aqueous melt. The large amounts of 

fluid consumed in hydration reactions by LGS rocks during the development of the pegmatoid dykes are 

in agreement with the dominant hydrothermal nature of the Ventoso sulphides. Preserved radiogenic Nd 

isotopic signatures in the ODV III host rocks corroborates the predominantly aqueous nature of the 

pegmatoid precursors whereas mild decoupling in Sr isotopic signatures further suggests fluids with poor 

isotopic contrast with LGS cumulates. Residual magmatic fluids exsolved from LGS cumulates and/or late 

diorite intrusions (whose Nd-Sr isotopic signature is indistinct from LGS cumulates) could account for the 

strong Eu, Sr  Ba negative anomalies or REE enrichment in the pegmatoid. Although such linkage 

cannot be (dis)proven at the moment, the poorly radiogenic lead isotope signature of the Ventoso 

sulphides (= 9.5 - 9.6) relatively to those in type III mineralisation (= 9.5 - 9.8) is indeed consistent with 

derivation from a primitive source, such as LGS magmas or the diorite suite. The Ventoso sulphides lead 

signatures perhaps represent the best proxy for the original lead isotopic composition of LGS melts. 

The hypothesis that Nd-Sr isotopic decoupling in LGS and diorite rocks reflects ongoing de-

carbonatization reactions of OMZ country rocks is compatible with crustal sulphur compositions and Se/S 

ratios displayed by type II mineralization having been acquired by mixing with crustal derived fluids. 

Sulphur is highly mobile in aqueous fluids, and therefore, the heavy isotopic composition from crustal 

rocks would easily dominate the composition of Ventoso sulphides. In contrast, Se is less abundant in 

sedimentary rocks relatively to the sulphide mantelic initial composition of LGS rocks, and should be 

significantly diluted, explaining the sub-mantelic Se/S ratios. The dominant species, comprising the 
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magmatic vapour derived from a basaltic melt, are CO2--rich [(CO2 + CO)-], most water remaining 

dissolved in the melt until the fluid eventually evolves to water-rich compositions (e.g. Mathez, 1989). 

Magmatic vapour usually contains less than 10 wt% of sulphur species. Therefore, the isotopic 

composition of sulphides strongly suggests interaction with external, country rock-derived fluids with LGS 

as proposed in PART III. 

The hydrothermal character of type II mineralisation and its relationship with the pegmatoid dykes 

would anticipate that base metals or semi-metals (such as Pb, Zn, Cd, As, Bi and Ag, usually in low 

abundance in mafic magmas) concentrations would be higher than in type III mineralisation; however, 

that is not the case. Several features of sulphides altered host-rocks or pegmatoid dykes broadly reflect 

the gabbroic nature of the precursor, e.g.: the high #Mg and transition element abundances in 

metasomatic halo and pegmatoid are indistinct from ODV III Series host-rocks. These features, as well as 

the relatively high residual Ni contents in pyrrhotite, strongly suggest that the Ventoso sulphides may be 

envisaged as a result of mixing of a strongly diluted magmatic fluid (higher Ni/Cu) with an exogenous 

hydrothermal component with lower Ni/Cu ratio; Cu may be variably enriched in either component.  

The low metal budget in sulphides may be easily accounted by a diluted magmatic component 

meaning that, besides from volatiles and sulphur, the metal contribution from the exogenous 

hydrothermal component was minimal. Nevertheless, to achieve metal concentrations in sulphide veins 

some degree of enrichment relatively to gabbroic rocks must occur. The metals and sulphur could have 

been easily carried out by means of volatile-aided transport in chlorine-rich fluids (e.g. Cl- or FeCl2 

aqueous complexes; Robb, 2005). Since chlorine in medium to low-temperature hydrothermal solutions 

may redistribute most of the base and precious metals, an effective leaching of metals from gabbroic 

rocks with disseminated sulphides could upgrade concentrations to the levels recorded in sulphide veins. 

This hypothesis is supported by the strong altered character of the ultramafic levels at the quarry, where 

disseminated and somewhat corroded magmatic sulphides are observed.  

Type III mineralisation  

Petrogenetic features presented in III.6.2 indicate that LGS magmas show rather homogenous 

isotopic composition. The geochemical and compositional diversity of magmas and their cumulates, may 

be explained mostly by: (i) different oxidation states; (ii) different degrees of upper ± lower crustal 

contamination (with consequent variable budget in incompatible elements, including volatiles); and (iii) 

different degrees of crystal fractionation, rate of replenishment in the upper crustal (outcropping) 

magmatic chamber and mixing with resident magmas. Significant isotopic and geochemical diversification 

took place at a relatively late evolving stage, during the emplacement of the ATT suite strongly hybridised 

magma and mushes, which record important lower crustal contamination, implying a prolonged staging at 

a presumably lower/middle crustal magmatic chamber.  

Each occurrence from type III mineralization is hosted by different Series that resulted from 

different magma pulses: Serrabritas mineralisation is hosted in BRG I Series, while Figueirinha is hosted 

in BRG II Series (albeit in detail their relationships remain unclear). Accordingly, unless one of these 

occurrences bears a stronger component from ATT suite type magmas, differences in their isotopic and 

geochemical composition (e.g. radiogenic Pb or Se/S ratios) should reflect mostly different styles and/or 

degrees of crustal contamination after magma extraction from LGS source zone.  
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Serrabritas mineralisation  

Rocks from BRG I (Upper Group) and BRG II transition (Basal Group), cropping out just above 

the Serrabritas mineralisation, show moderate degrees of upper crustal contamination, which is quite 

significant and only outweighed by the much more evolved rocks from ODV I Series. The more radiogenic 

lead signature of Serrabritas mineralisation should, accordingly, reflect assimilation of crustal rocks. As 

supported by the inferred Se/S ratios, much lower than what is allowed for mantle-derived rocks, the 

preferred nature of the contaminant should be of (meta-)sedimentary origin. In section IV.4.2.4, the low 

oxygen fugacities estimated for ore deposition at Serrabritas (of about -2 DFMQ), were ascribed to 

magma entering a reduction path that ultimately led to the development of oxide levels, just above the 

sulphide mineralised layer. Such reduced conditions are unusual for LGS rocks bearing the relatively 

primitive composition (Fo77-73) that characterises olivine-norite rocks hosting Serrabritas mineralisation. It 

is therefore suggested that what might have triggered reduction and sulphide deposition was assimilation 

of metasedimentary rocks rich in graphite or organic matter, similar to black shales or graphitic schists. 

Such rock types are common within the Série Negra formation (Oliveira, 1990; Oliveira et al., 1991) which 

is believed to be a significant component at OMZ middle(-lower) crust (Vieira da Silva et al., 2007; Muñoz 

et al., 2008). 

Black shales are known to be enriched in a wide range of metals (e.g. V, Cr, Co, Ni, Ti, Cu, Pb, 

Zn, Mo, U, Ag, Sb, Tl, Se, and Cd; Robb, 2005), often in enough concentrations to be economically 

exploited. Whole-rock data for Serrabritas sulphides show significant enrichment Cd, Co, Pb or Zn. 

Comparison of Serrabritas sulphide EPMA data with those of Figueirinha further indicates an interesting 

potential for noble metal enrichment, namely Pt and Au. As noted previously, unless the exact 

composition of the contaminant is to be known in the future, the typically mantelic sulphur isotopic 

compositions for Serrabritas sulphides neither support nor exclude this hypothesis. Indeed, as seen in the 

compilation listed in Table IV.20, the sulphur isotopic composition of black shales (noticeably several 

hosting economic mineralisation developed during Variscan times), is wide, and often comprises strongly 

negative values (typical of euxinic conditions; e.g. Faure, 1986). Assimilation of reduced metasediments 

bearing negative sulphur isotopic values, followed by isotope homogenisation in magma, could thus 

produce the range of mantelic values observed in Serrabritas sulphides. 
 

Table IV.20- Range and mean values (where provided by the authors) of sulphur isotopic composition in some 
Phanerozoic black-shales; isotopic values were measured in ore-sulphide minerals or sulphide phases included in 
host rocks. References: [1]- Alfonso et al. (2002); [2]- Bottrell & Spiro (1988); [3]- Wagner & Boyce (2003). 

 

The possibility here suggested warrants one final comment on the strong Co-rich nature of 

Serrabritas sulphides. Several authors (Merkel & von Gruenewaldt; 1986; Paktunc, 1990) demonstrated 
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that higher Co contents in pentlandite following typical magmatic trends (i.e. excluding superimposed 

serpentinisation, e.g. Mozgova et al., 1996) are a consequence of Ni depletion in silicate magma from 

which the sulphide melt segregated. Although mild Ni depletion may have promoted Co incorporation in 

pentlandite from Serrabritas, if the contaminant was markedly Co-rich, as are some black shales, the 

similar partition coefficient for Co and Ni in sulphide melt, may imply that Co and Ni were both enriched, 

as bear out by the relatively high Ni100 bulk rock contents, similar to those of Figueirinha Ni-rich samples.  

Figueirinha  

Isotopic data for rocks closest to Figueirinha mineralisation from BRG II Series Basal Group 

indicate assimilation of small amounts of upper crustal rocks; the much distal and more primitive rocks 

from Upper Group have isotopic composition similar to what is thought to represent LGS unmodified 

magmas. If the mineralised pyroxenite hosting Figueirinha mineralisation is indeed correlative of BRG II 

Lower Group sequence, the magma replenishment from which the sulphide segregated occurred above 

Basal Group stratigraphic level, and its isotopic signature and degree of crustal assimilation are unknown.  

Assuming that the lead isotopic composition of pyrrhotite from Figueirinha was not disturbed (as 

seems to be the case for chalcopyrite; section IV.4.1.5), the degree of contamination by upper crustal 

rocks diluting the signal from juvenile lead should be similar to that of Serrabritas. However, in this case, 

neither Se/S ratios nor sulphur isotopic composition are distinguishable from mantelic values and, 

therefore, do not provide further evidence on the nature of possible assimilants.  

The features listed above complicate the evaluation of the mechanisms that triggered sulphide 

saturation in the magma that gave rise to the Figueirinha mineralisation. Likewise for Serrabritas 

mineralisation, modelling of sulphur saturation demonstrates that these magmas (Ni 30-50 ppm) should 

be slightly more Ni-rich than the most common LGS magmas (X= 26 ppm, with only 18%  45 ppm based 

on estimates from EDM). In this situation, it may be suggested that the fact that ores are PGE-undepleted 

compared to several Scandinavian intra-orogenic Ni deposits, may have been conditioned by interaction 

of sulphide melts with relatively high amounts of silicate magma, leading to relatively high R values (500-

1500); this feature is consistent with the dependence of the R factor on the metal Kd, explaining a more 

effective upgrading of noble metals in relation to base metals (Campbell & Naldrett, 1979)  

At Figueirinha, the origin of magmas is veiled by the imprecise knowledge of relationships 

between ores and BRG II Series, as well as by the olivine-devoid nature of the host rocks. The 

clinopyroxenitic nature of rocks hosting Figueirinha sulphides is indeed one of its most prominent and 

intriguing features. It should be stressed that the graphic-textured sulphide inclusions in clinopyroxene 

grains clearly support that these minerals should indeed represent the original silicate assemblage that 

fractionated from the same melt from which the sulphides segregated. Pyroxenite s.s. hosted magmatic 

sulphide mineralizations are relatively rare. To the best of the author’s knowledge, examples of 

pyroxenite-hosted Ni ores have been reported as minor ore-showings in the Nain Province of Labrador 

hosting the Voisey’s Bay deposit (Kerr & Ryan, 2000) and several sub-economic ultramafic Svecofennian 

intrusions (Lamberg; 2005). Examples of deposits hosted in olivine-devoid rocks include for example 

Sudbury in Canada (Naldrett, 2004) or Aguablanca in Spain (Casquet et al., 2001; Tornos et al, 2006). At 

the Nain Province, mineralised pyroxenite rocks occur within and adjacent to the Kiglapait intrusion 

(pyroxenite veins and dykes) or as transgressive contacts with large anorthosite bodies (Kerr & Ryan, 
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2000); mineralisation is sporadic and metal contents are usually very low (Ni100 between 0.42 and 1.03 

wt%, maximum 1.76 wt%; Cu100 between 0.39-0.67 wt%, maximum 1.67 wt%). Despite of differences in 

geological contexts (note the unique astrobleme nature of Sudbury; section I.2) the common origin of 

pyroxenitic or olivine-devoid hosted sulphide mineralisation at Sudbury Complex and Nain Anorthositic 

Province is envisaged as resulting from contamination of mafic magma with siliceous country rocks, i.e. 

felsification. Regardless if external addition of sulphur occurs, the increasing activities of silica and alkalis 

cause a decrease in sulphur solubility, thus promoting sulphide segregation (O’Neil & Mavrogenes, 2002; 

Li & Ripley, 2005). Eventually, olivine crystallisation are inhibited, allowing development of ortho/ and/or 

clinopyroxene, and therefore, the effective partitioning of all calcophile metals into the sulphide fraction of 

the magma.  

Layered pyroxene-rich rocks are by far more abundant within BRG II than any other LGS Series. 

Pyroxenite s.s. are, nevertheless, rare and never reach the large grain-size or heterometric character 

seen in the rocks hosting Figueirinha sulphides. In contrast, loose blocks of border facies rocks (including 

large, partially resorbed clinopyroxene crystals; Figure II.19F) are seen nearby the outcrop-devoid area 

adjoining the Figueirinha quarry. The location of the Figueirinha quarry abuts the border facies, whose 

hybrid magmas (ATT suite) extensively intrude the gabbroic sequence at this place and carry blocks of 

primitive troctolite blocks similar to those proxy for LGS parental magmas (cropping out at the Soberanas 

sector). The location of the sulphide mineralisation at the margins of the intrusion, adjoining the complex 

border facies domain, may not be a coincidence.  

In view of the features above presented, two limiting situations may be envisaged for the origin of 

the Figueirinha mineralisation, which are bounded by the insights brought by the R factor approach.  

1. The sulphides are endogenous and genetically related to BRG II Series.  

Although there are no model melt estimates for BRG II Series, the Ni concentrations in olivine 

suggest a milder degree of Ni-depletion, particularly above the Lower Group, that presumably hosts the 

Figueirinha mineralisation (sections III.2.1.1 and III.6.1.3). The preferred explanation for the common Ni 

depletion throughout LGS below BRG II Series Intermediate Group (particularly the most primitive rocks, 

e.g. SB I Series), is that LGS magmas might have segregated and interacted with sulphide melt at a 

relatively early stage of their evolution. A possible explanation is episodic segregation of small amounts of 

sulphide melt at deep crustal magmatic chambers, causing early depletion in LGS magmas. This chiefly 

corresponds to the “sulphide removal” effect discussed in section IV.4.2.5, thought to cause the (strong) 

PGE depletion in several Scandinavian, and broadly many orogenic sulphide deposits. Sulphide 

saturation at depth might have been conditioned by the sulphide-rich character of the source zone, an 

apparently common feature in orogenic settings, supported by the sulphur concentrations in LGS (nearly 

systematically above PM values). Sulphur-rich magmas are be too close to sulphide saturation and, 

minimum degrees of crustal contamination (e.g. at depth), can be enough to segregate small amounts of 

sulphide, thus leaving the magma mildly depleted in calcophile elements. 

Additional factors contributing for the more pronounced Ni depletion in LGS magmas below BRG 

II Series Intermediate Group may include decreasing of bulk oxidising conditions (section III.6.1.3 or 

IV.4.2.7) or higher degrees of partial melting towards the top of LGS sequence. The latter feature cannot 

be fully demonstrated however repeated melt extraction events are consistent with LGS evolution and 

may account low Th/Sm as well as decreasing Zr/Hf ratios and lowering of HIE budget with time (see 
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III.6.2.2). Increasing partial melting should lead to greater amounts of olivine-melting and thus higher Ni 

contents in the magmas, as well as a dilution of sulphur contents released from melting of sulphide at the 

source zone (as conditioned by sulphide low melting point). 

The features above described suggest a more favourable nature for BRG II Series compared to 

other LGS Series and could explain the occurrence of sulphide ores at this location. The pyroxenitic 

nature of host rocks would therefore reflect the tendency shown by BRG II Series to gradually enter the 

pyroxenitic field whereas the pyroxene + sulphide assemblage should result of common accumulation 

processes or density-driven ponding of sulphide melt. The occurrence of sulphides at the Lower – 

Intermediate Group transition could result from a stronger but transient contamination event (as required 

by the pristine isotopic composition of Upper Group rocks) and the amount of sulphide segregate cannot 

be further constrained. Considering the two hypothesis discussed from R factor modelling, this case 

would fit into a less favourable dynamic of the system with heterogeneous upgrading, wherein the silicate 

magma should became rapidly Ni-depleted.  

2. The sulphides are exogenous relatively to BRG II Series. 

In this situation, the Figueirinha mineralisation would have been emplaced at a later period along 

with ATT suite hybrid magmas and troctolite blocks. Among other features below discussed, this 

hypothesis could be consistent with the rightwards displacement of the 206/204Pb lead isotopic signature of 

Figueirinha pyrrhotite to what seems to be a younger lead model age relatively to Serrabritas or Ventoso 

occurrences. This hypothesis further supports the hypothesis that differentiation residual basaltic melt 

resulting from fractionation at depth, are an important component on border facies/ATT suite hybrid melts.  

The troctolite blocks have a composition that is clearly too primitive to account for the Figueirinha 

sulphide melts; accordingly the BG troctolite would still simply represent cognate xenoliths brought from 

the lower magmatic chamber, or deep exposed portions of the middle/upper crustal magmatic chamber, 

as discussed in PART III. The sulphides could however segregate from residual basaltic melt existing at 

the lower chamber until a relatively late period and, in fact, inferred to exist as a “lubricant” to the 

plagioclase-rich mushes that gave rise to anorthositic rocks included in border facies, correlative of ATT 

suite. The highly dynamics of ATT suite/border facies magmas allows explaining the suggested high R 

values for Figueirinha sulphides. The degrees of lower crustal contamination shown by ATT suite 

magmas are consistent with that required to cause sulphide segregation.  

The anorthosite-clinopyroxenite association may be explained in terms of crustal contamination 

predominantly by felsification, as documented by the rare pyroxenite hosted sulphide ores. The 

felsification process may be simplistically approached in terms of the forsterite - diopside - anorthite 

system, illustrated in the isobaric diagram at atmospheric pressure in Figure IV.47. The starting point 

considers the common assemblage seen in LGS most primitive rock: troctolite comprising olivine 

(forsterite) + plagioclase (anorthite) assemblage with vestigial amounts of clinopyroxene (diopside) (note 

that in these rocks, orthopyroxene clearly results from a late, peritetic olivine + liquid reaction as it is 

exclusively found mantling olivine grains).  

The initial line of descent for LGS primitive magmas should be roughly represented by path 1A: 

after crystallising olivine (point A: olivine + liquid field), the mineral assemblage corresponding to troctolite 

rocks should correspond to a magma composition lying along the (anorthosite + liquid) – (forsterite + 

liquid) cotetic join; with transient incursions to the ternary eutectic, M, when diopside joins the 
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assemblage. This path is common to most LGS rocks, although particularly well documented for 

(primitive) troctolite rocks due to the absence of additional mineral phases. Magma cooling in most LGS 

rocks is documented by late textural occurrence of clinopyroxene (point B). This should correspond to a 

progression towards the anorthite-diopside cotetic join, and finally the diopside + liquid field, illustrated by 

path 1B. The final stages of crystallisation are well documented by the close relationship between 

anorthosite and clinopyroxenite adcumulate rocks; the textural evolution of this mineral assemblage was 

discussed in section II.5.2.1 within the context of gravitic admixing, as both rock types are sometimes 

observed as bimodal sequences (anorthosite overlying pyroxenite). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.47- Ternary diagram of diopside-anorthite-forsterite system (adapted from Morse, 1994). For description of 
the indicated paths see text. The grey ellipse show the location of the bimodal pyroxenite-anorthosite association 
represented by ATT suite magmas if a genetic relationship between both is assumed. 

 

Although normal magma cooling may produce the anorthosite-clinopyroxenite bimodal 

association, Ca-poor pyroxene and Fe-Ti oxides will eventually join the association, adding new 

complexities to the system and driving its composition away from the anorthite-diopside cotetic join. Most 

importantly, throughout most of the LGS magmatic history, the process was systematically interrupted by 

incoming batches of magma, resetting the system to some previous point where olivine is again a liquidus 

phase. In order to buffer the system along the cotetic of interest, magma replenishment and further 

cooling of the system must be inhibited, and the needed chemical components supplied. Adding of felsic 

(s.l.) contaminants will suppress iron enrichment in the melt, enhancing silica, alumina and alkali activities 

that allow crystallisation to proceed along the anorthite-diopside cotetic join. Once sulphur saturation is 

achieved, all iron present in the system could be partitioned into the sulphide melt, further promoting the 

permanence of the system along that join. If the process took place soon enough in the evolution of the 

magma (somewhere along path 1A), before extensive fractionation of olivine occurred in the residual 

magma at depth, than Ni depletion is prevented and ideal conditions for the genesis of an economic 

deposit were gathered.  

As discussed in section III.6.3.2 potential sources for ATT suite/border facies crustal melt 

components suggest the involvement of fertile lithologies with strong isotopic contrast relatively to LGS 

rocks, whose likely candidates lie on the metasedimentary pile that overlies the granulitic basement. As 
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modelled by Li & Ripley (2005), a minimum of 10% of mass addition of a felsic component are sufficient 

to induce sulphide saturation, a value well below the amount of contamination estimated for the ATT 

suite. As noted before, the diversity of sulphur isotopic signatures in potential contaminants may leave 

external sulphide addition veiled, resulting in poorly contrasting sulphur signatures in magmatic sulphides 

relatively to typical mantle values. A felsification style of contamination, (even if bearing some sulphur 

contribution), could thus explain the broadly mantelic values in Figueirinha sulphur isotopic compositions.  

IV.4.3. Sulphide ore-forming systems in LGS: seeking for new targets 

This section aims at evaluating some key-features to detect the most favourable domains within 

LGS that may enclose sulphide segregations. As noted in previous sections, conventional petrogenetic 

tools are useful in assessing most features that are directly or indirectly related to the economic potential 

of a mafic magma, namely its degree of primitiveness or evidence for crustal contamination. Accumulated 

data from research and exploration on magmatic sulphides has resulted in the development of several 

empirical tools to monitor the features that may indicate the occurrence of sulphide segregation in an 

igneous body. Some of these diagnostic tools proposed in the literature to monitor calcophile depletion 

(one of the hallmarks on the exploration of Ni-Cu magmatic deposits) are applied in this section.  

IV.4.3.1. Evaluation of calcophile depletion in LGS rocks 

Calcophile depletion has been applied in literature to whole-rock data, as well as to olivine Ni 

contents. In section III.6.1.3 olivine Ni enrichment/depletion was tested and discussed by comparing 

measured olivine compositions with olivine model compositions retrieved by CRFRAC.9. In this section, 

two tools designed for whole-rock data were selected from the literature and applied to LGS rocks and 

related sulphide mineralisation, following an evaluation of Ni-Cu-S relationships in LGS rocks.  

Ni-Cu-S variations  

Plots in Figure IV.48 allow distinguishing if Ni whole-rock contents are due to olivine or sulphide 

accumulation; the Ni/Cu ratios for LGS high- and low-Ni magmas obtained by direct modelling are 

displayed for reference, as well as the most common value for the sulphur capacity at sulphide saturation 

(SCSS) in the various modelled SCs (S 1550 ppm). Since LGS sulphides are chiefly dominated by the 

pyrrhotite-pentlandite-chalcopyrite assemblage, the Ni/Cu ratio should correlate positively with 

sulphidation when Ni is mostly incorporated in these mineral phases instead of olivine. This is not the 

case for most LGS rocks (Figure IV.48A); however, the strong positive correlation between Cu and S 

contents (Figure IV.48B) clearly demonstrates that (significant) chalcopyrite dissemination is common. 

The Cu-S co-variance suggests that both the relationships between sulphur/copper concentration 

(CMelt
S/CMelt

Cu) and bulk partition coefficients are roughly constant, thus allowing to deduce a self-similar 

behaviour for the distribution.  

The clustering/dispersion obtained for values of logCu and logS around 2 and 3, respectively (ca. 

100 ppm Cu, 1000 ppm S), is also clear in the Ni/Cu versus S plot (values of Ni/Cu  1.2) and reflects the 

olivine-rich, sulphide-poor nature of most LGS rocks. A well-defined trend of samples progressing 

towards low Ni/Cu and higher [Cu + S] defines the path of passive sulphide saturation that may be 

correlated with residual enrichment of Cu and S at low-Ni in the melt, (expectable during normal 

fractionation). Two groups of samples show a distinct behaviour from the (fractionation) main cluster:  
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Figure IV.48- Ni-Cu-S relationships in LGS rocks and related sulphide mineralisation. (A)- Ni/Cu and (B) Cu versus S 
contents (ppm). The log scale distribution for the original concentrations is identical to that using the log of the 
concentration values which are referred in text where relevant. The grey lines for Ni/Cu and S refer to results 
obtained from modelling of sulphide segregation with crystal fractionation (see section IV.4.2.7). 

 

(i) Samples showing extremely low Ni/Cu ratios (e.g. below 0.1) have anomalous Cu and S 

concentrations which cannot be ascribed to a normal crystal fractionation path. Examples of this 

behaviour are shown by samples collected at the strongly altered domains of the Figueirinha quarry 

(#FG-7 and 8) where Cu-rich sulphides are abundant. These samples bear a significant hydrothermal 

component which may reflect metal remobilisation from a primary system. The primary system may 

simply represent disseminated primary sulphides, as observed in type II Ventoso veins which seem to 

have sequestered their metal contents from the sulphides included in the altered ultramafic layers seen in 

the quarry. Ultimately, the metals could have been remobilised from a primary (type III) sulphide 

mineralisation.  

(ii) Samples with Ni/Cu lower than the main cluster (i.e. Ni/Cu  1.2) display, at increasing 

sulphidation conditions a path towards the ore field. These samples bear relatively high amounts of 

intercumulus sulphide and a silicate assemblage suggestive of a sudden modification in the composition 

of their original magma. This evidence occurs in the form of thick orthopyroxene, resulting of peritetic 

reaction with olivine likely reflecting mixing between residual magma batches (representing evolved 

resident magma) and more primitive fresh magma inputs (#SB-W3) or heterogeneous mingling of 

troctolite with plagioclase-rich mushes resulting in highly retrogressed anorthosite (#CNT-15). Both 

samples, collected at the transition from BRG I Lower to Intermediate Groups, evidence important Ni-Cu 

sulphide enrichment; the latter interval in particular was remarked in the geological and petrographic 

descriptions reported in sections II.4.3 and III.1.1, respectively. 

Additional stratigraphic intervals of interest cannot be identified in Figure IV.48 because their 

whole-rock analysis did not include S determinations. Using a “cut-of” for Ni/Cu ratio below 0.25, several 

oxide-rich domains will be included since their host magmas are highly evolved and, therefore, have 

intrinsically low Ni/Cu ratios. Since sulphur also increases with crystal fractionation, many of these 

magmas will have reached sulphide saturation and often include minor amounts of predominately Cu-rich 

sulphides. That is the case of ODV II oxide-rich domain (Ni/Cu = 0.08) located at the base of this Series, 

whereas the oxide-rich domains located at the top of BRG I Series have marginally higher Ni/Cu (0.22-
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0.25). The most interesting feature is that, in both instances, the oxide-rich rocks occur nearby sulphide-

rich domains: in the case of BRG I samples, just above the Serrabritas mineralisation and for ODV II 

Series, nearby the sulphide-bearing, olivine norite layer represented by sample #ODV-PO (no whole-rock 

data) where thick orthopyroxene coronas mantle olivine. Using this cut-of value, ODV III rocks adjoining 

or within the metasomatic halo surrounding Ventoso type II mineralisation are also put in evidence.  

Cu/Zr ratios  

Sulphide fractionation can cause calcophile element depletion in magma. Since the work of 

Lightfoot et al. (1984) that emphasized the use of Cu/Zr ratios to detect calcophile depletion, their 

application has been applied in several deposits, namely at Noril’sk or Voisey’s Bay (see Naldrett, 2004 

and references therein). The reasoning lies in the incompatible character of both elements during the 

early stages of sulphide-unsaturated mafic magmas and, therefore, the coupled increase in their 

concentration as fractionation proceeds, giving rise to near constant ratio values. If conditions existed to 

segregate sulphide at some point of the fractionation process, Cu is partitioned to the sulphide melt, 

therefore lowering significantly the Cu/Zr ratio of the remaining magma.  

The magnitude of the Cu/Zr ratio will depend strongly on their initial Cu- and Zr- concentration in 

the magma; nevertheless, their application may be unfeasible when Zr contents are often below the 

detection limits of the analytical methods used, as is the case for many LGS rocks. Other elements with 

geochemical behaviour similar to Zr such as Hf, Yb and Y (mildly compatible with clinopyroxene, 

however) could be suggested. Figure IV.49 shows the similar behaviour of Cu/Zr, Cu/Y, Cu/Hf and Cu/Yb 

ratios against Cu contents for the available data. The grey bar represents the lower critical threshold 

(Cu/Zr<1) that, according with Lightfoot et al (1984), indicates calcophile magma depletion due to early 

sulphide segregation and/or interaction with a sulphide melt; the upper threshold of Cu/Zr>3 indicates that 

LGS rocks contain excess sulphur, as expressed by the occurrence of accessory sulphide.  

 

 

 

 

 

 

 

 

 

 

 

Figure IV.49- Incompatible element ratios for LGS rocks relatively to Cu, as proxy for calcophile depletion. 

 

In spite of the co-variation displayed by the various incompatible element ratios, they were not 

systematically tested and it is difficult to set accurate limiting values, as is the case for the Cu/Zr ratio. It 

must be stressed that the limiting values currently established for the Cu/Zr ratio are based on 

observations performed at Noril’sk or Voisey’s Bay and, according to Naldrett (2004) “they may represent 
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extraordinary coincidences for both deposits”. Indeed, distinct magma bodies may show different ratios in 

presence of calcophile depletion, depending on its initial Zr (Y, Yb, Hf) and Cu contents. Consequently, 

Cu/Zr ratios significantly divergent of these threshold limits should not represent the sole motive for 

abandoning an exploration target of a given magmatic body. 

The Ni (#Ni) and Co (#Co) numbers  

Lamberg (2005) proposed relevant exploration tools in monitoring the sulphide segregation 

history of a mafic/ultramafic body and, therefore, its ore potential. The #Ni (IV.8) and #Co (IV.9) are two 

parameters23 that can be applied to barren cumulates or ores (sulphide fraction or normalised 

compositions). Both parameters were tested in LGS sulphides, as well as in the rock data-base.  
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Ni
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#
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The #Ni describes the magma primitiveness and the #Co tests if a magma [from which sulphides 

segregated] is Ni-depleted or not. It should be noted that for sulphide ores, the calculation is only reliable 

if sulphide fraction > 0.3 wt%, a condition largely accomplished for all type III mineralisation where sulphur 

alone comprises more than 4 wt% of the samples. Type II mineralisation is comprised of near massive 

pyrrhotite and, although its hydrothermal origin has been demonstrated, this method allows evaluating the 

magmatic contribution in their genesis. Because a large number of processes may cause distinct trends 

on the proposed #Ni and #Co diagrams, a synthesis is presented in Figure IV.50, while relevant features 

are introduced while presenting the results for LGS plotted in Figure IV.51.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.50- Summary of the effect of various processes that produce distinct compositional paths for ores and 
barren cumulates. Adapted from Lamberg (2005). 

                                                      
23 Lamberg (2005) also developed and successfully tested a semi-automated routine to screen large data-sets (commonly collected 
during exploration surveys) that ascribes measurable values for key- processes involved in the genesis of magmatic Ni-Cu ores. 
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Figure IV.51- Result from the calculation of the #Ni and #Co parameters to LGS rocks and types II and III sulphide 
mineralisation. Adapted from Lamberg (2005). 

 

For increasingly evolved intrusions, the # Ni parameter chiefly sub-divides them in primitive ( 

75), moderate primitive (75 - 50) and evolved (< 50). For example, komatiite melts show #Ni  85, picritic 

melts fall between 90 and 80, basaltic systems between 50-75 and evolved CFB are usually below 50. 

The #Co parameter separates intrusions that crystallised from magmas undepleted in base metals at a 

value of 10, and as extremely depleted for #Co values above 30; for intermediate #Co values the 

intrusion, magma or ores are labelled as depleted  

LGS rocks 

All BG and SB I troctolite fall within the primitive field (#Ni  82) suggesting that the most primitive 

LGS melts are of broadly picritic composition. The main difference between both troctolite types is that 

only those from BG fall in the calcophile undepleted field. The smoothly decreasing path of decreasing 

#Ni and #Co values for SB I suite as a whole is, according to Lamberg (2005), consistent with rocks 

evolving by olivine fractionation without significant sulphide segregation (field 1 in Figure IV.50). 

However, considering that: (i) SB I wehrlite bear the most Ni-rich olivine (ca. 2500 ppm Ni, no whole-rock 

data); and (ii) the relationship between BG and SB I troctolite; the steep field labelled as 3 in Figure IV.50 

would apply, suggesting that calcophile depletion in SB I Series might be due to early sulphide 

segregation (i.e. at depth), as previously discussed. 

Several samples collected at the basal portions of ODV II, BRG I and BRG II Upper Group 

(usually bearing olivine with Ni  1200 ppm) also display high #Ni typical of picritic magmas. There is an 

excellent separation for plagioclase-rich (olivine) leucogabbro and pyroxene-rich (olivine) gabbro rock 

types from BRG I and II Series in the evolved and moderately primitive fields, respectively. As reflected 
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by the predominance of plagioclase versus pyroxene-rich cumulates in BRG I and BRG II Series, the 

latter shows bulk more primitive magma compositions, a feature also supported by olivine Fo and Ni 

compositional variation. Nevertheless, the absence of increasing calcophile depletion in plagioclase-rich 

rocks from BRG I and BRG II Series, corroborates that they crystallised from the same melts of their 

“moderately primitive” related rock types and that the degree of primitiveness is chiefly controlled by 

different plagioclase : (pyroxene + olivine) accumulation ratios.  

The remaining rocks of LGS spread across the fields for compositionally more evolved magmas, 

mostly below #Ni 60, as common for gabbroic intrusions inspected by Lamberg (2005). Among the 

compositionally more evolved rocks, those from ODV I and ODV II Series plot on the extremely depleted 

field; it should be noted that many of these rocks do not even appear in the diagram due to their Ni 

contents usually being below detection limits ( 20 ppm). Samples of ODV I + ODV II + BRG II Series plot 

in field 2 of Figure IV.50, as expected for rocks that experienced extensive calcophile depletion due to 

significant olivine fractionation with eventual early sulphide melt removal.  

Besides these general variations the following features are noteworthy:  

(i) The loose but steep trend of increasing depletion (#Co) with primitiveness (#Ni) displayed by 

BRG II Series mimics field 4 in Figure IV.50. According to Lamberg (2005), this trend is related with 

systems that were dominated by sulphide segregation with typical partition coefficients of Mg-rich melts; 

nevertheless, the trend says little about the sulphide accumulation process required to build up an 

economic deposit (i.e. the existence of adequate dynamic traps that effectively concentrate it as ores), 

and may also appear in suites hosting large amounts of disseminated sulphides. Most other Series have 

higher amounts of disseminated sulphides compared to BRG II Series which comprises several Ni 

undepleted, sulphide poor/devoid rocks. Although olivine Ni depletion in other Series has been related 

with possible early sulphide depletion, this trend is only apparent in BRG II Series where olivine Ni 

depletion is much lower or inexistent above Intermediate Group. These features suggest that BRG II 

Series trend may reflect on-going interaction of the silicate magmas with sulphide melts instead of early 

interaction, as in other LGS Series; accordingly, it is of chief importance given BRG II Serie closer 

relationship to the Figueirinha mineralisation.  

(ii) The few samples within/adjoining the undepleted field may be divided in two main types: 

 (iia) Those with extremely low #Ni (ca. 10), showing dissemination of significant 

amounts of Cu-rich sulphides (chiefly chalcopyrite); these include the strongly altered gabbroic samples 

collected at the Figueirinha quarry (#FG-7; #8), specimens representing the ODV II Series oxide-rich 

domain (#ODV-G-41), as well as rocks and ores from the Ventoso metasomatic halo. 

 (iib) Those with #Ni within the interval [20-50] represent Ni-Cu sulphide dissemination 

at BRG I Series Lower-Intermediate Group (#SB-W3; #CNT-15) or, most significantly, several BRG II 

Upper Group rocks, devoid of disseminated sulphide. All these samples support the view that LGS 

parental magma could not be primarily calcophile depleted. Accordingly, the location of SB I troctolite in 

the depleted field is likely not entirely controlled by olivine fractionation, but should result from a path 

controlled by early sulphide segregation (e.g. at depth).  

LGS sulphide mineralisation  

The Ventoso type II sulphide veins develop a near vertical trend of increasing depletion (#Co) 
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with decreasing #Ni to which no special significance is attributed given their major hydrothermal origin. 

The only relevant feature is that the only sample thought to have a minor magmatic contribution (#CV-30) 

plots in the undepleted field.  

All type III mineralisation plot within the undepleted field, supporting their economic character, in 

contrast with many sub-economic Svecofennian mineralizations investigated by Lamberg (2005) with #Co 

values up to 60. Their #Ni clearly distinguishes the high Ni/Cu (#Ni55) from the lower Ni/Cu at high Cu 

displayed by two of the Figueirinha samples (#Ni27). The #Ni of the high Ni/Cu group falls within the 

range of ores hosted (s.l.) in gabbroic intrusions (e.g. Voisey’s Bay) and therefore within the range of 

BRG I and II moderately primitive samples (field 0). For Figueirinha samples, the decreasing #Ni co-

varies with depletion (#Co), defining a trend exclusive of ores that experience sulphide fractionation, 

chalcopyrite remobilisation or both (field 6). The significance of this trend may be interpreted as a 

reflecting a dynamic, and therefore not ephemeral ore-forming system, regardless of which hypothesis on 

their genesis is favoured.  

Conclusions and application 

A comparison of the application of these tools in LGS rocks demonstrates that the use of Cu/Zr is 

limited by their low Zr contents; moreover, most exploration analytical routines usually have very high 

(e.g. 50 ppm) detection limits for this and other elements that may be useful in a similar way.  

The #Cu and #Ni numbers of Lamberg (2005) show a good performance which may indeed be 

useful while dealing with large data-sets and effectively helping the identification of the most promising 

domains of an intrusion. Considering the simplicity of calculation procedure, the results obtained with this 

tool are quite significant in terms of the geological information they provide. Accordingly, the use of much 

more sophisticated fertility analyses program developed by this author would be strongly recommended in 

evaluating large data sets or intrusions by exploration companies. 

It is also clear that the log[Cu]-log[S] co-variance reflects an important geochemical feature that 

can be used as an exploration guide for type III mineralisation, i.e. it records appropriate conditions for the 

segregation of sulphide melts. The utility of Ni/Cu ratios is particularly important if S values are not 

available. If S concentrations in the rocks are available, than samples with higher Ni/Cu and S contents 

may be further put in evidence. These tools would be appropriate to screen moderately large data-sets 

comprising whole-rock routine sampling profiles, for it seems clear that sulphide remobilisation adjoining 

primary halos may be efficiently detected this way. Following this initial screening stage, efforts may be 

concentrated in detailed analysis (e.g. EPMA data) to validate the selection of the most promising areas. 

IV.4.3.2. Economic considerations 

[Ni]100 concentrations for LGS type III mineralisation are within the range of deposits hosted in 

gabbroic intrusions unrelated with flood basaltic volcanism, including some world-class deposits, such as 

Voisey’s Bay. It is worth noting that [Ni]100 concentrations are well within the intervals or above values that 

characterise many intra-orogenic Sveconorweggian (e.g. Hosanger, Flat, Ertelien), or Caledonian 

deposits (e.g. Skjaekerdalen; data compiled by Boyd et al., 1988), particularly considering that many of 

these ores were subjected to strong metamorphism that is thought to have caused important metal 

upgrading due to Ni liberation from the magmatic silicates (e.g. Vammala; Peltonen, 1995a).  
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Data of December 2008 reported by the current holder of Aguablanca24 are 0.63 wt% Ni and 0.47 

wt% Cu, above a 0.25 wt% Ni cut-off. Metal concentrations for Ni, Cu and Co grade from 0.08-7 wt%, 0.1-

2.5 wt% and 0.01-0.09 wt%, respectively; the highest Ni concentrations being recorded at the core of the 

Northern ore body, within the (semi-)massive sulphide supported breccia-ores (Ortega et al., 2004). The  

values for Aguablanca therefore demonstrate that, with in the Europe an d particularly within the Iberian 

context, if sufficient tonnage is found some LGS occurrences may be economic.  

Ni contents in pyrrhotite from both occurrences of type III min eralisation (Serrabritas X= 0.15 

wt%, Figueirinha X= 0.62 wt %) are similar or somewhat lower to those typically re ported for some  

deposits (e.g. Sudbury or Aguablanca), meaning that little Ni would be lost during ore beneficiation. In 

spite of the similar Ni contents between both occurrenc es of type III mineralisation, several features 

exclusively observed at Figueirinha are commonly found in deposits with economic grade, namely: (i) the 

polycrystalline pentlandite aggregates; (ii) the varying Ni/Cu ratios which may impart some secondary 

modification (such as Cu remobilisation or pentlandite replacement by linnaeite), although much evidence 

was presented suggesting that it may repre sent an ore-zoning feature (expectable in a relatively larger 

ore forming system); (iii) the occurrence of oxides in the ore,  suggesting that oxygen was trapped in the 

sulphide melt and supporting the inference of a semi-massive sulphide body wherefrom oxygen could not 

diffuse easily.  

Considering both gen etic hypotheses for the Figueirinha ore-system presented in se ction 

IV.4.2.9, if an exogenous origin is favoured (i.e. related to ATT suite/border facies magmas), then a highly 

dynamic system is im plied, with strong resemblances to the highly economic sulphide ore-forming 

systems associated with magmatic conduits (Naldrett, 1999). A ccordingly, even for relatively Ni-poor 

magmas (such as those inferred for t hese ores o n the ba sis of crystal fra ctionation modelling), the 

absence of olivine and the interaction with silicate melt could promote efficient metal upgrading, leading to 

the development of sulphide melts with significant metal grades. Assuming instead that the resi dual 

magma at depth could h ave higher Ni conte nts, than this system would have conditions to generate 

sulphide melts with significantly higher grades. Regardless of which hyp othesis is preferred, the metal 

contents are significantly higher than those recorded in most pyroxenitic-hosted occurrences at the Nain  

Labrador (Kerr & Ryan, 2000), thus supporting a less ephemeral nature for the Figueirinha ore-system.  

Disseminated to net-textured sulphides are se en throughout most of the  stratigraphic level 

correlative of that hosting the Serrabritas mineralisation. Consequentially, this seems to represent a less 

favourable system, mainl y because sulphide accumulation was inefficient. Although the nature of the 

contaminant might have been appropriate (e.g. black schists) and the amount of contamination significant 

(as recorded in the moderate degrees of contamination of BRG I Upper Group), the absence of efficient 

dynamic traps to con centrate sulphide is ha rdly achieved within the intru sion. The Co-e nrichment of 

Serrabritas sulphides may represent a primary anomaly induced by the contamination style, or a relative 

depletion of Ni in the melt, consistent with the stratigraphic position of this occurrence, at the top of BRG I 

Upper Group. The contamination style might have further led to d ecreasing oxidising conditions that 

ultimately resulted in the development of oxide-rich rocks above the sulphide-bearing layer. 

The Ventoso type II mineralisation deserves one final comment since sulphides-veins may bear 

                                                      
24 Lundin Mining: http://www.lundinmining.com/s/Reserves.asp?ReportID=294271 
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added value to a prospective finding in LGS or represent an important path-finder for magmatic type III 

mineralisation. The most recent findings of anastomosed sulphide veins at Ventoso strongly resemble 

fault infillings and are associated to carbonate breccias. The role of aqueous fluids in dissolving, 

transporting and re-precipitating PGE either from primary rocks or sulphide ores has been a matter of 

extensive debate in literature (see Mungal, 2005 for a review and references). PGE solubility in 

superficial, low-temperature hydrothermal (<500ºC) and high-temperature post-cumulus aqueous fluids or 

Cl-rich magmatic volatiles may redistribute pre-existing PGE concentrations in a melt, rock or ore. 

Accordingly, it is important to stress that, although the Ventoso system is barren in base or precious 

metals, similar systems should not be overlooked. Given the widespread late, to post-Variscan faulting 

and the evidence presented in section II.5.2.2 considering the latent heat of LGS during this time-span, 

careful evaluation of type II sulphide or similar systems may reveal hidden primary mineralisation, or bear 

significant metal contents themselves.  

IV.5. Cu anomaly separation by multifractal modelling of soil geochemistry data 

Due to the LGS wide outcropping area, the first steps of this investigation consisted in revaluation 

of pre-existing exploration data available at IGM (Jesus et al., 2003c). This preliminary work aimed 

selecting domains for investigation within the intrusion, following criteria established and validated in 

previously developed work at the Odivelas sector (Gonçalves et al., 2001; Mateus et al., 2001b; Jesus, 

2002). Besides of geophysical vertical field magnetic data, or stream sediment analysis (Jesus & Mateus, 

2002), a large database of soil geochemistry for Cu, covering several geological units of OMZ southern 

border, was found suitable for this purpose. The methodology and results used in modelling of soil 

geochemistry data are reported in Jesus et al (2003a) and in this section. Despite of the preliminary 

character of this methodology, the implications and significance of the obtained results surpass LGS and 

may have broader significance on the distribution of ore-forming systems along OMZ southern border; 

accordingly their presentation is more appropriate at the end of PART IV.  

A large Cu soil geochemistry data set, covering an area of 570 km2 (Figure IV.52) following a 

regularly closely spaced grid (usually 100 x 100m), was numerically processed; the sampling grid follows 

the international gauss-ellipsoid (Lisbon) coordinates, the same used in displaying LGS maps. Data are 

referred to according with their 1:25 000 topographic sheets (e.g. #509) and their location relatively to 

OMZ and SPZ main geological units is depicted in; domains where sampling is discontinuous are referred 

to the upper (U), central (C) and lower (L) parts of their topographic sheets.  

IV.5.1. Numerical procedures 

Geochemical anomaly separation from regional threshold values is a major concern to 

exploration geology where regional surveys produce large data sets of whole-rock, stream sediments, 

and soil or water geochemistry. Conventional statistical (e.g. moving averages, probability plots) and 

geostatistical tools (e.g. kriging) are tools commonly employed to define background values for each 

unique geological setting relatively to which a given measure may be considered anomalous. Cheng et al. 

(1994) proposed that spatial geochemical distributions have a multifractal nature, meaning that the spatial 

distribution of geochemical measures is: (i) self-similar; (ii) characterized not by a single fractal 

dimension, but a spectrum of such dimensions; and (iii) results from scale-independent processes. 
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Anomaly separation and threshold computation using the Area-Concentration multifractal model of Cheng 

et al. (1994) has proven useful to identify anomalies, either at a local or regional scale, in different 

metallogenic settings (Gonçalves, 2001; Gonçalves et al., 2001). This method allows computing regional 

thresholds without the influence of regional geological knowledge. In this section the numerical and data 

processing procedures employed in modelling are briefly described. 

 

Figure IV.52- Location of Cu soil geochemistry data set relatively to OMZ and SPZ main geological units (caption as 
in Figure II.13). The 2 x 2 km white squares represent areas where soil geochemistry data are available (usually 
following 100 x 100 m spacing), grey rectangles the 1 : 25 000 topographic sheets; note that the sampling grid is 
slightly rotated relatively to this large scale map that is oriented relatively to UTM coordinates.  

Testing the multifractal character of the data set 

Relationships between area and element concentration value (amount of metal per unit area) can 

be derived from the multifractal model as follows. The simplest way to perform multifractal analysis is to 

partition the area and cover it with a set of boxes of fixed size, where i represents the measure on a box 

with size . If i () is the measure performed in the ith box with i= 1, …, N, this measure is characterized 

by a scaling exponent i such that (IV.10): 

(IV.10)    
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The number of boxes N with a particular value of  is defined as (IV.11): 
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(IV.11)  
  efN   

When the box size tends to zero ( 0), the function f() approaches the limit and corresponds 

to the multifractal spectrum (IV.12): 

(IV.12) 
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The multifractal character of the geochemical data set was determined by computing its 

multifractal spectrum for different areas using the method of moments (Halsey et al., 1986), which is 

based on the partition function q() (IV.13): 

(IV.13)    
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If the measure on a box with size ) is self-similar, for any order q, the partition function q() 

scales with the box size () such as in (IV.14), where (q) is the mass exponent of order q. 

(IV.14)    q
q

   

The multifractal spectrum f() and the singularity exponent (q) may be computed from equation 

(IV.14) and (IV.15): 

(IV.15)          
q

q
qqqqf





  ...  

Figure IV.53 shows a typical multifractal spectrum for one of the modelled areas (#521; see 

below for an introduction of the data-set). As predicted for a multifractal (Cheng et al., 1994), 0  f() 2 

and 0    2. For  =2, the concentration  becomes a constant that is independent of the area A(p). 

Values used in modelling are as follows: q [-6; 6], using step increments of 0.25 or 0.3 and 6 (rarely, 8) 

iterations per cell division. To avoid manually excluding areas without data points or with very low 

sampling representation, the minimum area fraction with data points considered was 0.2. Problems 

arising in the subdivision of the area with boxes of constant side length and in the uncertainty the edge 

effects when performing the multifractal analysis were corrected using the method proposed by 

(Gonçalves, 2001). 

The concentration area method 

The concentration-area model states that the area A() enclosing concentration values   equal 

or less than the threshold value  follow a power-law relationship such as (IV.16), while areas with 

concentration values  higher than a threshold  the relation becomes (IV.17), where 1 and 2 are 

characteristic exponents.  

(IV.16)   1  vA    (IV.17)   2  vA  

 

When concentration () is close to its minimum values, the multifractal power-laws become 

(IV.18) and (IV.19), where A(T) is the total sampled area, C and C1 are constants and 1 and are 

exponents associated with the maximum singularity exponent.  

(IV.18)   1
1

  CA     (IV.19)      CATA   
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Figure IV.53- The f()- or multifractal spectrum for one of the modelled domains (sheet #521). 

 

For the range of concentration values close to their maximum, the equation becomes (IV.20), 

where C2 is a constant and 2 is the exponent associated with the minimum singularity component.  

(IV.20)   2
2

 CA   

If the data-set is indeed multifractal, the conditions imposed by equations (IV.16) and (IV.17) 

become equal to (IV.18) and (IV.19). As shown in Figure IV.54, the values of constants (C, C1, C2) and 

exponents (1, 2 and ) may be obtained from a plot of log area versus log concentration (logA () vs. 

log ) where they represent the intercept and slope, respectively, of the linear equation of the 

arrangement. The breaks in linearity correspond to the desired threshold values  obtained from the 

exponents and constants. The presence of several breaks indicates the existence of regional and first or 

second order local threshold values, whose origin warrants geological explanation.  

 

 

 

 

 

 

 

 

 

 

 

Figure IV.54- Example of a log area-log concentration plot showing the breaks in linearity that represents regional 
and local thresholds (#521).  

Data processing 

Because the data often have preferred orientations, values may change more quickly in one 

direction than another. The variogram model specifies mathematically the spatial variability of the data 

set; therefore, a substantial effort was put into variogram modelling as a way to study the spatial 

variability and anisotropy. Experimental directional variogram were computed and fitted with theoretical 

models; Figure IV.55 displays relevant parameters of the variogram model. Anisotropy ratio and direction 
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was modelled with VARIOWIN (Pannatier, 1996) which were then applied to the grid files produced by 

ordinary kriging to obtain geochemical maps using the Surfer software.  

 

 

 

 

 

 

 

 

 

 

 

Figure IV.55- Main parameters of the variogram model. The points that form the experimental curve represent the 
average variogram value for the group of pairs separated by a specified distance (lag width); these are fitted into a 
model curve that shows the shape of the variogram model. The misfit between the model and experimental curves 
may be accounted by the variance, which is the mean squared deviation of each value from the mean value. 
Variance is indicated by the dashed horizontal line in the diagram shown above. The nugget effect quantifies the 
spatial variation occurring at a distance closer than the sample spacing. The vertical scale is the structured 
component of the variogram, and is unique for each variogram while the sill represents the total vertical scale of the 
variogram (nugget effect + sum of all component scales). The length is the horizontal range of the variogram.  

 

The output maps use the computed thresholds as cut-off for the contoured areas. While analysing 

delimited geochemical anomalies obtained by contouring, a model ellipse may be superimposed to a 

given anomaly, the ellipse axial ratio and its orientation providing the anisotropy and orientation of the 

anomaly (AAR). 

IV.5.2. Main results 

In this section the results from modelling of Cu soil anomalies are reported, starting with an 

analysis of the area of LGS western compartment mapped in this work. The bulk results for all the 

modelled domains are then presented, with emphasis on how the multifractal dynamic interpolation may 

provide means to distinguish among several documented ore-forming systems at the OMZ southern 

border. Several conspicuous geochemical anomalies revealed by modelling are not associated with any 

acknowledged mineralised occurrences in OMZ; it will be shown that preliminary validation of some of 

these anomalies in the field has brought interesting undocumented clues to what may be relevant 

metallogenic findings in a near future. Table IV.21 reports regional and local thresholds for the various 

topographic sheets, as determined by multifractal modelling.  

Values for regional threshold are variable and reflect mainly the prevalence of some rock types: 

>40 ppm when BIC gabbroic rocks (less so dioritic) dominate over Palaeozoic metabasaltic or 

metasedimentary sequences; 30-40 ppm when a mixing of gabbroic rocks of BIC and BAOC exists; 20-30 

ppm when different kinds of BIC intrusive rocks are present; and <20 ppm when the Cenozoic sediments 

cover a significant part of the surveyed area. It is also interesting to note the very low values obtained for 

the BIC most evolved unit, the Baleizão Porphyry Complex which crops out in a significant portion of #522 

and the related soils are near-systematically below the 24 ppm threshold value determined for this area.  
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Table IV.21- Regional and local thresholds determined by multifractal dynamic interpolation (MFDI). Kriging was 
performed using a sum of the nugget effect component with an exponential or Gaussian (#498) component 
presenting variable oriented anisotropy ratios; these parameters result from the best-fit of these theoretical models to 
the experimental semi-variograms representative of the 4 main directions. 

 

 

 

 

 

 

 

 

 

 

 

IV.5.2.1. Geochemical anomalies within LGS western compartment 

The obtained local anomalous values (Va) and anisotropy axial ratios (AAR) strongly suggest that 

most Cu-anomalies developed within LGS rocks do not have significant structural control: Va  500 ppm 

and 1.8AAR2.5 (average = 2.1).  

#498 

Figure IV.56 shows the lower portion of #498L, whose westernmost edge partially overlaps the 

LGS Odivelas and Ventoso sectors; thick yellow lines correspond to domains where disseminated 

sulphide were observed during field work. At the SE domain of the Odivelas sector, the regional 

background (Va 19 ppm) shows a remarkable fit to the contact between LGS and the Cenozoic 

sedimentary cover. Several small rounded point anomalies up to 250 ppm are distributed along WNW-

ESE carbonate-bearing shear zones. The most significant anomaly occurs nearby a domain where loose 

blocks of massive oxides with texture similar to type I mineralisation were observed. Petrographic 

observation of these rocks revealed complete replacement of primary oxides by hematite and of residual 

silicates by carbonates; likewise in all the studied type I mineralisation samples, no sulphides were 

observed, which is consistent with the low Cu concentrations determined by whole-rock analysis (131-593 

ppm). Accordingly, the Cu concentrations in soils should be related with hydrothermal mobilization of Cu 

during carbonate metasomatism, as it is known to occur in similar context along the southern border of 

OMZ (Gonçalves et al., 1997; 1998a, b; Mateus et al., 1997; 1999; 1998a). 

The Ventoso sector is represented in #498L and a small portion in #509 (Figure IV.57). In #498L, 

several small point anomalies observed along a major E-W carbonate-bearing shear zone may be 

interpreted as above for the Odivelas sector. Other anomalies are incompletely developed at the limits of 

the soil-sampled area. These anomalies suggest the occurrence of relevant Cu concentrations within 

ODV III Upper Group, namely at the surroundings of the Ventoso quarry, where type II mineralisation and 

primary disseminations at the ultramafic levels of pyroxene gabbro II occur. 
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Figure IV.56- #498L anomaly and sampling maps. 

#509 

Sheet #509 encompasses the most complete and continuous record of soil geochemistry covered 

by LGS facies mapped in this work. Figure IV.57A shows a map wherein contouring cut-off was set at 

regional values of 45 ppm. The widespread covering of LGS by soils with Cu concentrations between 45 

and 50 ppm and their good fit to LGS geological boundaries indicates these are suitable background 

values for most LGS rocks. Among the domains that are not (soil) sampled (sampling map; Figure 

IV.57B), there are several vineyards, but also many Cu prospects that must have operated during the 

years during which soil sampling was performed: 1969, 1976 and 1979-1981. Often, the area adjoining 

un-sampled domains are poorly resolved by kriging and show homogenous contours ca. 45 -50 ppm.  

A second map using a cut-of value of 75 ppm (Figure IV.57C) eliminates much of LGS 

background or ill-computed domains and puts in evidence the most interesting anomalous domains. 

Anomalies (≥75 ppm; Table IV.23) are much less abundant westward of the corridor defined by E-W 

coordinates of x  204 for BRG I Series and x  203 for BRG II Series. The distribution of anomalous 

domains is consistent with low Cu concentrations for the oxide-rich domains of BRG I Series to the north, 

and border facies. Within this low-Cu corridor there are some anomalies with mild anisotropy along NW-

SE that suggest incipient structural control by the numerous shear- and fault-zones that crosscut this 

domain; most of these anomalies are too irregular to obtain a reasonable estimate of their anisotropy.  



 
 
 

IV- ORE FORMING SYSTEMS IN LGS 

525 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.57- #509 anomaly (A, C) and sampling maps (B); (B) was obtained using a regional threshold of 45 ppm and (C) above 75 ppm. 
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Table IV.22- List of anomalies observed in #509. (A) and (B) refer to anomalies that appear to bear (red, continuous 
outline) or, in alternative be devoid of (pink stippled outline) structural control, respectively.  

 

 

The strongest primary anomaly is located south of the Serrabritas quarry (anomaly #509-A), host 

of one occurrence of type III mineralizations. The second most important anomaly is sited at a small 

window of the Lower Group pyroxene gabbro within the microgabbro (#509-B), which is otherwise devoid 

of anomalous domains. The occurrence of clinopyroxenite seams/pods within both facies is significant 

and requires further investigation since type III mineralizations in BRG II Series (Figueirinha quarry) are 

primarily developed within such lithologies. Within BRG I and II Series, it is often unclear the extent of 

primary (i.e. lithological), versus secondary (hydrothermal/fault related) control on the distribution of the 

geochemically anomalous domains. 

A primary control on the development of these anomalies is supported by the coincidence of the 

highest anomaly south of the Serrabritas quarry, as well as the overlap of the most anomalous domains 

with disseminated primary sulphides. If the latter criterion is applied along with the occurrence of primitive 

cumulates, the domains with higher potential for the occurrence of primary sulphides are: (i) to the N-NW 

of the Serrabritas quarry for BRG I Series, where the contact between Lower Group pyroxene gabbro and 

olivine leucogabbro II is outlined by cumulates (“C” in the geological map) and overlaps several 

conspicuous soil and rock anomalies (#509-C); (ii) the SE edge of BRG II Series, namely within cumulate 

domains (“P” in the geological map) of Intermediate Group pyroxene gabbro II (#509-D). Additional 

support for the primary character of these anomalous domains, particularly those included in BRG I 
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Series, outcomes from their general orientation sub-parallel to layering. Within BRG II Series there is a 

less conspicuous orientation of the most anomalous domains relatively to the layering; however, it is 

noteworthy that most anomalous domains within BRG II Series are related with pyroxene gabbro facies.  

Anomalies that overlap the olivine leucogabbro rock types appear to bear structural control 

namely: #509-G, that adjoins a NE-SW fault zone, or a string of anomalies that occurs along a E-W shear 

zone between N-S coordinates of y= [121- 122] or, further to the north (at y=[122-123]), where a major 

point anomaly within Basal Group pyroxene gabbro overlaps domains of very strong carbonatization. The 

Figueirinha quarry is not related with any major anomaly; however, it is significant that a small NNE-SSW 

anomaly (#509- K) sited within the pyroxene gabbro appears to be displaced along the E-W shear zone 

that crosses the quarry. 

Within the low-Cu corridor there are several anomalies aligned along NW-SE, the most 

conspicuous shear direction; these anomalies may be found adjoining (#509-A to C) or aligned with 

mapped shear zones that run along NNW-SSE (e.g. #509-F). Several of these domains actually 

correspond to nearly symmetric anomalies (#509-B) separated by the shear zone, which reinforces the 

existence of structural control. Likewise for the Odivelas sector, there are also are several circular 

anomalies that appear to be distributed along WNW-ESE to E-W shear zones with thick carbonate-

siliceous hydrothermal infillings (south of #509-A to C). Within the anomalous domain of BRG I Series 

(#509-A), there is also a good adjustment of many of the anomalies to ENE-WSW shear zones, in 

particular where a significant symmetric pattern develops (#509-C and D). There is no evidence of 

carbonate metasomatism along these structures, running along ENE-WSW, which are often 

characterized by early ductile to semi-ductile deformation, later superimposed by high-temperature 

hydrothermal circulation. In this context, it is likely that primary anomalies in the gabbroic suite have been 

reworked in during late hydrothermal circulation. This relationship extends to the west, until the contact 

with the low-Cu domain of BRG I Series. Because of the strong the influence of E-W and NW-SE 

carbonate-bearing shear zones at this edge, there is a anticlockwise rotation of preferential shear 

directions from ENE-WSW towards NW-SE, which, as noted above, is outlined by the orientation of the 

geochemical anomalies. The late developed character of the E-W shearing is suggested by the left-lateral 

displacement of many symmetric anomalies developed along different directions such as those at 

Figueirinha or within BRG I Series.  

Outside LGS, or its mapped portion, there are several anomalies worthy of note. To the SW of the 

soil-sampled area, there is a large anomaly that is most likely related to primary, ultramafic rocks of 

BAOC (peridotite and serpentinite) that crop out just south of Ferreira do Alentejo. The large 

homogenous, anomalous domain east of LGS is reminiscent of the poor resolution from kriging at the limit 

of the sampled area. The stippled red polygons in Figure IV.57C mark domains where very strong 

magnetic gradients are observed in the IGM vertical field magnetic maps. Most of these strong magnetic 

domains represent meta-basaltic rocks of the Odivelas-Penique VSC, as can be inferred from the 

regional geological mapping at 1 : 200 000 from which the northern limit of LGS was tentatively pointed. 

The contact between LGS and the metabasaltic rocks to the north is outlined by WNW-ESE 

carbonate infilled shear-zones that were followed to the west within the mapped area. Accordingly, 

several of the observed Cu-soil geochemical anomalies should be related to hydrothermal activity along 

these regional shear zones. There is a significant gap in anomalous Cu values from soil geochemistry 
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that is also observed in the vertical field magnetic map that chiefly corresponds to the locus of the 

Messejana fault zone roughly crossing the village of Beringel.  

Taking in account these restrictions, and unless there are significant variations in the stratigraphic 

sequence of the gabbroic suite, there are several relevant, well circumscribed anomalies that might be 

located in BRG I Series Lower Group. For BRG I Series, if the anomaly coincides with cumulate domains 

that enclose the microgabbro sub-facies, it may be further inferred that this facies should present an 

equivalent morphology, close to its sub-circular outcropping area to the east. It is unclear if  the magnetic 

and Cu-soil anomalies correspond to BRG II Series further to the SE since the Messejana fault may 

cause significant disruption on the facies outcropping pattern in that area. If those anomalies represent 

rocks from BRG II Series they show a much better relationship to the regional orientation of the layering 

relatively to what is observed within the mapped portion of this Series. Because these Cu anomalies are 

also sub-parallel to the metabasalt-LGS contact, until further validation it cannot be assessed if they 

represent primary or structurally controlled anomalies.  

#520 

Within topographic sheet #520 (Mombeja) there are several anomalies with variable geometry 

that overlap domains with disseminated sulphide; these may therefore represent primary anomalies 

(#520- A domain; Figure IV.58; Table IV.23). All other anomalies appear chiefly related with fault or 

shear zone controlled domains along the three main directions observed in #509 (with emphasis on those 

related with carbonate metasomatism along the WNW-ESE direction). Anomalies sited within BAOC 

should also represent ultramafic rocks that occur at the SW tip of the sampled area. 
 

Table IV.23- List of anomalies observed in #520. 

Figure IV.58-  #520 anomaly (A) and sampling maps (B); the anomaly map was obtained using a regional threshold 
of 45 ppm and (C) above 75 ppm. Geological units as in Figure IV.60. 
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IV.5.2.2. Geochemical anomalies within OMZ southern border 

In this section the anomalies that encompass areas not mapped in this work are briefly presented 

and discussed. This includes the LGS eastern sector, as well as a significant portion of OMZ southern 

border covered by the examined soil geochemistry data-base. 

Ore forming systems in OMZ southern border 

Before proceeding with the analysis of the results obtained for #521 and #522 (both 

encompassing a wide area of OMZ southern border) it is pertinent to briefly review the most relevant ore 

forming systems documented in this area. Indeed, in the Ferreira do Alentejo – Serpa region, there are 

several evidences supporting the presence of different mineralising systems, namely those involving Cu-

bearing sulphides (e.g. Oliveira, 1986; Mateus et al., 1998c). These systems represent a variety of 

geological settings, ages, and thermal ore-forming conditions achieved during the Variscan Orogenic 

Cycle, some being characteristic of the OMZ southern border. That is the case of: (i) Ni-Cu(-Co) sulphide 

disseminations in deformed and metamorphosed wehrlite-troctolite rocks of BAOC (e.g. Palmeira 

prospect; Figueiras et al., 2002; Mateus et al., 1997, 1998b, 1999; Mateus & Figueiras, 1999a, b); (ii) Cu(-

As, Sb, Ag, Au) epithermal mineralisation related to the late porphyry intrusives of BIC (e.g. Caeirinha 

prospect; Relvas, 1988); (iii) Cu sulphide disseminations in strongly carbonatized rocks adjoining WNW-

ESE shear zones (e.g. Western Mombeja prospect; Figueiras et al., 2002; Gonçalves et al., 1997; 1998a, 

b; Mateus et al., 1997; 1999; 1998a); and (iv) Sb-Cu(A-Au?) quartz-carbonate lodes closely related to N-

S to NE-SW strike-slip fault zones and/or to their particular secondary structural features (e.g. Ventosa 

prospect; Mateus & Figueiras, 2005; Mateus et al., 2006).  

Because areas under evaluation are not recognised in sufficient detail, sheets #521 and 522 are 

considered simultaneously, the analysis of the anomalies will focus on discriminating those that are 

strongly controlled by tectonic structures from those that may be ascribed to other geological features s.l.; 

in the latter are included any magmatic, metamorphic or sedimentary processes that may result in Cu-

bearing sulphide precipitation, as until here labelled as “primary” for LGS. The anomaly maps obtained 

and the complete listing of relevant geochemical anomalies for #521 are displayed in Figure IV.59 and 

Table IV.24; for #522, see Figure IV.60 and Table IV.25. 

Anomalies with structural control 

Anomalies with moderate to strong anisotropy (1.7–2.7) in #521 are mostly related with shear 

zones that run along the WNW-ESE to NW-SE directions, with documented associated carbonatization. 

Among these, anomalies located within the BAOC (#521-B, D and H) prevail over those occurring within 

LGS (#521-E) and, in most situations, adjoin or are sub-parallel to regional important shear zones. 

Anomalies overlapping the Ventosa prospect (#521-G) also have a prevailing NW-SE orientation but in 

detail display a complex pattern that may result from mixed signs: one from NW shear-zones sub-parallel 

to Proterozoic-LGS contact plus WNW-ESE regional shear zone; a strong point anomaly occurs further 

SE. 

. 
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Figure IV.59- #521 anomaly and sampling maps; the anomaly map was obtained using a regional threshold of 45 ppm. 



 
 
 

ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

532 

Table IV.24- List of anomalies observed in #521 with (A) and without structural control (B). 
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Figure IV.60- #522 anomaly map (all area except for the Guadiana river wassampled); regional threshold = 45 ppm. 
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Table IV.25- List of anomalies observed in #522 with (A) and without structural control (B- next page). 
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In both topographic sheets, the second prevailing directions for anomalies developed along 

known shear or fault zones are N-S to NE-SW. These anomalies occur within LGS (#522-A) and its 

contacts with BAOC (#521-D) or with metamorphic sequences (#521-D; #522-F), of Proterozoic, 

Cambrian (carbonates and marbles) or Silurian age (Moura Phyllonitic Complex). The strong anisotropic 

character of some anomalies that are exclusively sited within OMZ autochthonous rocks (e.g. #522-B, C, 

G), and the absence of known primary mineralizations at these sites, supports that some of these 

anomalies are indeed related to hydrothermal activity developed along these Late-Variscan (to Alpine) 

fault zones, as documented at the Ventosa prospect (see above). Several NE-SW to N-S anomalies are 

developed along the contacts of BIC diorite rocks or those from the Cuba Alvito (gabbro-diorite) Complex 

with metamorphic rocks (e.g. #521-F). As will be demonstrated in the next section (non-structural 

anomalies), there is a strong potential for the contacts of BIC mesocratic rocks with meta-igneous or 

meta-sedimentary rocks to develop skarn occurrences. Accordingly, it cannot be precluded that several of 

the aforementioned anomalies, that are exclusively located within OMZ autochthonous rocks, are related 

with skarn mineralisation. 

IV.5.2.3. Brief discussion of the methodology- future findings in OMZ? 

Time constraints did not allow evaluating all promising target areas put on display during the early 

stages of this project. Nevertheless, considering the large diversity of coexisting Cu-bearing systems in 

the southern border of OMZ, it is possible to state that geochemical soil data using the methodology here 

tested may accurately discriminate promising exploration targets of the various documented types. The 

success of the methodology relies partially in differences in threshold values and in the anisotropy of the 

anomalies related to each system. The physiographic features of the region also account for the good 

implementation of the methodology here tested. In the Ferreira do Alentejo – Serpa region, significant 

mixing of geochemical signals due to different mineralising systems is hard to occur because of a 

relatively uniform and smooth topography and a very mature drainage system. Therefore, in spite of the 

intense agriculture activity, there is a minimum disturbance of the soil geochemical signal due to strong 

physical erosion, surface run-off or topography driven creep. 

Anomalies without structural control 

The validation of the Vinagrinho and Monte da Herdade das Fontes anomalies and the 

preliminary study undertaken at the Corujeiras iron skarn (Jesus & Mateus, 2002; Jesus et al., 2003b) 

raises the question of how well assessed is the metallogenic potential of OMZ southern border for skarn 

mineralizations in particular. Field (Rosas, 2003; Rosas et al., 2008) and geochemical/isotopic (Pin et al., 

2008) based studies document that crustal contamination of LGS and BIC diorite s.l. rocks in the eastern 

compartment was far more expressive than in the western side. This trend continues throughout the 

Spanish side of the suture. This geological evidence, coupled with the greater preservation of upper 

crustal autochthonous rocks, configures an interesting potential for the occurrence of skarn type 

mineralizations. Among the various OMZ metamorphic sequences, the carbonate series of Cambrian 

age, part of which metamorphosed to (forsteritic) marbles, are perhaps those whose contacts with BIC 

rocks should be more thoroughly investigated. Such possibility, reinforced by the description of skarn-like 

rocks in the border of this complex by Carvalhosa & Barros (1963), was confirmed by the presence of a 

Mg-skarn at the Corujeiras prospect (Jesus & Mateus, 2002; Jesus et al., 2003a); no whole-rock data are 
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available to confirm the presence of precious metal contents in the magnetite ores at Corujeiras. Among 

the most relevant anomalies identified in the previous sections, there are several that have a significant 

potential or at least should be assessed for the possible existence of skarn mineralisation, as follows.  

- #521-C: this WNW-ESE oriented anomaly, hosted in the Cuba Alvito Complex, is incompletely 

resolved because of its location at edge of the sampled area. If these rocks do correspond to a diorite 

mesocratic suite, primary sulphide occurrences are not expected. Accordingly, this anomaly either relates 

with an unmapped WNW-ESE shear-zone or (as is the case at Corujeiras), there are several preserved, 

unmapped (in the 1 : 200 000 map) windows of metasedimentary rocks bearing skarn type occurrences.  

- #522-K: this intricate set of mild anomalies show interesting anisotropy and tend to distribute 

along the E - W shear zone that separates the Moura Ficalho VSC from the Moura Phyllonitic Complex. 

Given the proximity of BIC diorite to the east it requires further investigation to properly assess their 

structural versus lithological (skarn-related?) control. 

- Anomaly #522-G was listed in the structural control category. However, in spite of its well-

developed anisotropy, the sub-parallel trend relatively to the contact between both units raises the 

suspicion that there may exist BIC intrusive rocks and, accordingly, a relationship with skarn systems.  

- Following the same reasoning, the orientation of #521-A1/A2 anomalies, tracing LGS-

Proterozoic/Cambrian marbles contacts at E, also warrants validation, if related to skarn mineralisation. 
 

The implications of stronger crustal contamination are also significant for LGS, wherein numerous 

anomalies in the eastern compartment were put in evidence by multifractal modelling of soil geochemical 

data. Evidences of strong crustal contamination (referenced above), suggest a high potential for Ni-Cu 

mineralizations in favourable magma compositions are proven to exist. Petrological evaluation of LGS 

eastern compartment and related diorite rocks is warranted in order to properly assess the economic 

potential of this unit as a whole. 

Anomalies with structural control 

The coincidence of many anomalies with E-W to NNW-SSE shear directions confirms the 

observations performed by Figueiras et al. (2002), Gonçalves et al. (1997; 1998a, b), and Mateus et al. 

(1997; 1999; 1998a) concerning the hydrothermal activity related to these structures. Within sheet, #522 

only one mild anomaly with strong anisotropy is observed along the WNW-ESE direction, sited within 

LGS (#522-E). Since BAOC crops out only at the SW tip of sheet #522, the scarcity of anomalies with 

WNW-ESE orientation may therefore be understood as a preference for shear-zones to present stronger 

carbonate metasomatism within BAOC relatively to LGS.  

The most relevant metallogenic feature from soil geochemistry data evaluation concerning 

structural-controlled anomalies is the occurrence of several anomalies apparently related to N-S to NE-

SW or ENE to WNW-ESE. As discussed in II.5.2.2, these structures are related with Late-Variscan 

deformation, which likely were re-activated in compressive events during Meso-Cenozoic times. The 

metallogenic potential of the hydrothermal activity along these late developed strike-slip faults is widely 

documented at the NE of OMZ, many of these occurrences and ore-showings having been explored or 

mined in the past (particularly during the last decades of the 19th and beginning of the 20th century). The 

ores, preferentially hosted in metasedimentary series of Ordovician-Silurian to Carboniferous age, are 

documented in the Estremoz-Alandroal and Barrancos – Sto. Aleixo regions. Mateus et al (2003) have 
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thoroughly assessed data presented in many non-published technical reports and in several papers (see 

references in the original paper) and performed a preliminary characterization of these ores. The ores 

comprise mostly quartz-carbonate lodes, mineralised breccias and disseminations in the adjoining host-

rocks. These authors concluded that metal deposition might have involved low to moderate saline and 

acidic fluids (pH = 4) previously responsible for metal scavenging in OMZ metasediments at relatively low 

temperatures (375º-260ºC). Field and mineralogical-textural evidence clearly indicates an epigenetic 

origin of these ore-systems and an intimate association with Late Variscan faulting although Alpine re-

activation of some fault zones and, therefore, a late hydrothermal contribution during Early-Alpine times 

cannot be precluded. Excluding the Ventosa prospect (Mateus & Figueiras, 2005; 2006) which represents 

a Sb-rich category (a third is represented by Pb-dominated ores; Mateus et al, 2003) there is no 

significant evidence for the development of those mineralizations in the inspected areas. The prevailing 

association of conspicuous soil Cu anomalies to N-S to NE-SW trending fault zones supports that this 

mineralisation type may be underestimated in OMZ southern border. The diversity of metamorphic rocks 

found related to these anomalies  in sheets # 521 and #522 is consistent with the observations of Mateus 

et al. (2003) concerning the high potential of metasedimentary (and metavolcanic, from the Moura Ficalho 

VSC?) rocks as adequate source of metals to be scavenged by hydrothermal fluids. The prevalence of 

these anomalies within LGS and its high Cu thresholds further indicates that the gabbroic suite may 

represent also an effective metal source for the development of this mineralisation type. Given the 

competence of gabbroic rocks and the low silica contents, the most favourable conditions for the 

development of Cu-epigenetic ores may be assembled where LGS adjoins OMZ autochthonous rocks, 

more favourable to the hydraulic fracturing and (polyphasic) fluid focusing.  



 



 
 
 
 

 

V. GEODYNAMIC EVOLUTION OF LGS WITHIN 
THE SW IBERIAN VARISCIDES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

'Sonnet -- To Science' 
 

Science! true daughter of Old Time thou art! 
  Who alterest all things with thy peering eyes. 
Why preyest thou thus upon the poet's heart, 

  Vulture, whose wings are dull realities? 
How should he love thee? or deem thee wise? 
  Who wouldst not leave him in his wandering 

To seek for treasure in the jeweled skies, 
  Albeit he soared with an undaunted wing? 
Hast thou not dragged Diana from her car? 
  And driven the Hamadryad from the wood 

To seek a shelter in some happier star? 
  Has thou not torn the Naiad from her flood, 
The Elfin from the green grass, and from me 

The summer dream beneath the tamarind tree? 
 

 Edgar Allan Poe 
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V.1. Introduction  

In the early conceptions, the onset of BIC development was envisaged as a result of mantle-

derived magma rise triggered during active subduction of oceanic lithosphere contemporaneous of the 

OMZ-SPZ collision in pre-Famennian times (Santos et al., 1990; Quesada et al., 1994). Later on, Pin et 

al. (1999) suggested that the emplacement of the BIC gabbroic unit took place in an extensional 

(probably, transtensional) tectonic setting at ca. 350 Ma (Late Tournaisian). Both models have significant 

consequences on the interpretation of the geodynamic evolution experienced by the SW Variscides, and 

contrast with the recent alternative proposed by Jesus et al. (2007c) presented in this section. This model 

further provides an explanation for: (i) the processes that allowed sustaining the HT-LP regime 

characterising the Variscan orogen; and (ii) the changing of tectono-metamorphic conditions and 

magmatic activity recorded in the OMZ southern border, SPZ and exotic Terranes meanwhile placed 

between them, from early to late/post collision Variscan times. 

LGS developed during the Variscan orogenic stage that marks the end of Palaeozoic and of the 

second Wilson cycle recorded in SW Iberia as envisaged by Ribeiro et al. (2007). This model for the 

evolution of the SW Europe Variscides is rooted in several decades of field, petrological/geochemical or 

(multi-method) geophysical work performed by many researchers (Jesus et al., 2007c). Thus, before 

proceeding with the main objective of this section, the major events that took place prior to LGS genesis, 

namely during the pre-orogenic stage, as well as the mains steps of the Variscan orogeny are briefly 

outlined, as portrayed by Ribeiro et al. (2007, and references therein).  

Even tough there is no intent to review all geodynamic models for the SW Variscides, those 

recently proposed by Azor et al. (2008) or Pin et al (2008) convey explicit implications for the genesis of 

LGS. Moreover, both works question the geodynamic significance of BAOC as proposed by Quesada et 

al. (1994) and reiterate its inclusion/similarity relative to LGS, thus reviving the old BIC-BAOC problematic 

within OMZ geodynamic evolution. Following a brief description of each model, their geodynamic 

implications for LGS genesis are discussed in relation to the proposal of Jesus et al. (2007c). A section is 

devoted to the discussion of the proposed inclusion of BAOC in LGS on the basis of the tectonic, 

geochemical and isotopic features of both Units. 

V.2. Geodynamic setting of LGS: evolution of OMZ prior to LGS 
emplacement 

V.2.1. Pre-collisional period 

The end of the Pre-Cambric cycle culminating with the Cadomian orogeny is variably preserved 

throughout the Iberia. The high-grade Cadomian basement was only slightly affected by the subsequent 

Variscan cycle during which it acted as a rigid indentor (Cantabrian Zone) compared to the surrounding 

low-grade Cadomian sequences. The absence of major discontinuities in the earliest Palaeozoic 

sedimentary record suggests that OMZ should be envisaged as a passive margin during the Cambrian-

Ordovician boundary ( 500–470 Ma; Ribeiro et al., 2007).  

During the Lower Cambrian, a stable detrital-carbonate platform environment was established as 

a consequence of a widespread marine transgression leading to a carbonate/dolomitic fine-grained 

sedimentation (Oliveira et al., 1991) and associated volcanism (e.g. Ficalho-Moura VSC) displaying 
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anarogenic geochemical signature (Ribeiro et al., 1992; 1997). In the North-Central Belt, the volcanic 

suites display within-plate tholeiitic character (e.g. bimodal sequences interbedded with Vila-Boim Flysch) 

coherent with the generation of localized depocentres, where relatively coarser (e.g. Fatuquedo 

Formation), locally turbiditic, terrigenous sediments were deposited. Transitional-alkaline magmatism 

(e.g. Terrugem VSC) suggests the onset of continental rifting under progressively lower fusion degree of 

the mantle (Ribeiro et al., 1997), accounting for a break up unconformity indicated by the absence of 

Upper Cambrian sediments and the localized carsification/deposition of a siliceous-ferruginous horizon 

(Oliveira et al., 1991; Quesada, 1990). This transient regression is referred to as the Sardic phase. The 

stratigraphic and magmatic features are consistent with paleomagnetic reconstructions, which indicate 

that this extensional stage corresponds to the opening of the Rheic Ocean and consequent drifting of the 

Avalonia (SPZ) from the Gondwana plate (IAT-OMZ; Ribeiro et al., 2007). The continuous sedimentary 

record, up to the Ordovician-Silurian boundary (450–430 Ma), indicates that Rheic became a wide 

Ocean and OMZ experienced a passive-margin stage, following the Cambrian extensional period. 

V.2.2. Collisional period: main steps of the Variscan Orogeny  

The events that took place during the Variscan orogeny are responsible for the development of 

major features currently observed in the OMZ and play a crucial role on the configuration of its southern 

boundary. The most prominent Variscan events may be summarized as follows (Ribeiro et al., 2007). 

Following the beginning of Rheic closure, yet prior to the onset of OMZ-SPZ collision (Silurian–

Devonian boundary; 425–410 Ma), a transient back-arc basin, of which BAOC is testimony, separated a 

small continental block (Finisterra) from the OMZ-IAT mainland as a consequence of sinistral movement 

along the Porto-Tomar-Ferreira to Alentejo shear zone (PTFA). As supported by both on- and offshore 

geophysical data, the PTFA played a major role during Variscan events acting as a transform type 

boundary connecting the SW Iberian and South Armorican sutures.  

Shortly after BAOC opening, intra-oceanic thrusting lead to antithetic obduction and stacking of 

ophiolite Rheic remnants (the Internal OMZ Ophiolitic Sequences- IOMZOS) on top of the Finisterra block 

(Lower-Midlle Devonian 410–390 Ma). The upper levels of the Finisterra block, now represented by the 

Moura Phyllonitic Complex (MPC) + IOMZOS (Araújo, 1995; Araújo et al., 2005; Pedro, 2004; Pedro et 

al., 2003; 2005; Ribeiro et al., 2010) were partially underthrusted until reaching eclogite to blueschist 

facies conditions (HP-LT event), and then far-transported inwards OMZ on top of the meanwhile, also 

obducted, BAOC basin (Fonseca & Ribeiro, 1993; Fonseca et al., 1999; ; Ribeiro et al., 2010); the lower 

Finisterra units should have been totally subducted under Iberia.  

Final closure of the Rheic ocean and beginning of OMZ-ZSP collision should occur during the 

Lower/Midlle Devonian boundary (390–370 Ma), leading to the development of an oceanic accretionary 

prism, where slices of MORB-N rocks, likely representing Rheic fragments were trapped, the PLT. The 

existence of the major OMZ-SPZ suture is supported by several criteria which include detailed geological 

mapping, petrofabric analysis, mineralogical and petrological/geochemical data (e.g. Munhá et al., 1986; 

Quesada et al., 1994; Fonseca & Ribeiro, 1993; Fonseca et al., 1999; Mateus et al., 1999; Figueiras et 

al., 2002; Ribeiro et al., 2010). According with geophysical data (Monteiro Santos et al., 1999; 2002; 

Simancas et al., 2003; Pous et al., 2004; Almeida et al., 2005; Vieira da Silva et al., 2007; Muñoz et al., 

2008) the OMZ-SPZ is the only rooted suture in Iberia, wherein BAOC and the MPC+ IOMZOS, appear 
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as suture-related structures, despite their current position up to 50 Km NE inwards OMZ.  

The OMZ-SPZ continental collision started at the Devonian-Carboniferous transition (370-360 

Ma) with major continental stacking by nappe emplacement and concurrent eclogite exhumation (370 

Ma; Moita et al., 2005a) and was shortly followed by the development mafic calcalkaline/shoshonitic 

subduction related magmatism in the inner domains of OMZ (Veiros– Vale Maceira Campo Maior at 360 

Ma;  Moita et al., 2005b). Increasing thickening and deformation within PLT gradually propagated 

southwards into the SPZ. Collision proceeded from Upper Devonian to Late-Carboniferous (Westphalian) 

times (350–300 Ma) with markedly distinct styles for both plates. Soon after the record of subduction 

related magmatism, an outstanding ca. 55 Ma lasting (355–300 Ma) pervasive HT-LP regime affected 

both OMZ and SPZ. This period is characterized by major variations of metamorphic degree and 

deformation style through time, as well as prominent magmatism in both Terranes, which includes the 

genesis and emplacement of LGS and BIC. The processes that allowed sustaining this HT-LP regime 

(common to other segments of the Variscan orogen), as well as the changing of tectonometamorphic and 

magmatic features throughout time are intimately related to the LGS genesis and will be addressed in 

detail in the next sections.  

V.3. A geodynamic model for the genesis of LGS  

As forwarded in section II.2.3.3, the U-Pb SHRIMP data for LGS late pegmatoid rocks reported in 

section II.3 could provide geochronological constrains for the onset of the most important transpressive 

D2b regional deformation phase. The average 342  9 Ma age, dates the development of water-rich 

differentiated and contaminated (crustal derived sulphur and radiogenic Sr) melts represented by the 

(amphibole-) pegmatoid intrusions into the main gabbroic series. In this context, the close agreement with 

the available 40Ar/39Ar ages for rock-forming amphiboles belonging to Portuguese and Spanish intrusives 

(LGS, Aguablanca breccias, Cortegana Complex and Burguillos del Cerro), BAOC and autochthonous 

formations of OMZ southern border (reviewed throughout section II.2.2), represent regional cooling below 

 500ºC and may be taken as evidence for a moderate to rapid regional crustal uplift episode at ca. 340 15 

Ma, i.e. approximately 10 Ma after the emplacement of LGS. This episode of uplift, causing significant 

modifications in the crustal heat flow and influencing decisively the mechanical properties of crustal rocks 

in EBAD, may also represent the ultimate cause for differences in strain accommodation during the 

second phase of Variscan deformation D2. Therefore, the 340  5 Ma age corresponds to a good 

estimation for the D2a–D2b transition.  

V.3.1. A reassessment of Variscan magmatism in the SW Iberia  

The tectonomagmatic features of the SW Iberian Variscides can be reassessed using the 

geochronological data reviewed in section II.2.2. The schematic chronostratigraphic chart presented in 

Figure V.1 illustrates the main features emerging when plotting the data set roughly from SW to NE also 

making use of the existing bio-stratigraphic and lithostratigraphic constraints for key-formations in PLT 

and IPB. 

                                                      
15 Average of Dallmeyer ’s et al. (1993) and pegmatoid ages = 340  2.3 (1) Ma whereas using Castro et al. (1999) and Rufett 
(1990) = 337  2.1 (1) 
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Early collisional magmatism 
The most striking feature is the relatively narrow interval of ca. 355 Ma to ca. 345 Ma for igneous 

activity on both sides of the OMZ-SPZ boundary (Figure V.1) clearly postdating: (i) the earliest record of 

364 ± 12 Ma orogenic magmatism triggered by subduction; (ii) the eclogite/ophiolite nappe emplacement 

(ca. 370–360 Ma); and (iii) the development of the calcalkaline volcano-sedimentary complexes of 

Odivelas and Toca da Moura S. Cristovão (see section II.2.3.1). A broadly similar geological record 

occurs in the Spanish counterpart namely with the emplacement of the Sta. Olalla Complex, and other 

intrusions to the NW, such as Valencia del Ventoso, Bazana, Brovales, Valuengo and Burguillos del 

Cerro (U-Pb ages between 349  38 and 338  1.5 Ma). The diachronic character towards Spain (slightly 

younger ages for the emplacement of the early igneous bodies), as well as the displacement of the main 

magmatic centres towards N, can be explained by variations in geometry of the OMZ-SPZ plate boundary 

(Quesada, 1998; Ribeiro et al., 2007). From this, it seems plausible to conclude that the time span 

ranging from ca. 355 to ca. 345 Ma should correspond to the early stages of the OMZ-SPZ oblique 

collision, dating also the main events ascribable to D2a (presumably starting at ca. 360 Ma). The 

development of LGS occurred during the 355 Ma to ca. 345 Ma period, which should therefore 

correspond to a first major tectonomagmatic event of early collisional magmatism, hereafter labelled TD1. 

Late and post-collisional magmatism 
In the OMZ southern border and adjoining PLT, late-collisional magmatism started at 328 ± 2 Ma 

(Gil Márquez; Kramm et al., 1991, in Onézime et al., 2002). The petrologic features indicate that late-

collision igneous rocks in these geological contexts resulted from different and more evolved magmas 

with magma mixing and crustal contamination. This geochronology continuum strongly suggests that the 

high thermal crustal regime should have persisted for a relatively long period of time, being to a great 

extent synchronous of the LP-HT Variscan metamorphic event recorded in EBAD (see section II.2.3.3). In 

BIC, U-Pb dating of dioritic–tonalitic rocks suites included in the Cuba-Alvito Complex, LGS marginal 

diorites or “unaffiliated diorites” (Pin et al., 2008) yielded ca. 350 Ma ages, which are indistinct of those 

obtained for LGS crystallization within the analytical uncertainty (Pin et al, 1999). Other methods used to 

date these rocks in the Viana-Alvito region are hindered by resetting induced by the adjoining, later 

emplaced EM rocks and provide much younger 325  10 and 331  7 ages (Gomes, 2000 and Rosas, 

2003, respectively). Indeed, dating of EM rocks such as the tonalitic suites within the Évora High-Grade 

Metamorphic Terrain (Pereira et al., 2003, 2006a) in the Montemor Region (Hospitais Massif) are dated of 

ca. 320 Ma, whereas a 318  11 Ma age was obtained for granodiorites in the Alvito region (Rosas, 2003; 

Rosas et al., 2009). These ages overlap those obtained for the Baleizão Porphyry Complex, the youngest 

Unit of BIC (minimum ages 324 +8/-5; Priem et al., 1976).  

The older ages for BIC diorite suites indicates that, while the bulk of their mantle-derived parental 

melts was emplaced during TD1, the peak of their crustal contamination (i.e. Serpa region) should be 

placed at ca. 320 Ma, when major anatexis in OMZ took place. The major stage for contamination of pre- 

Figure V.1- Schematic chronostratigraphic chart for OMZ southern border, Exotic Terranes and SPZ northern border 
using the available bio- stratigraphic and litho- stratigraphic data (for the Pulo do Lobo Terrane and IPB; light grey 
stippled polygons) and the most pertinent geochronology data for igneous rocks presented in Table II.2 to II.5 in 
section II.2.2. Solid ellipses: Variscan TD1 (dark grey; plus white bar for IPB VHMS ores), TD2 (medium grey) and 
TD3 (light grey tectono magmatic events; stippled light grey ellipses: demonstrated isotopic resetting; transversal 
hatched bar: D2a-b transition and regional uplift. Upgraded version of the one presented in Jesus et al. (2007c) 
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viously emplaced mantle derived melts and genesis of crustal-derived melts thus corresponds to a 

second major tectono-magmatic event, hereafter labelled TD2. This event should represent the final 

stage of the orogenic HT-LP regime and took place after the (moderate to) rapid crustal uplift episode at 

ca. 340 ±5 Ma. Accordingly, the ca. 320 Ma age should roughly represent the late stages of D2b. being 

consistent with generalized isotopic resetting in the OMZ southern border, namely the younger ages 

recorded for Vale de Maceira gabbros16 (315  3 Ma; Moita et al., 2005b), Alvito-Viana eclogites (316 ± 6 

Ma, Moita et al., 2005a) or, as above mentioned, BIC diorites in the Alvito-Viana region.  

Dating of D3 deformation phase provided by Sesmarias/Pias Pedrogão granite at ca. 300 Ma 

(Carvalho, 1971, Moita et al., 2005b) is consistent with biotite K-Ar resetting recorded in early intrusives 

(e.g Hospitais Massif, 307  8 Ma; Moita et al., 2005c), the youngest record of intrusive magmatism in 

Spain (e.g. S. Guillermo granitic stock) and, most likely, the main epizonal intrusive units of the Baleizão 

Porphyry Complex. In spite the scarcity of geochronological data for other late emplaced, anisotropic and 

undeformed plutons in OMZ, the ca. 300 Ma age represents a good estimate for the peak of the third 

tectono-magmatic event in OMZ, hereafter labelled TD3. This event should therefore represent the late 

stage of the OMZ-SPZ oblique collision. 

V.3.2. An inferred geodynamic evolution 

Figure V.2 presents a reconstruction of the geodynamic evolution of the SW Iberian Variscides. 

This provides a mean to visualize the processes that, from the early to the late stages of the OMZ-SPZ 

oblique collision, may have favoured the heat supply needed for the widespread magmatism and the HT 

metamorphism in those geotectonic units and in the Exotic Terranes placed between them. The crustal 

architecture and, consequently, the structural and metamorphic features across the plate boundary and in 

the Exotic Terranes trapped there, are quite different. 

During the Lower-Middle Devonian, the Pulo do Lobo Terrane (commonly interpreted as an 

oceanic accretionary wedge) should have experienced significant growth (Ribeiro et al., 1990; Quesada 

et al., 1994). Later on, the thrust belt progression in IPB proceeded by continuous foreland accretion until, 

at least, Upper Visean (the age of the older formations in the flysch sequence) above a major cryptic 

décollement correlated with the Early-Late Devonian transition (Prodehl et al., 1975; Ribeiro and Silva, 

1983). In the IPB, the extensive imbricate thrust belt (with predominantly localised deformation along 

thrusts and significant total shortening) controlled the progress of sedimentary processes, behaving as a 

typical orogenic pro-wedge system (Schäfer et al., 2000). Therefore, the sedimentary/structural evolution 

recorded by PLT and IPB, together with their typical low-grade metamorphic zoning decreasing towards 

SW, (Munhá, 1981; 1983a, b; 1990) can be directly related to the advance of the upper-plate (OMZ) 

deformation. Similar Late Devonian and Mississippian (Lower Carboniferous) paliynologycal assemblages 

identified in the Toca da Moura and Cabrela Complexes (OMZ) and several units of the SPZ, suggest that 

both crustal blocks were close to each other at this time (Pereira et al., 2006).  

As proposed for other Variscan sectors, namely for the Rhenohercynian-Saxothuringian collision 

in Central European Variscides (Schäfer et al., 2000), the data for the OMZ-SPZ collision strongly 

suggest the formation of a kinematically coupled system including a pro-wedge (IPB), an axial zone (PLT) 

                                                      
16 Rb-Sr in Bt-WR and 40Ar/39Ar in Amph for Vale Maceira gabbros and Alvito eclogites respectively, thus representing isotope 
resetting at 300-350ºC < T < 500–550ºC, see Table II.4. 
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and a retro-wedge (EBAD), operating during the Carboniferous sinistral transpressive collision. The 

crustal shortening operated in the retro-wedge domain, i.e. EBAD, is localised in the internal thrust stack 

(the Moura Phyllonitic Complex + IOMZOS which can be interpreted as a retro-shear belt) during the 

early stages of the OMZ-SPZ oblique collision (ca. 355-345 Ma), whereas subsequent (heterogeneous) 

crustal shortening was mostly accommodated in the much wider external belt (SPZ), wherein a typical 

fold belt is developed during D2b.  

The proposed model for the OMZ-SPZ collision zone, allows explaining several rather unique 

features that are characteristic of doubly-vergent orogens, namely: (i) their markedly asymmetric profiles, 

as controlled by the much larger amount of crustal shortening accommodated in the pro-wedge fold belt 

relatively to the narrow stacking in the retro-shear belt developed in the retro-wedge; (ii) distinct 

deformation styles in the upper and lower plates, and (iii) their unusual metamorphic zoning and thermal 

regimes (next section). Additional theoretical details are provided in Figure V.3 which depicts a possible 

schematic cross-section along a doubly vergent orogen during the early and late collision periods, as well 

as a conceptual model displaying the expected sedimentary path flows and metamorphic zones. 

V.3.3. Thermal regimes: the competence of the slab-break off model  

An important feature of EBAD is the persistent high thermal gradient, which should have 

influenced the deformation style and the large amount of upper-plate shortening during the OMZ-SPZ 

oblique collision. This feature is compatible with the presence of a thermally weakened retro-wedge 

system, whose internal part went through a complex P-T path during the pre-collision evolution (from ca. 

400-390 Ma to ca. 370 Ma), involving the opening and closure of back-arc basin, BAOC emplacement via 

antithetic obduction, and development of HP-LT metamorphic events (e.g. Fonseca et al., 1999; Moita et 

al., 2005a; Pereira et al., 2006a). Therefore, significant variation in time of the subduction rate and plane 

dip should have occurred along the OMZ-SPZ boundary, preceding the collision stages and determining 

the evolution of a thermal regime that will affect mainly the EBAD in OMZ. 

Initially, a steep (N-directed) subduction zone might have promoted the rollback of the lower plate 

hinge favouring the back-arc extension of which BAOC is representative. Subsequent gradual decrease 

of the subduction angle and relative increase of the convergence rate, should have led to compression of 

the back-arc domain and, further, to the arc system overthrusting, decisively contributing to an early 

thickening of the EBAD as testified by nappe-emplacement (Fonseca et al., 1999; Araújo et al., 2005).  

Later on, during the dominantly transpressive collision stages, as the continental crust (SPZ) 

began to subduct and the OMZ southern border was compressed and (re-)stacked, a different thermal 

regime developed. In OMZ, the early orogenic magmatism triggered by subduction is dated at 364 ± 12 

Ma (section II.2.3.3.); however, in the EBAD retro-wedge all the processes appear to have proceeded at 

high temperature conditions from ca. 355 Ma onwards (TD1 event), allowing the progression of LP-HT  

Figure V.2 (right page)- Simplified and interpretative section across the SPZ-OMZ boundary, laterally projecting the 
major geological formations and not considering the displacements caused by late shear zones and strike-slip fault 
zones; post-collision granitoids intruding the Pulo do Lobo Terrane do not outcrop but their possible existence is 
documented by geophysical data (Almeida et al., 2005; Vieira da Silva et al., 2007; Muñoz et al., 2008). (A)- early 
stages of continental oblique collision at ca. 355 - 345 Ma, coincident with the TD1 tectono-magmatic event; (B)- 
Intermediate stages of collision, after the major uplift episode, coincident with the TD2 tectono-magmatic event; (C) 
late stages of continental oblique collision at ca. 300 Ma coincident with TD3 tectono-magmatic event; present day 
surface is roughly represented by the thick white line. As in Jesus et al. (2007c). 
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Figure V.3- Schematic section of a doubly vergent orogenic wedge system as proposed for the Variscides and Rhenohercynian-Saxothuringian collision zones (modified from Schäffer 
et al., 2000); grey coloured surfaces correspond to present day erosional surface, crosses to the pre-orogenic (e.g. Cadomian) crystalline basement. (A)- Early collision stage. (B)- 
Late collision stage; the incremental exhumation profile stands for the post-collisional stage. (C)- Conceptual model of doubly vergent orogens material flow paths resulting from 
asymmetric erosional patterns and metamorphic zones.  

 

Some theoretical comments: As suggested by numerical modelling (Plesch & Onken, 1999 and references therein; Onken et al., 2000), the wedge taper (angle between topographic 
slope and detachment) is typically higher in the narrow retro-wedge domain in comparison with the wider pro-wedge and tends to decrease in both systems throughout the collision 
(e.g. from 30º to 15º and 10º to 6º, respectively). Analogical experiments show how wedge growth is related to structural style and mode of accretion during collision: strong basal 
detachments are linked with large taper angles, the development of nappe structures and preferential addition of material to base of the overriding plate retro-wedge (e.g. OMZ), 
whereas soft basal detachments/décollements rather result in short imbricate structures and addition of material to the front of the upper plate pro-wedge and axial zone (e.g. SPZ and 
PLT, respectively). The decrease in the wedge taper through time is an indication of weakening of the basal detachments relatively to their hanging-walls. This feature is, in turn, 
related to radiogenic heating during crustal stacking, as can be also inferred by the increase of crustal melts towards the final collisional stages in both plates.  

 

The significantly different mechanisms for wedge growth will promote rapid uplift in the retro-wedge, whereas continued frontal accretion in the pro-wedge and axial zone (as indicated 
by their symmetrical exhumation profile in figure A) must be balanced by continued removal of material within and behind of the axial zone (SW in the figure); this feature, coupled by 
generalised erosion in the retro-wedge (as a consequence of crustal uplift) results in preferential sedimentary run-off towards the lower plate (idem), as confirmed by the large volume 
of flysch and molasse syn-tectonic sedimentation. 
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metamorphism and multistage magmatism. A similar record for the igneous activity is found in PLT 

whereas in IPB, significant magmatism occurred between ca. 355-345 Ma. The origin of this late orogenic 

magmatism (early- TD1 to late- TD2 collision tectono-magmatic events) and HT regime is controversial, 

although characteristic of many segments of the European Variscides (e.g., Henk et al., 2000).  

From the scenario depicted in Figure V.2A, it might be expected that the localised but strong 

SPZ thinning, favoured by subduction blocking and subsequent slab break-off, caused underplating of 

basaltic juvenile magmas due to asthenospheric upwelling. The underplating of juvenile magmas at, and 

within, the base of the SPZ crust and the combination of conductive (hot mantle) and advective (basalt 

magma) heat transport would promote the igneous activity typical of IPB. Concurrently, the slab break-off 

at the meanwhile blocked subduction zone allowed the local incursion of the asthenospheric mantle 

underneath EBAD; subsequent lithospheric thermal erosion may have detached the dense, relatively 

cold, lithospheric mantle root (Henk et al., 2000). The resulting transient transtensional tectonic regime is 

therefore similar to that invoked in other Palaeozoic orogens (section I.3.2) such as the Appalachians 

(Paktunc, 1989, 1990 Thompson, 1984) and Caledonides (Boyd et al., 1987 Tucker et al., 1990) to 

explain the intrusion of large batches of basaltic magma intra-orogenically.  

The upraising of hot asthenospheric mantle are largely favoured by the negative buoyancy of the 

down dragging force of the eclogitized cold and dense slab, causing sudden added buoyancy as the 

orogenic root was removed. Additionally, the upraising of asthenospheric mantle may cause removal of 

the thermal boundary layer of the root of the thickened overriding plate (OMZ), eventually causing 

delamination of the wholesale lithosphere (Henk et al., 2000) i.e., the mafic lower crust of OMZ (Monteiro 

Santos et al., 1999; 2002; Pous et al., 2004; Almeida et al., 2005; Muñoz et al., 2008). Together, these 

processes should have caused the early stages of magmatism (TD1) in the EBAD retro-wedge system, 

primarily traced by the rise of primitive melts (like those found in LGS) and providing the necessary heat 

for the early stages of HT-LP metamorphism in EBAD. The stacking of high heat-producing upper-crustal 

lithologies over a period of ca. 20 Ma (from ca. 360 Ma to 340 Ma, during D2a) should further provide the 

radiogenic heat needed to sustain the LP-HT metamorphism and, alongside with residual thermal effects 

related to the early magmatic event TD1, the onset of the late-collision magmatism, involving mixing of 

mantle-derived and crust-derived melts.  

The release of slab-pull forces, coupled with mafic magma underplating resulting from the slab-

break off, should also be pointed as causes of subsequent moderate to rapid crustal uplift episode uplift 

at ca. 340 ± 5 Ma of the overriding plate, and consequently, the enhancing of erosion rates. The latter 

should further cause massive sedimentary influx towards the pro-wedge system, which is clearly recorded 

by the thick flyshoid syn-tectonic sedimentation (Culm or Mértola Formation), following the major 

magmatic/ore-forming TD1 event in IPB.  

Following uplift, in the kinematically coupled retro-wedge system (EBAD) and axial zone (PLT), 

the rising of the brittle-ductile transition should result in a significant reduction of crustal strength, since 

the mechanisms responsible for the generated heat anomalies occurred much faster than heat 

dissipation. Consequently, an increase of crustal contamination of mafic magma chambers and the 

formation of anatectic magmas would be gradually favoured. The emplacement of the remaining late-

collision granitoids (TD2) and post-collision undeformed granites (TD3) immediately above that 

rheological transition would occur, therefore, at progressively shallower depths.  
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Finally, it should be noted that the slab break-off mechanism here invoked for the widespread 

raising of mantle magmas typically results in linear magmatism along the strike of the orogen and is 

strongly favoured by oblique collision, which promotes gradual tearing along the suture and thus different 

(albeit more or less continuous) magmatic ages. This characteristic spatial and temporal discontinuum of 

the magmatic record resulting from slab-break, coupled with previously mentioned plate boundary 

geometry differences, allow elucidating the diachronic, younger character of both the TD1 and HT-LP 

events from Portugal to Spain.  

V.4. Other models for LGS genesis: a discussion 

V.4.1. Pin et al 2008: transcurrent slab break-off  

Pin et al. (2008) have provided an invaluable set of U-Pb ages for BIC’s diorite suites and late 

felsic dykes intruding BAOC (section II.2.2.2), as well as a comprehensive Sr-Nd data-base for BIC (LGS 

and diorite suite), BAOC, and other amphibolitic rocks included in the Moura Phyllonitic Complex.  

V.4.1.1. Main features of the model 

Besides the overlap of U-Pb ages between LGS and diorite rocks for which an explanation was 

already provided in the previous section, these author’s main findings and conclusions concerning LGS (i-

iii) and BAOC (iv-v) can be summarized as follows: 

(i) Previously published Ar-Ar dates for the “Beja Gabbro” (Ruffet, 1990; Dallmeyer et al., 1993) 

do not represent igneous crystallization ages, but reflect regional cooling below ca. 500 °C, at least 10 Ma 

after the major intrusive event, probably as a result of the uplift of the OMZ side of the suture zone 

relatively to the subsiding SPZ.  

(ii) 87Sr/86Sr350 and εNd350 for “Beja Gabbro” and associated dioritic suites display a large range of 

values (from 0.7041 to 0.7093 and from +4.0 to −6.1, respectively). The increasing SiO2 concentration 

with radiogenic Sr and unradiogenic Nd document a rather complex petrogenetic history, with an 

important role played by crustal assimilation combined with fractional assimilation (AFC); the latter is 

more important although exclusive of for the most evolved dioritic rock types. The contamination trend 

broadly increases from W to E, i.e. from Torrão/Odivelas to the Serpa region. 

(iii) Based on the Late Devonian age of the OMZ-SPZ collision (eclogite dating of Moita et al, 

2005a) the emplacement of the “Beja Gabbro” can not be related to an active subduction of oceanic 

lithosphere. Instead, the generation in the mantle and emplacement in the overlying continental crust of 

copious volumes of mafic magmas with concomitant LP-HT metamorphism is tentatively ascribed to a 

process of transcurrent slab break-off that followed a SW- dipping oblique subduction and collision stage. 

The most commonly accepted northward polarity for OMZ –ZSP subduction is dismissed on the basis of: 

(iiia) the top to the N shear criteria of the major over thrusting phase (Fonseca et al., 1999; Araújo 

et al., 2005); 

(iiib) the decrease of metamorphic grade from SW to NE, indicating more distal (oceanward) 

facies from NE to SW for the Early Ordovician–Early Devonian passive margin;  

(iiic) the HP-LT metamorphism recorded to the N of BIC being better explained by 

partial/attempted southward subduction of the OMZ margin, the subsequent exhumation of HP-LT rocks 

occurring when the slab-pull forces are released during the slab break-off of subducted oceanic crust. 
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(iiid) the alleged calcalkaline character of “Beja Gabbro” is a consequence of crustal 

contamination and not of an orogenic component;  

(iiie) the much younger Tournaisian to Late Visean age of the andesitic magmatism in the Beja 

(Odivelas?) and Santa Susana regions relative to the early collisional events documented by MPC; and 

(iiif) the interpretation that the Middle to Late Devonian limestones presumably interbedded with 

the Odivelas andesitic lavas dated by Conde & Andrade (1974) represent (allochthonous) olistoliths, 

following the suggestion of Pereira et al. (2006) for those occurring in the Cabrela basin (see II.2.3.1). 

(iv) εNd350/500 values of [-3.4/-2.9 ; +0.7/+1.0] for BAOC metagabbros (MG; flaser gabbros and 

associated troctolite) ascribed to BAOC in the Guadiana valley are close to zero or even slightly negative, 

irrespectively of the age chosen for the correction of in situ radioactive decay of 147Sm in the range 350–

500 Ma, assumed to encompass the true geological age. This observation, along with trace element data 

(see below) conflicts with a truly oceanic derivation for these rocks, which could rather represent early 

stage, deformed and metamorphosed equivalents of BIC gabbros. It is noteworthy that BAOC ultramafic 

rocks display 1- 10X chondrite normalized REE abundances which, as stated by the authors, precludes 

them to represent mantelic residua which typically have REE normalized abundances lower than the 

chondrite (e.g. Bodinier & Godard, 2003). 

(v) εNd350/500 values for most BAOC metabasalts and amphibolites (MBA) in the Serpa region 

[+2.3/+2.5 ; +9.2/+8.5] are consistent with derivation from mildly depleted mantle sources and/or without 

significant crustal assimilation; only those from the Aracena Metamorphic Belt Oceanic Domain (AMB-

OD) displaying isotopic signatures closer to MORB εNd350/500 [+8.5 ; +9.2]. From this, it is suggested that 

BAOC is disrupted and also composite, since the basalts are not cogenetic with the gabbroic rocks which 

should therefore represent early mafic magmas from BIC that experienced crustal contamination and 

intense deformation.  

V.4.1.2. Discussion  

Nd-Sr and geochemical data for BIC rocks, particularly the diorite suite, were used in PART III, 

where their petrogenetic interpretation was discussed in detail. Regarding the information for BAOC 

rocks, they are crucial for assessing the data and respective interpretations reported by Azor et al. (2008), 

their discussion being performed ahead, in section V.5 devoted to the BIC-BAOC problematic.  

Genesis of LGS 
The interpretations/conclusions of Pin et al. (2008) concerning BIC and LGS, (points (i-iii)) namely 

the meaning of previously published Ar/Ar dates (Ruffet, 1990; Dallmeyer et al., 1993) are in accordance 

with the ideas conveyed in Jesus et al. (2007c) and the present work. Particularly significant is the fact 

that these authors interpret the geochemical features of LGS and the diorite suite as a consequence of 

complex AFC processes and not a subduction imprint, as constrained by the younger ages found for 

OMZ HP-LT event (eclogite dating of Moita et al., 2005a). Accordingly, Pin and co-authors envisage that 

the most effective mechanism to generate and emplace copious volumes of basaltic magma in the course 

of the orogenic process is a slab break-off event triggered by subduction blocking and leading to a 

transient transtensional regime. Their stressing of that the break-off process should occur as gradual 

tears, similar to the development of en-echelon structures and thus resulting in diachronic magma 
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emplacement along (orogen) strike is, in fact, better explored than what was presented by Jesus et al. 

(2007c), but hopefully emphasized in this work. Similarly to Jesus et al (2007c), the authors relate this 

major event with the HT-LP event, as well as the record of magmatic and (ore forming) activity in SPZ. 

Geodynamic implications 

The polarity of subduction 

The major difference in Pin et al. (2008) proposal regarding LGS and the slab break-off 

mechanism concerns the invoked S directed polarity of subduction. The arguments which, on their 

opinion, support such interpretation were comprehensively presented in the previous section. The N 

directed polarity of OMZ subduction is at present chiefly undisputed among different OMZ workers, even 

those with significantly distinct interpretations for the major Variscan processes (e.g. Silva & Pereira, 

2004, Rosas et al., 2008). Nevertheless, Pin et al. (2008 op cit) state that “the opposite model of a SW-

dipping subduction beneath the SPZ, already proposed by Bernard and Soler (1974), cannot be a priori 

rejected” and their careful argumentation deserves a serious discussion. The arguments presented in 

points (iiia) to (iiic), specifically, the decrease of metamorphic grade from SW to NE in OMZ and the 

occurrence of rocks with highest metamorphic grade in the innermost parts of the orogen are not 

preclusive, but rather suggestive of a N-dipping subduction if the features that characterize doubly-

vergent orogens (as detailed in section V.3.2) are taken in consideration, as follows.  

Taking the example of the schematic depiction presented in Figure V.3C, the metamorphic grade 

shown for the pro-wedge and axial zone domains chiefly mimics that observed “oceanwards” in SPZ and 

PLT. The greenschist to anchimetamorphic grade for the retro-wedge domain shown in Figure V.3C, 

where HP-LT rocks are not depicted, seems inconsistent with the metamorphic record of OMZ southern 

border, thus in agreement with Pin and co-workers arguments. Peaking conditions for regional 

metamorphism in OMZ southern are, however, within lower amphibolitic/higher greenschist facies 

conditions, therefore within those showed in Figure V.3C. It should be plain from the remaining figures 

and previous explanations, that HP-LT rocks will occur where most significant crustal stacking took place, 

i.e. within the retro-shear-belt, located inwards the retro-wedge domain, not illustrated in Figure V.3C.  

Rocks of highest metamorphic grade are located in the innermost parts of the orogen (OMZ), and 

consist of: (i) the Évora High-Grade Metamorphic Terrain (Pereira et al., 2003, 2006a) and (ii) the 

eclogite-blueschist slices within the MPC+ IOMZOS. The first feature is a magmatic and not tectonic 

related anomaly, wherein anatexis of OMZ metasedimentary sequences were induced by the thermal 

doming effect related to EM. The argument invoked by Pin and co-workers to explain the development 

and later exhumation of HP eclogite rocks during uplift as a consequence of mafic magma underplating, 

but mostly the releasing of slab-pull forces following the slab break-off during partial/attempted southward 

subduction of OMZ margin passive margin, is particularly elegant and appealing. Ascribing the 

exhumation of HP-LT rocks between 371 11 Ma and 360  4 Ma, shortly after their burial at 371  17 Ma 

(Moita et al., 2005a) to the rapid uplift of the retro-wedge domain at ca. 340  5 Ma following slab break-

off at 350 Ma, as defended by Pin et al. (2008), is however hardly reconcilable with the ca. 10 Ma. time-

gap between the various events, even considering analytical error.  

The evolution of the OMZ-SPZ continental collision as a doubly vergent orogen was strongly 

conditioned by the contrasting nature of the basal detachments in the involved plates: a crystalline 
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Cadomian basement in the upper plate (OMZ), operating as a strong basal detachment comparative to a 

softer décollement at the basis of the lower plate (SPZ). These rheological differences constrain the 

mechanisms for addition of non-subducted material to the overriding (OMZ) plate to occur mainly by 

underthrusting and, therefore, to major crustal stacking in an internal retro-shear belt nappe system 

instead of a frontal collision zone, as seen in continental active margins of Andean type orogens. The 

nappe/retro-shear belt system represented in OMZ by the [MPC+IOMZOS] was therefore the main place 

for developing HP-LT eclogite-blueschist conditions. It should be again emphasized that the role assigned 

for [MPC+IOMZOS+HP-LT rocks] as an internal retro-shear belt nappe system is not merely made by 

analogy, but supported by geophysical data, which demonstrate that the nappe and BAOC domains are 

well rooted in the suture zone. Moreover, the huge displacement vectors in the order of 50 Km inferred for 

this nappe system are consistent with major N-directed synthetic vergence, and consequently 

inconsistent with the partial subduction of the OMZ plate underneath a SW-dipping subduction zone. It is 

also noteworthy that the strong imbrication and crustal stacking in the retro-shear belt of the retro-wedge 

will necessarily result in major metamorphic grade “jumps” instead of smoothly changing isogrades, as 

seen in the pro-wedge domain. Accordingly, making allowance for the relative chronology and nature of 

the highest metamorphic grade domains/events recorded in OMZ, later overprinted by greenschist facies 

metamorphism after the major uplift episode in the D2a-D2b, the arguments presented by Pin et al. (2008) 

of a somewhat unexpected metamorphic grade pattern, timing and location of the major thrusting phase 

within OMZ to invoke a SW-dipping subduction zone are chiefly explained. 

The questioning of arc magmatism 

According to Pin et al. (2008) several lines of evidence listed in section V.4.2.1 (items iiid to iiif) 

allow dismissing the volcanic activity recorded in the SW border of OMZ to the existence of a subduction 

related volcanic arc. Alternatively, it is suggested that the Alfundão-Peroguarda, Odivelas-Penique, Toca 

da Moura and Cabrela VSC represent “a protracted igneous activity that occurred in the SW OMZ, coeval 

with a sinistral oblique collision along several branches of the suture zone”. Firstly it must be stressed that 

there is no reference to the nature and age of Veiros – Vale Maceira-Campo Maior gabbroic complex. 

The calcalkaline to shoshonitic affinities of this complex are consistent with its distal location relatively to 

an active N-dipping subduction zone. Moreover, the 360 Ma age (Moita et al., 2005b) for this 

magmatism, preceding by ca 10 Ma the TD1 event triggered by slab break-off is one the most compelling 

evidences for N directed, subduction related magmatism.  

The main argument is based on the relative age of the Cabrela, Toca da Moura and Odivelas 

VSC provided by paleontological and paliynologycal data. As noted in section II.2.3.1. carbonate rocks 

displaying calc-silicate mineralogy occurring between Alfundão and Beja indicate that carbonate shelf 

developed during Devonian were profusely intruded by early Carboniferous magmatic rocks. Accordingly, 

the arguing of Pereira et al. (2006) in favour of an olistolith nature for the Odivelas (Monte das Cortes; 

Conde & Andrade, 1974) and Cabrela carbonate lenses is based on the absence of metamorphism, 

besides of their poor exposure, which obscures their true relation with the volcanic rocks and precludes 

assigning a Middle Devonian to the Odivelas VSC. New data for Odivelas limestone are reported by 

Machado et al. (2009; 2010) clearly constrain the existence of volcanic activity with pre-Tournaisian, 

Middle- to Late Devonian at Odivelas: (i) limestones at Montes das Cortes, are late Eifelian/early Givetian 
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in age (reef fauna) and field, petrographic and geochemical data show that they were deposited 

contemporaneously with extrusive volcanic activity; and (ii) at Covas Ruivas a long exposure of mildly 

deformed volcanic rocks (mostly coarse pyroclastic deposits, with subordinate basaltic lava flows and rare 

chert beds), grade into very finely laminated tuffs/tuffites where limestones are dated Upper Emsian to 

middle Eifelian (conodont and reef fauna) and suggest that the limestone are calciturbidites intercalated 

with debris-flow deposits, probably deposited along the slopes and around the edges of volcanic edifices.  

The paliynologycal dating for the Cabrela and Toca da Moura volcaniclastic rocks, as well as the 

inference that volcanic activity went on throughout Visean times, strongly concurs with the argument of 

Pin et al. (2008) for a protracted age for tholeiitic/calkalkaline magmatism during OMZ-SPZ continental 

collision. Therefore, it is here suggested a much simple hypothesis relatively to dismissing the likely 

existence of a volcanic arc prior to LGS emplacement: the upraising of mantelic magma and generalized 

crustal heating that took place during the TD1 event allowed to (re-)juvenile and sustain a pre-existing, 

arc-related volcanic network for an extended time framework. Such situation, already advanced by 

Santos et al. (1987) to explain the Tournaisian age of the Cabrela VSC sediments, is hardly exceptional 

and well documented in several ancient (Caledonian, Appalachian) and modern (Himalayan: Turkey, 

Tibet and Iran) orogens where continental collision occurred. It is well documented that following the 

onset of continental collision and ceasing of active subduction there is a final stage of calcalkaline 

magmatism which is not volumetrically trivial (Zhou, 1985). Besides the development of late and post 

collision granitic magmatism, it is clear that volcanic activity also continues after the subduction blocking, 

sometimes emerging a new arc. The composition of the volcanics formed after the collision stage covers 

a wide spectrum from basalt to andesite and rhyodacite, as seen in OMZ VSC. Examples include the 

Eurasian-Afro Arabian collision where, following Cretaceous collision, volcanic activity continued until 

Quaternary, or the ca. 42-30 Ma diachronous collisional event in Tibet (after extensive granitization) 

where active volcanic activity lasts until present day. Explanations for post collisional of volcanic 

calcalkaline activity include the persistence of the mantle geothermal anomaly which, in the case of the 

OMZ SW border, should have been largely triggered by the major TD1 event.    

Following the reasoning of Pin et al (2008) for LGS and BIC’s diorite suite in particular, the 

calcalkaline character of the volcanic activity could also be interpreted as strong crustal contamination 

and not necessarily a subduction imprint. The distinction among both features is one of the greatest 

challenges of the study of continental active zones (see Wilson, 1989 and references therein) and is only 

(if at all) unravelled by detailed isotopic study. Nonetheless it is relatively straightforward that the (re-

)activation of pre-existing arc volcanic conduits/buildings following subduction blocking and slab break-off, 

would preferentially mobilize the low melting components of the previously metasomatized/hydrated 

mantelic wedge, while subduction was still active. With time, the subduction geochemical imprint on the 

upraising juvenile LGS alike melts should have been replaced by a rather similar imprint due to the 

increasing crustal contamination of the juvenile melts at progressively higher crustal levels, while the most 

primitive geochemical signatures were preserved in deeper domains (now represented by LGS). This 

interpretation further allows explaining the similarity of the geochemical signatures between the Odivelas 

volcanic rocks and the ca. 350 Ma (Pin et al. 2008) marginal diorites, noted by Santos (1990; Santos et 

al., 1990); as discussed in PART III these rocks should represent the link between primitive mafic 

magmatism of LGS and strongly crustal contaminated melts such, as those of BG and ATT suite. 
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V.4.2. Azor et al. 2008: a mantelic plume underneath Iberia 

Azor et al. (2008; see also comment by Pin & Rodríguez, 2009 and reply by Azor et al., 2009) 

report four SHRIMP U-Pb ages for BAOC (BAA- Beja Acebuches Amphibolites in their notation) MORB-

featured rocks and provide a new interpretation for the Early Carboniferous magmatism in SW Iberia.  

V.4.2.1. Main features of the model 

Azor et al (2008) interpret their geochronological data as representative of crystallization ages of 

the mafic protoliths of MORB-featured BAOC rocks (332 ± 3 to 340 ± 4 Ma) and conclude that: 

(i) The Early Carboniferous ages for the BAA imply that this unit can no longer be viewed as an 

ophiolite belonging to the Rheic Ocean suture, since this oceanic domain was presumably closed in 

Devonian times (referring to paliynologycal constrains provided by Pereira et al., 2006).  

(ii) The BAA unit should represent a narrow and very ephemeral realm of oceanic-like crust that 

opened in Early Carboniferous times during a transient extensional/transtensional stage, after total 

consumption of the Rheic Ocean. As indicated by younger metamorphic Ar-Ar ages, 

deformation/metamorphism of BAA rocks would have occurred shortly after their formation. 

(iii) Finally, following the interpretation of Simancas et al. (2003; 2004b; 2006) for the IRB as 

representative of deep-seated (middle-crustal) layering of differentiated mafic igneous bodies intruding 

rocks with different degrees of assimilation, it is suggested that a mantle plume underneath southern 

Iberia is the most plausible large-scale geodynamic scenario for the formation of the MORB-featured 

rocks, the Beja Gabbros and the HT-LP metamorphism affecting the BAA and the OMZ southern border. 

V.4.2.2. Discussion 

Critical assessment of U-Pb SHRIMP results 
The rocks which provided the dated zircons are described as coarse (gabbro and amphibolite) 

and fine-grained metabasites (amphibolite), the amphibolite grain size appears to be controlled by degree 

of deformation. Geochemical data supporting the affinity of the dated rocks with BAOC suite were 

provided in Azor et al. (2009) in reply to a comment made by Pin & Rodríguez (2009). The reader is 

referred to both works for a discussion on the mineralogical and isotopic features of the dated zircons that 

indicate their crystal structure may have been compromised with consequent disturbance of the U/Pb 

system (e.g. CL1-bright-rims yielding apparent ages younger than ca. 330 Ma, down to 219 or CL-dark 

and fractured/moted rims or similar U-rich cores; metamictization?). Additionally, inherited xenocrystic 

cores with apparent ages between 0.5 and 2.5 Ga were found.  

The ages obtained by Azor et al. (2008) are closer to the ca. 340 Ma. regional cooling event 

below  500 ºC, as dated by zircons in late-stage hydrous magmas hosted in BAOC (felsic pods; Pin et 

al., 2008) and LGS (pegmatoid dikes; Jesus et al., 2007c) or the available 40Ar/39Ar ages for rock-forming 

amphiboles belonging to Portuguese and Spanish intrusives (LGS, Aguablanca breccias, Cortegana 

Complex and Burguillos del Cerro), BAOC and authoctonous formations of OMZ southern border 

(Dallmeyer et al, 1993; Castro et al., 1999; Tornos et al., 2006). Azor et al. (2008) suggest that the older 

metamorphic Ar/Ar ages for the BAA seem “unrealistic”, since they overlap with their protolith ages and, 

                                                      
1 CL- cathodoluminescence. 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

556 

therefore, do not further discuss possible relationships for this age overlap. The much lower amphibolitic 

facies temperature for the regional metamorphism peak (550-00ºC) relatively to the closure of the U/Pb 

isotopic system in zircon (ca. 900 ºC) should have allowed zircon to survive in relatively pristine 

conditions to the regional metamorphic imprint, as well anisotropic stresses related with shearing. The 

strong fracturing and CL-dark rims/cores exhibited by many zircon grains, however, suggest that thermal 

weakening of zircon crystal structure at some stage made them more vulnerable to anisotropic stress 

than expectable. Although the obtained ages lie within the time span for the peaking and waning of OMZ 

regional amphibolitic to greenschist metamorphism, respectively, the unaccountable degree of Pb loss 

suggest those should be envisaged as minimum ages.  

As noted by Pin & Rodríguez (2009), the presence of inherited xenocrystic cores in the zircons 

analyzed by Azor et al. (2008) is not consistent with their solubility in hot basaltic melts and strongly 

suggests these grains were incorporated at lower than liquidus temperatures. The absence of xenocrystic 

zircons in strongly crustal contaminated andesitic melts belonging to BIC (as bear out by Sr-Nd isotopic 

data2), provide further indirect evidence that the survival of inherited zircons xenocrysts in hotter basaltic 

magmas, such as those inferred for LGS or any MORB-like melts, is highly improbable. This feature was 

taken in consideration by Azor et al. (2009), which acknowledge the occurrence of zircon xenocrysts in 

the studied samples (or other evidence for possible crustal contamination), as consistent with their 

conclusions relating these rocks to continental rifting and short-lived oceanization. Azor et al. (2009) refer 

to Pilot et al. (1998), who provided two possible explanations for the occurrence of inherited 

(Palaeozoic/Proterozoic) zircons in gabbros drilled from the MAR Kane fracture-zone: (i) the presence of 

sheared crustal material (or delaminated continental lithosphere) sank in the shallow mantle at each side 

of the ridge axis or; (ii) portions of continental crust trapped within the Kane fracture zone since the 

opening of the Atlantic Ocean basin, through a series of transform migrations/ridge jumps until migrating 

down the ridge axis. Despite of the geodynamics conveyed by Azor et al. (2008; 2009), both mechanisms 

provide a good explanation for zircon inheritance instead survival of zircon in basaltic melt, and their 

broader consequences for the revived BIC-BAOC problematic are re-taken in section V.5.2. 

Geodynamic implications for a mantle plume scenario in OMZ and the nature of IRB 
The suggestion of Azor et al. (2008; 2009) that BIC or BAA result of a mantelic plume is very 

difficult to accept considering that none of the major Variscan igneous rocks occurring in the OMZ SW 

display a geochemical signature compatible with an intra-plate mantelic plume. All syn to late Variscan 

magmatic suites in Portuguese or Spanish OMZ SW border share as a common feature distinctive Nb 

and Ta depletion relatively to LREE and LILE, which are diagnostic of a subduction imprint (e.g. BAOC, 

Quesada et al., 1994; Veiros -Vale Maceira-Campo Maior; Moita et al., 2005b; Aracena metanorites, 

Castro et al., 1999), or syn to late collisional orogenic character with variable crustal contamination (e.g. 

Santa Olalla Complex, Casquet et al., 2001; Tornos et al., 2006; Odivelas VSC, Santos, 1990; Toca da 

Moura VSC, Santos et al., 1987; BIC diorite suite, Santos, 1990; Pin et al., 2008; BIC Cuba-Alvito and 

Baleizão Porphyry Complexes, Andrade, 1983; Santos et al 1987.; Évora Massif suites, Carvalhosa, 

                                                      
2 Dioritic rocks adjoining LGS (eastern compartment) studied by Pin et al. (2008): a fairly primitive diorite (with 87Sr/86Sri=0.7045 and 
Ndi =+ 2.5 ± 1) provided a 352 ± 2 Ma age, similar to a granodiorite (87Sr/86Sri= 0.7057 and Ndi = - 2.0), and a strongly 
contaminated aplitic leucodiorite (87Sr/86Sri = 0.7093 and Ndi= - 6.1). 
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1983; Moita et al., 2005c,e, 2006 and LGS). The listing could be exhaustive and chiefly include all 

magmatic rocks referred in section II.2.3.2. 

Even considering that the samples dated by Azor et al. (2008) are not representative of BAOC, it 

is hard to envisage how could a belt of rocks with a plume/within-plate geochemical affinity would have 

remained undetected in the OMZ after more than two decades of multidisciplinary work. Moreover, 

following the reasoning of Azor et al. (2008) such mantle plume would have to account for all OMZ 

Variscan mafic magmatism, thus inevitably leading to the observations made in the previous paragraph. 

In fact, even authors that defend the interpretation of the IRB as a huge mid-crustal sill as the 

ultimate source for Variscan (mafic) magmatism in SW OMZ have rejected a relation with a mantle plume: 

“a conservative estimate suggests dimensions about 75 x 75 x 2.5 to 5 Km. A minimum volume of 15 000 

to 30 Km3 can be inferred which thus becomes one of the largest layered mafic-ultramafic igneous 

complexes in the world, between the Bushveld (67 000 km3) and Kunene (15 000Km3)” (in Tornos et al., 

2005; Tornos et al., 2001, 2002; 2004; 2005; 2006; Tornos & Chiaradia, 2004; Tornos & Casquet, 2005): 

“However, the interpretation of the deep seismic profile and the Ossa Morena geology suggests that 

mantle plumes are not necessarily the source of the deep mafic–ultramafic intrusion. The lack of evidence 

of lateral migration of a plume, the absence of a large igneous province with giant alkaline volcanism (…) 

and the short time span of the magmatism (about 20 to 30 Ma) are all arguments that make a mantle 

plume origin unlikely” (in Tornos et al., 2005). The argumentation of the latter authors is thus somewhat 

contradicting with those that originally interpreted IRB as a huge lower crustal layered mafic/ultramafic 

complex (Simancas et al., 2003; 2004b; 2006), which reveals the frailty of the lithological interpretation of 

IRB. The problems posed by this interpretation of IRB for LGS and BIC in particular, considering the 

alternative interpretations with significantly different geodynamical consequences have been presented in 

PART III and will not be repeated here. The comparative discussion of the lithological, tectonic, 

geochemical and isotopic is performed in the next section. 

V.5. BIC-BAOC problematic: an old discussion at the light of new data 

The fact that a significant part of BAOC is composed of intrusive, mostly (meta-)gabbroic rocks 

(MG), has often contributed to support the idea that BAOC represents the (strongly) deformed equivalent 

of LGS adjoining the tectonically more disturbed domain of the OMZ-SPZ suture (e.g. Andrade, 1972, 

1977, 1978, 1979, 1981; Andrade & Ferreira Pinto, 1982; Silva, 1997; Silva & Pereira, 2004). The lack of 

lithological contrast, the poor exposure, often preventing the use of structural criteria, and the (fully?) 

tectonic nature of LGS-BAOC contacts, does not contribute to elucidate, and admittedly, renders difficult 

the separation of both Units in the field. Compelling evidence for BAOC metabasalts and amphibolites s.l. 

(MBA- of gabbroic or doleritic protoliths, the latter representing a transposed sheeted dike complex, 

hereafter amphibolite s.s.) geochemical affinity with a transitional MORB/back-arc basin (BAB) 

environment has been presented by Munhá et al. (1986) and Quesada et al. (1994). Controversy is now 

upheld by the previously presented isotopic data obtained by Azor et al. (2008; section V.4.2.1) and Pin et 

al. (2008; section V.4.1.1). The inclusion of BAOC gabbroic and peridotitic section in LGS can only be 

suggested if their geochemical signature and tectono-metamorphic evolution are proven identical. Given 

the distinct tectono-metamorphic features broadly known to characterize each Unit, such suggestion 

would require a reassessment of LGS internal architecture as proposed in this work, as well as a 
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geodynamic scenario accounting for existence of domains with very distinct tectonic and metamorphic 

evolution within the ca. 350 Ma aged (Pin et al., 1999) LGS Unit. Moreover, narrowing BAOC to its 

metabasaltic section poses serious difficulties in envisaging a mechanism for obduction of a thin slab 

comprising only rheologically competent basaltic rocks.  

Albeit LGS is generally accepted as being broadly less/non deformed/metamorphosed relative to 

BAOC, the precise tectonic evolution of this Unit has remained relatively unknown, thus allowing ongoing 

speculation. Multidisciplinary data gathered so far in the western compartment of LGS presented in this 

work, allow an accurate discussion of critical differences regarding LGS/BAOC geochemistry and 

tectonometamorphic record. Although these observations should provide evidence to tackle the proposal 

of inclusion of BAOC intrusive section in LGS, the recently acquired data by Pin et al. (2008) and Azor et 

al. (2008) warrant proper explanation. Hence, once this first point is established, an alternative 

interpretation for Sr-Nd isotopic data of Pin et al. (2008) is presented, for which data of Azor et al. (2008) 

are critical when integrated in the framework of other data available for BAOC. Hopefully, the discussion 

and interpretations presented here, may contribute to elucidate the long lasting BIC-BAOC problematic 

and to a better understanding of each Unit role in the evolution of the SW Variscides. 

V.5.1. Critical distinguishing features between BIC and BAOC 

V.5.1.1. Tectonothermal evolution of LGS western compartment and BAOC 

LGS rocks outcropping in the western compartment do not display evidences of metamorphism. 

Minor to very strong retrograding of the gabbroic rocks are exclusively observed: (i) adjoining shear or 

fault zones; (ii) adjoining ATT suite dike swarms, and accordingly, within most of BG; (iii) adjoining later 

emplaced felsic dike swarms and sills; and (iv) within the proximal and distal domains of ODV I Series 

amphibolitic gabbro facies, which marks the transition to the marginal diorites (see below). The most 

penetrative and widespread structural feature in LGS is ascribed to magmatic compaction and consists of 

well developed foliations traced by platy primary minerals sub-parallel to the local orientation of the 

magmatic layering. Although there are several tectonically disturbed domains, noticeably the BG, far from 

(semi-)ductile shear-zones there is no evidence of tectonic-induced deformation and recrystallization. 

Early deformation record in BAOC and LGS 
Detailed description of BAOC lithological, geochemical and tectono-metamorphic features here 

reported can be found in Quesada et al. (1994) and Fonseca (1995). The early deformation record within 

BAOC is ascribed to the obduction event, which although not having regional expression is referred to the 

first Variscan deformation phase D1. Because after their emplacement, BAOC rocks were retrograded 

under decreasing temperature conditions (leading to widespread serpentinization of the ultramafic 

cumulates), gabbroic rocks preserve a more complete record of BAOC geological history. Where 

preserved from late deformation and metasomatic events, the deeper-lying gabbroic rocks and felsic to 

mesocratic ortogneisses (interpreted as remnants of the frontal arc), display sub-horizontal N-NNE 

verging shears taken to represent the D1 obduction event. The lower gabbroic mineral assemblage 

records high temperature (800-900ºC; Quesada et al. 1994) recrystallization under an anisotropic stress 

field (5 kbar) suggesting that BAOC obduction took place while the lower section was at magmatic 

residual temperatures (Figueiras et al., 2002). Regional metamorphism may be ruled out as the origin for 
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this metamorphic texture because no evidence was ever found above the lower gabbroic section; its 

absence in the underlying peridotitic section, where obduction induced anisotropic stress should be 

maximum, is explained by later serpentinization obliteration (Figueiras et al., 2002).  

As reported in section II.4.5.2 and discussed in II.5.2, the earliest record of tectonically induced 

deformation in LGS are discrete N-S (to NNE-SSW) protoplastic, subvertical shear zones with an 

important dilatant component, as inferred by associated melt segregation which account for the 

remarkable expression of these structures in the vertical magnetic field maps. Their occurrence almost 

exclusively in the latest developed BRG II Series and strong magmatic imprint are explained by the later 

consolidation of this Series relative to older, northernmost Series, allowing (localized?) sub-critical 

residual melt fractions to be channelized to the dilatant N-S discrete shears in transient rheological 

conditions of sub-magmatic flow. Meanwhile, other Series should have chiefly attained full consolidation 

and their early record of tectonic-induced deformation occurred in solid state conditions, allowing the 

propagation of NW-SE regional ductile shear zones, which were syn-tectonically intruded by the ATT 

suite and, later on, the locus of hydrothermal carbonatization. The discrete N-S protoplastic shear zones 

are the ill-developed conjugate of the main NW-SE corridors that experienced larger development and 

successive reactivations in progressively more brittle conditions, often obliterating the early deformation 

record. The N-S to NNE-SSW protoplastic shear zones and their NW-SW conjugate are compatible with 

those developed prior to the full anticlockwise rotation of the stress-field orientation that characterizes the 

late collisional stages (D3). The ductile character of the early observed deformation record in LGS, often 

bearing a strong magmatic imprint, is constrained to the time spanning between its 350 Ma crystallization 

age (Pin et al., 1999) and the  340 Ma D2a-D2b regional rising of the ductile-brittle transition (Jesus et al., 

2007c) and, therefore, much later than what is recorded by BAOC rocks.  

Although the early developed N-S to NNE-SSW protoplastic shear zones occurring in LGS show 

similar strike to BAOC D1 thrusts, their overall distinct geological context, namely the strong magmatic 

imprint, and association to D2 NW-SE shear zones are distinctive features; also, they are mostly sub-

vertical, thus contrasting with gently S-dipping to sub-horizontal shearing in BAOC. The only NE striking, 

N dipping foliations and associated shearing displaying strong plastic, syn-magmatic deformation are 

observed in the SB I most primitive, and presumably older Series. The dispersion relative to the most 

common N-S to NNE-SSW direction for subvertical protoplastic shear zones found in the latest BRG II 

Series at S is ascribed to the proximity to FFT. A right-handed and normal/dilatant, NW verging 

component can be inferred for SB I foliations/ductile shears, consistent with their decreasing steepness 

towards NW. As discussed in section II.5.2, these structures should have allowed the tectonic exposure 

of SB I Series by a combination of upthrusting to NW along the FFT, eased by a locally dilatant character 

along the NE-SW direction during the same stage that N-S protoplastic shear zones were developing in 

BRG II Series. The observed strong plastic deformation associated to SB I NE-SW shears is explained by 

the less effective/incomplete dissipation of magmatic heat in the (much?) deeper level of the chamber 

from which these rocks were upthrusted. 

LGS and BAOC evolution during the main collisional stage: D2 
The second and most prominent transpressive deformation event in OMZ lasted during D2 (s.l.) 

regional deformation phase when peaking metamorphic conditions evolved from lower amphibolitic facies 
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to waning in greenschist facies conditions. This event affected the entire ophiolite sequence and OMZ 

authoctonous rocks, BIC being the outstanding exception. Deformation style in BAOC changed 

substantially from N verging, to a prominent WNW-ESE wrench regime traced by left-lateral shear zones 

and S-C fabrics with minor WNW thrusting. In the deeper lying BAOC gabbroic rocks, D2 fabrics are less 

penetrative than those related with D1. Far from the major shear corridors, peridotite are best preserved 

from serpentinization, while gabbroic rocks display evidence for (incipient) retrograding of their original HT 

assemblage that can be ascribed to regional metamorphism in conditions from ca. 600ºC (breakdown of 

clinopyroxene to Mg-hornblende) until ca. 450-500ºC (development of actinolitic amphibole from 

primary/metamorphic hornblende at P [2-3] kbar; Mateus et al., 1998a; 1999). These mineral 

transformations are similar to those observed in LGS rocks; however, conversely to deep lying BAOC 

gabbroic rocks, in LGS they are exclusively observed in domains adjoining shear corridors or late 

intrusive rocks, as listed earlier.  

BAOC metabasalts, upper gabbroic rocks and amphibolites s.s. record the typical mineral 

assemblage of transitional amphibolite/greenschist facies. Penetrative WNW-ESE to W-E striking 

foliations and stretching mineral lineations developed in amphibolite facies conditions. In LGS, penetrative 

NW-SE trending foliations are traced by primary magmatic minerals, sub-parallel to the layering or 

restricted to NW-SE (s.l.) ductile shear zones where ATT suite hybrid melts produced well developed 

foliations chiefly recorded by the typical retrograding paragenesis. The geometric consistency between D2 

(s.l.) fabrics in both Units indicates they were affected by a similar stress field, but in distinct thermal 

regimes, and most likely within different crustal domains. The lack of regional metamorphic imprint and 

the primary nature of the widespread and penetrative fabrics in LGS indicate that the gabbroic suite was 

broadly at higher temperatures during the regional peak of amphibolite facies metamorphism that affected 

BAOC suite and OMZ authoctonous rocks.  

Given the accuracy of 40Ar/39Ar ages, their spatial distribution in the Portuguese side allows an 

accurate appreciation of the regional progression of the 500ºC isotherm in the various Units, as 

represented in Figure V.4. Considering the diachronic character of progressively younger metamorphic 

and magmatic ages from W to E along the suture (e.g. BAOC 40Ar/39Ar ages in Spain range from 337  3 

to 328  1 Ma; Dallmeyer et al., 1993; Castro et al., 1999), the various ages available for the Serpa 

domain provide a more cautious interpretation: BAOC rocks crossed the 500ºC isotherm broadly 

coinciding with peaking metamorphic conditions at 343  1 Ma, whereas adjoining LGS rocks were at 

temperatures  500 ºC until 336  1 Ma (Ruffet, 1990). 40Ar/39Ar ages for OMZ amphibolites, also to the E 

of the Messejana Fault Zone, display intermediate ages at Ventosa (341 Ma  1 Ma) and S. Brissos (336 

 1 Ma); the latter age should reflect contact metamorphism induced by adjoining BIC rocks (LGS and 

Baleizão Porphyry Complex), as bear out by the occurrence of (forsteritic) marbles of Cambrian age 

(Oliveira et al., 1991; Oliveira, 1992). Although there are no BAOC 40Ar/39Ar ages to the S of Odivelas, the 

340  1 and 338  1 Ma ages obtained for ODV I rocks (Dallmeyer et al., 1993) are younger than those 

for BAOC rocks at Serpa beyond analytical uncertainty.  

As discussed in PART III, the youngest 338  1 Ma 40Ar/39Ar LGS age at Odivelas was obtained 

in ODV I amphibolitic gabbro rim, which marks the transition to the marginal diorites. This age may date 

fluid convection related with the deep-seated fossil hydrothermal system active in that relatively restricted 
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domain of the gabbroic magmatic chamber, similar to what is found in many layered intrusions (e.g. 

Skaergaard- Taylor & Forester, 1979; Islands of Skye and Mull; Criss & Taylor, 1986). In conclusion, LGS 

was not affected by regional metamorphism, all anomalous domains recording significant distinct tectono-

thermal regimes (e.g. BG and ODV I amphibolitic gabbro), being clearly related to well constrained 

(tectono-)magmatic induced anomalies.  
 

 

Figure V.4- Spatial distribution of Ar/Ar ages for the Portuguese part of the suture, showing their original numbering 
in Figure II.4 as well in their respective tables. The boxes are painted as the dated Unit, red boxes were ascribed to 
LGS to allow a better distinction of BAOC rocks (references in Table II.3 and Table II.4). Green boxes with red 
numbers correspond to similarly aged pegmatoid dykes in LGS (Jesus et al, 2007c; II.3) and felsic pods occurring 
within BAOC (Pin et al., 2008; see section II.2.2.2.). 

 

Late deformation record in LGS and BAOC 
Despite the importance of the above described shear systems within LGS, the most conspicuous 

shearing directions that account for the currently observed cartographic pattern of LGS, comprise left-

handed ENE-WSW semi-ductile shear zones and Late-Variscan NE-SW fault zones which nucleated 

during the early stages of the D3 Variscan deformation phase and continued to propagate/reactivate along 

with late developed NE-SW fault zones under brittle conditions, until very late Variscan times. The style 

and geometry of deformation features ascribable to late D2b/D3 regional phase onwards, is common to 

both LGS and BAOC (e.g. Mateus et al., 1999), thus indicating that both Units were in similar structural 

domains within the crust, i.e. above the ductile-brittle transition.  

Finally it is noteworthy to reinforce that detailed mapping and analysis of regional geophysical 

maps strongly suggest that, likewise what is mapped from Serpa to Mombeja, the LGS-BAOC contact 

from Mombeja to Ferreira do Alentejo is also tectonic, due to reworking along major WNW-ESE and NW-

SE shear corridors with very strong associated carbonatization. The confluence of the NW and WNW 
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conjugate shear zones W of Mombeja, resulted in a strong constrictional regime of deformation that 

affected the apex of LGS and resulted in local dismembering and lamination of BAOC rocks, thus leaving 

the LGS nearly in direct contact with SPZ rocks. Further to the E, those WNW-ESE shear zones are 

locally displaced by NE-SW strike-slip fault zones related to the Messejana fault zone. 

V.5.1.2. T-O2 and chemical constrains from olivine-spinel of BAOC/LGS ultramafics  

BAOC peridotites do not occupy large areas and occur mainly near shear-zones within the largely 

prevailing (meta-)gabbroic rocks (Fonseca, 1995; Gonçalves et al., 1997). They comprise mostly 

harzburgite (relics of Cr-spinel of homogeneous composition and ferritchromite  magnetite subsolidus 

reequilibration rims + Ni-rich Fo87.8-82.9 olivine + enstatite  diopside), less of dunites (only spinel relics 

preserved) and rare troctolites  wehrlites (abundant An70 plagioclase + Ni-poor Fo85.9-78.4 olivine + Cr-

spinel of variable composition and ferritchromite  magnetite subsolidus reequilibration rims + significant 

amounts of disseminated pentlandite and pyrrhotite; e.g. Mateus et al., 1999; 1998b). The original 

relationships between the various ultramafics is unclear, although it is more likely that troctolites should 

represent cumulates of the gabbroic chamber. It has been suggested that the plagioclase/clinopyroxene 

bearing rocks could result of progressive magma mixing during crustal contamination in the original arc 

environment or during syn tectonic recrystallization in the course of the obduction event. In the latter 

hypothesis, adding of sulphur from OMZ rocks and consequent precipitation of the observed sulphides in 

troctolite/wehrlite rocks should lead to lower Ni contents of olivine relative to harzburgite/dunite rocks, as 

well as greater chemical variability of Cr-spinel (Figueiras et al., 2002). Even so, olivines of BAOC 

troctolites/wehrlites (hereafter designated troctolites) are far more Ni-rich at a given Fo content, than 

equivalent lithologies of LGS. BAOC peridotitic rocks s.s., for which there are no known equivalents in 

LGS, display even higher Fo-Ni contents consistent with their postulated mantelic derivation (Figure 

V.5A). BAOC olivines (Figueiras et al., 2002) plot within the Ni-undepleted olivine field, where most 

layered intrusions fall. LGS olivines, including most of those included in primitive SB I/BG troctolite, 

display a heterogeneous Ni depletion conditioned by prevailing oxidising conditions during the early 

stages of crystallisation as well as inferred sulphide fractionation at deep levels of the magma chamber 

before significant amounts of olivine crystallized, as discussed in PART IV.  

Main features of BAOC and LGS olivine and spinel chemistry 
For both Units, spinel #Cr and #Mg are negatively correlated as expectable in normal 

petrogenetic processes. LGS chromites have higher #Cr at given #Mg, but overall lower #Mg than those 

included in BAOC ultramafics (Figueiras et al., 2002; Mateus & Figueiras; 1999a) which indicate an 

overall more primitive character for BAOC chromites relative to LGS, consistent with olivine chemistry. 

Spinels of the SB I-SB II-ODV I suite define a continuous compositional trend of decreasing Mg, Cr and Al 

coupled by increasing Ti and Fe3+ from minerals of the chromite-spinel s.s. series ( Mg-rich ilmenite; 

MgO  7.8 wt%) towards the magnetite-ulvöspinel series (+ ilmenite). As reported in section III.2.1., the 

absence of “the spinel gap” between both solid solution series is explained by the high oxidation state of 

LGS parental magma (ca. DFMQ = +2.1), whereby early iron oxidation was able to compensate for Al and 

Cr depletion in the melt following the onset of plagioclase and clinopyroxene fractionation, respectively.  
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Figure V.5- (A)-Olivine Fo and Ni contents for BAOC and LGS ultramafic rocks, showing the field (grey shade) for 
layered intrusions of Simkin & Smiths (1970); data for ODV II and III Series are representative for other LGS macro-
rhythmic Series; (B)- Spinel-olivine equilibrium T vs. spinel #Cr [=Cr/(Fe3++Cr+Al]; (C)- O2 vs. spinel #Mg; O2 is 
normalized to the FMQ buffer (DFMQ ≡  log(O2)FMQ = log (O2)sample - log (O2)FMQ) and thus relatively 
insensitive to errors in P-T estimates ( 0.03 log units for  100 ºC or  10 Kbar); all calculations following Balhaus et 
al.(1991) were performed assuming P of 5 (BAOC; Quesada et al., 1994) and 4 Kbar (LGS; Jesus et al., 2007c). 
Mineral chemistry data from Figueiras et al (2002), made available by the authors. 

 
 

BAOC troctolite bear more fertile spinel compositions (i.e. Mg and Al rich) than peridotite, thus 

apparently contradicting the petrogenetic trends inferred from olivine chemistry. Peridotite hosted 

chromite has higher Ti, Mn, Fe3+, Ni and V than troctolite chromite, which additionally bears higher Zn 

contents (Mateus & Figueiras, 1999a; Figueiras et al., 2002). Despite within-BAOC variations, Mn and Zn 

are key-distinctive elements between BAOC and LGS chromites: LGS chromites are commonly Mn-

enriched (locally reaching 5.09 MnO wt%) and Zn depleted (ZnO  0.29 wt%) whereas BAOC chromites 

are MnO depleted (MnO  0.61 wt%) and display broad Zn enrichment (ZnO  0.72 wt%). These 

features, particularly the paradox spinel-olivine compositions within BAOC, require adequate explanation 

which may be found among the various processes that can modify the original composition of chromian 

spinel. It should be noted that below the greenschist-amphibolite facies, transition chromian spinel may 

preserve most of its primary features (Barnes, 2000).  

Assessment of spinel compositional modifications 
The trend between LGS chromite-magnetite suggests that the compositional variability related to 

crystal fractionation from an initially highly oxidized melt largely overcame any effects related with 
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postcumulus evolution. Only the high Mn contents in many LGS chromites can be clearly imputed to mild 

to moderate olivine serpentinization in their host samples.  

The broadly higher Zn contents of BAOC chromite suggest a stronger secondary imprint, which 

appears to be more significant in troctolite rocks given their higher Zn and lower Ti, V, Ni and Fe3+ relative 

to peridotites (Mateus & Figueiras, 1999a; Figueiras et al., 2002). Chromite hosted by peridotite, 

clinopyroxene-devoid rocks, is more likely to have undergone extensively Fe-Mg exchange in magmatic 

times with abundant olivine thus lowering initially higher #Mg values yet preserved in some samples 

(Sack & Ghiorso, 1991a, b; Figure V.5C). Furthermore, in the absence of clinopyroxene or other mineral 

phases, spinel will become the only repository for Ti, V and (at least some of the) Fe3+ in trapped melt. 

High water/rock ratios during serpentinization of peridotite rocks should promote further decrease of #Mg 

and a mild increase in Mn and Ni contents (Mateus & Figueiras, 1999a; Barnes, 2000; Figueiras et al., 

2002). Contrastingly, the much lower modal proportion of olivine in BAOC troctolite should have 

precluded extensive Fe-Mg exchange between chromite and olivine during their post crystallization 

history, thus better preserving their original #Mg.  

The Al enriched character of chromite in troctolite relative to peridotite can be explained by co-

precipitation of clinopyroxene in troctolite and wehrlite should have rapidly depleted the melt in Cr, thus 

resulting in lower #Cr, and apparently more fertile compositions (Arai, 1994). Although clinopyroxene may 

also compete for Ti and V with chromite, the significantly more Zn enriched character of BAOC troctolite 

hosted chromite rather suggests leaching of those and divalent cations during secondary processes, thus 

concurring with observations of Mateus & Figueiras (1999a) and Figueiras et al. (2002). The absence of 

ferritchromite/magnetite rims in chromite hosted by troctolite rocks provides further evidence for 

secondary leaching of Ti, V, Ni and particularly Fe3+, because these elements would easily diffuse into 

ferritchromite/magnetite rims until low temperature due to their higher affinity with the inverse spinel 

structure (magnetite) where fewer octahedral positions are saturated relative to chromian spinel (Mateus 

& Figueiras, 1999a; Barnes, 2000; Figueiras et al., 2002; Waerenborgh et al., 2002). The apparently more 

altered character of chromite hosted by troctolite rocks may be a consequence of their initially higher 

stratigraphic position relative to peridotites, allowing them to experience the mild effects of regional 

metamorphism, much more significant in the upper portions of BAOC. Peridotite hosted chromite is 

almost invariably rimmed by ferritchromite/magnetite (Mateus & Figueiras, 1999a; Figueiras et al., 2002). 

The higher Ti, V, Ni and Fe3+ concentrations in these chromites therefore suggest that significant diffusion 

into the external rims did not occur; in order to prevent significant subsolidus diffusion between chromite 

and the secondary outer rims a relatively short window for cooling is required. 

Constrains from spinel-olivine T-O2 modeling in BAOC and LGS ultramafic rocks 

BAOC carbonatized rocks (which usually do not preserve olivine) and chromites with #Mg < 0.3 

were not used in modelling of spinel-olivine thermometry and oxygen barometry. The stronger secondary 

imprint in troctolite chromite led to larger greater variability in the O2 estimates. The average DFMQ = 

+0.6 and -1 in the higher #Mg chromite of peridotite allow inferring with some confidence a much more 

reduced oxidation state for BAOC primitive magma relative to LGS. A corollary from this inference is that 

serpentinization fluids did not react significantly with chromite cores which could be allowed if they were 

either originally reduced, or buffered by the rock composition due to extensive magnetite precipitation 
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associated with serpentinization. The measure of oxidation state of the mantle in various petrotectonic 

settings shows that subduction-related melts are among the most oxidized mantle-derived rocks (DFMQ  

+2; Ballhaus et al., 1991; Haggerty, 1991a). An explanation for the significantly more reduced state of 

BAOC rocks relative to its postulated tectonic setting is sought in section V.5.2.  

Estimated spinel-olivine closure temperatures for BAOC evidence a remarkable clustering around 

700  28 ºC. These temperatures are above peaking temperatures of mineralogical retrogression in the 

ophiolite lower section related with regional metamorphism (T600ºC), serpentinization ([400-500 ºC]) 

and late carbonatization (T300ºC; Mateus et al., 1999) but close to inferred recrystallization 

temperatures of the overlying (lower) gabbroic section during D1 obduction event (800-900ºC; Quesada et 

al. 1994; Figueiras et al., 2002). Spinel-olivine temperatures obtained for the SB I very narrow domain 

evidence a much greater dispersion, consistent with prolonged subsolidus cooling. Hence, the narrow 

temperature range for BAOC rocks is even more significant, considering that data are representative of 

samples collected in different outcropping areas separated several Km apart. These features lead to two 

prominent conclusions: (i) where preserved from complete metasomatic transformations adjoining 

regional shear zones, the lower section of BAOC (lower gabbro + peridotite s.l.) consistently records its 

early post-emplacement history; (ii) the sudden chilling of BAOC lower section following obduction lead to 

effective closure of the olivine-spinel system at relatively high temperatures, thus allowing seeing through 

the short-lived post emplacement evolution and identify significantly distinct primary features for 

ultramafic BAOC relatively to LGS.  

Causes for distinct Zn and Mn enrichments in BAOC and LGS spinels  
Secondary Zn enrichment in chromite tends to increase with metamorphic grade from low-

temperature alteration related to serpentinisation, towards higher temperature under greenschist and 

amphibolite facies conditions (Barnes, 2000); secondary Mn enrichment in chromite is mostly associated 

with low-temperature alteration related to serpentinisation, unless there is substantial carbonate in the 

alteration assemblage that scavanges Mn (Paraskevopoulos & Economou,1981; Frost, 1991c, Barnes, 

2000; Economou-Eliopoulos, 2003). Because both Zn and Mn may be raised in chromite during 

serpentinization, the differences found between LGS and BAOC warrant explanation. In section III.2.1.5, 

mass balance calculations allowed demonstrating that the amount of Mn released from Mn-poor olivine 

during mild to moderate serpentinisation of SB I troctolite is enough to enrich coexisting, modally 

subordinate chromite in MnO to the levels measured by EPMA. Mn replaces Fe2+ and more limitedly Mg, 

no relations being apparent between these or other elements with Zn or Ni. 

The remarkable cluster in equilibrium closure temperatures (700 ºC) above reported for olivine-

spinel included in BAOC rocks is much closer to the inferred temperatures during the obduction event 

(800-900 ºC; Quesada et al., 1994; Figueiras et al., 2002) than other processes that proceeded at 

progressively lower temperatures: regional metamorphism, serpentinisation and, finally, low temperature 

carbonatization. As noted by Barnes (2000), this means that although the spinel major element 

composition was chiefly preserved, recording the evolution from magmatic times until post-obduction 

chilling, minor element readjustment is yet admissible.  

Metasomatism and hydrothermal alteration within the lower section of BAOC decreases as a 

function of the distance to regional WNW-ESE semi-brittle shear zones; a continuous trend is observed 
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from strongly carbonatized to decreasingly serpentinized domains, where relicts of the peridotitic rocks 

are preserved (Mateus et al., 1999; Figueiras, et al., 2002). This indicates that serpentinization of 

peridotitic rocks occurred in continental environment, after obduction, and not as a consequence of 

oceanic hydrothermal alteration (Figueiras, et al., 2002). The Zn enriched character of BAOC chromite 

further suggests that serpentinisation ( metamorphic fluids for troctolite rocks) interacted with OMZ 

metasedimentary rocks, as noted by Mateus & Figueiras (1999a) and Figueiras et al. (2002). Strong 

carbonatization in BAOC rocks postdates serpentinisation and proceeded under lower temperatures (< 

300 ºC) than those obtained for closure of the spinel-olivine pairs. These relationships allows excluding 

the absence of Mn enrichment in chromite during serpentinisation to the scavenging effect of carbonate, 

being consistent with different primary rock and/or fluid chemistries in BAOC relatively to LGS.  

V.5.1.3. Incompatible element variations in LGS and BAOC (ultra)mafic rocks 

Figure V.6 shows selected chondrite-normalized (CN) REE distributions and primitive mantle 

normalized (PM) incompatible element patterns for LGS rocks and model melts (MM) analysed in 

sections III.3.1. and III.5.5. Description of whole rock features therefore concentrates in the differences (or 

similarities) between BAOC and LGS rocks. The following BAOC rocks types are analysed (data sources 

in Figure V.6; unless otherwise noted reported elemental ratios were computed in this work): peridotites, 

troctolite, metagabbros (MG; including flaser gabbro, leucogabbro and gabbronorite), metabasalts and 

amphibolites from the upper section (MBA), and dyke hosted microgabbro and pyroxenites.  

Major geochemical features of BAOC ultramafic rocks  
LREE enrichment in BAOC troctolites is similar to LGS troctolite and higher than (serpentinized) 

peridotite (Figure V.6A) (La/SmCN [1.0-1.3]; [2.0–3.1], respectively). In spite the reported absence of 

(large amounts of?) plagioclase in BAOC peridotites, Al2O3 concentrations (0.97-8.73 wt%) are higher 

than mantle peridotites (Al2O3  6 wt %; see Bodinier & Godard, 2003). 

Positive Eu and Sr anomalies (Figure V.6A, C) are less pronounced in mildly serpentinized 

peridotites (Mateus et al., 1999). The similar LREE abundances regardless of serpentinisation degree, 

suggest that Eu and Sr were increased during serpentinisation. Experimental studies and natural 

observations in abyssal peridotites demonstrate that Eu anomalies in plagioclase-devoid, serpentinized 

peridotites may develop as a consequence of REE speciation during HT serpentinisation under reducing 

conditions as those inferred for BAOC (e.g. Allen & Seyfried, 2005; DeLacour et al., 2008). The increase 

of Sr during serpentinisation is strongly supported by decreasing 87Sr/86Sr350 ratios obtained by Pin et al. 

(2008) from serpentinite (0.70601) to serpentinized peridotite (0.70488) and troctolite [0.70428-0.70348]. 

Concentrations of HREE and some HFSE (Zr, Ti and Y) are significantly higher in all BAOC 

(serpentinized) ultramafic rocks in comparison to LGS troctolite. The known immobility of those elements 

under most hydrothermal and metamorphic processes, as well as their negligible variation during 

contamination processes, indicates that these are primary distinguishing features between BAOC and 

LGS magmas. The lower concentrations for some fluid mobile elements (Rb, Ba and K) in BAOC 

ultramafics suggest possible leaching of these elements during serpentinisation as discussed in Figueiras 

et al. (2002) and Mateus et al. (1999). The possible significance of high REE and Al2O3 concentrations in 

BAOC peridotites is addressed in section V.5.2. 
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Figure V.6 (previous page)- Chondrite (CN) normalized REE abundances for LGS and BAOC ultramafic (A) and mafic intrusive and extrusive rocks (B); primitive mantle (PM) 
normalized incompatible element abundances for LGS and BAOC ultramafic (C) and mafic intrusive rocks (D). Shaded areas represent estimated model melts for LGS using whole 
rock concentrations reported in section III.5.5., therefore not including Nb estimates for most rocks: (A) & (B) SB I (dark grey) and SB II Series (light grey); (C) & (D) ODV I Series 
oxide rich (light grey) and oxide poor (medium grey) rocks, ODV III Series (dark grey). CN (Palme & Jones, 2003) and PM (Palme & O’Neill, 2003). Data sources: [1] This work; [2] Pin 
et al. (2008); [3] Mateus et al. (1999); [4] Quesada et al. (1999).  
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Major geochemical features of BAOC metagabbroic and metabasaltic rocks 
BAOC gabbroic rocks outcropping in Portugal are mostly gabbros and gabbronorites, composed 

of An60-51 plagioclase (commonly displaying evidences of high temperature plastic deformation: 

interlocking texture, bent or kinked twin lamellae, deformation bands, wavy extinction and segregation 

bands), relics of diopside, brown Na- and Ti-bearing hornblende, ilmenite, Ti-rich magnetite and some 

sulphides (mostly pyrrhotite, chalcopyrite and pyrite); badly preserved relics of olivine are sometimes 

observed (Fonseca & Ribeiro, 1993; Quesada et al., 1994; Fonseca, 1995; Gonçalves et al., 1997; 

Figueiras et al., 1998, 2002; Mateus et al., 1999; 1998a, b). 

BAOCMG have bulk higher incompatible element abundances relatively to LGS gabbros, a feature 

that could be explained by usually low TMF (trapped melt fraction) in LGS rocks and consequently a 

stronger dilution effect in these elements concentrations. However, the same relations observed between 

BAOCMBA and LGSMM suggest otherwise. Significantly higher bulk and relative HFSE abundances 

characterize BAOCMG relative to LGS rocks: Ti/ZrPM 118, Ti/YPM293 BAOCMG X= 367, 799; LGSRock 

X=258, 298. The Ti enriched character of BAOCMG (for which no significant Ti-Fe oxide accumulation is 

reported; e.g. Quesada et al., 1994; Gonçalves et al., 2001) is comparable only to the most oxide rich 

rocks of LGS ODV I Series. Moreover, the lower LGS Ti/Zr ratios also reflect the stronger Zr depletion 

relative to BAOCMG, most LGS rocks yielding non detectable or very low Zr concentrations. Zr/Hf ratios 

(Hf concentrations are reported only by Quesada et al., 1994) for BAOCMBA encompass supra-chondritic 

range values [34-50] and MORB like median values (X=38), comparable with LGS ODV I and II, 

northernmost Series.  

BAOCMBA have bulk higher REE abundances and similar LREE enrichment relative to BAOCMG 

(La/SmCN BAOCMG [1.6-6.1; X=1.9], BAOCMBA [0.4-2.3; X=1.7]). LREE abundances in BAOCMG and MBA 

display strong positive correlation with LILE enrichment, noticeably Ba and Th, more variably K and Rb. 

On the basis of several HFSE/LILE ratios, a much stronger LILE-HFSE decoupling, as reported by 

Quesada et al. (1994), can be inferred for BAOC relatively to LGS, e.g. Zr/BaPM1.6, BAOC (MG= 0.1; 

0.3; MBA [0.2-3.4; X=0.9]), LGS (Rock [0.03-0.49; X=0.16], MM [0.1-0.7; X=0.3]; Hf/ThPM3.6 BAOC 

(MBA [0.8-13; X=2.1]); LGS (Rock [1.5-6.7; X=3.8], MM [1.1-4.5; X=2.4]). BAOCMG show complementary 

enrichments of HFSE (PTi>>NdSm>Y>Zr) relatively to BAOCMBA (ZrHf>SmNd>Y>Ti>P), leading to 

higher relative abundances of the more refractory HFSE in the latter (e.g. lower Ti/Zr and higher Zr/Y).  

Evaluation of elemental variations for rocks analysed by distinct analytical techniques are critical 

for Nb and Ta. LGS and BAOC rocks analysed by LiBO2/Li2B4O7 MS-fusion at ACTLABS in this work and 

Mateus et al. (1999), respectively, often yield Nb and Ta concentrations below analytical detection limits 

(Nb <0.2 ppm; Ta< 0.01 ppm), suggesting prominent depletion in the original magmas. Measurable Nb 

concentrations for LGS and BAOC rocks obtained with XRF by Pin et al. (2008) and Quesada et al. 

(1994) enable comparing Nb variations in both suites with reasonable confidence. Y/Nb  2 clearly 

indicate a subalkaline affinity for LGS [2-10; X=5.5] and BAOC [2-10; X=5.1] suites. Y/Nb and Zr/Nb ratios 

increase from BAOC ultramafics (Y/NbPM7.3; [2-5; X=2.5]; Zr/NbPM18 [9-11; X=10.5]) to MG (Y/Nb [2-5; 

X=2.5]; Zr/Nb [4-7; X=5.2]) and MBA (Y/Nb [5-11; X=6.3]; Zr/Nb [11-35; X=24]). This trend is counter-

intuitive because it suggests a decrease of refractory character from BAOC ultramafic and MG relatively 

to their related melts represented by MBA (Weyer et al., 2003). Experimental (Linnen & Keppler, 2002) 
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and empirical observations in arc settings (Kelemen et al., 1993, 2003) demonstrate that Nb kds between 

mantle minerals (Ol, Opx, Cpx, Gt, Spl) and basaltic melt are about one order of magnitude higher than 

other incompatible elements such as K or La. Higher kds for Nb in mafic minerals relative to plagioclase 

will therefore result in Nb stronger fractionation into the mafic and ultramafic residua and larger depletion 

in the extracted melts. The same relations explain the increase of La/Nb ratios towards rocks of BAOC 

upper section (La/NbPM1.1; ultramafics [0.3-0.8; X=0.5]; MG [0.8-1.5; X=1.0]; MBA [0.8-2.7; X=2.0]. 

Apart from the ultramafics, La/Nb for other BAOC rocks are significantly higher than those obtained using 

Pin et al. (2008) data for LGS rocks [0.4-2.4; X=0.9].  

V.5.2. Discussion and geodynamic implications of BAOC isotopic data 

From the previous section it seems clear that BAOC intrusive rocks display complementary 

geochemical features of extrusive/hypabissal rocks that allow establishing a genetic link between both 

suites i.e. BAOCMG and ultramafics represent the cumulate and more refractory products after the 

extraction of BAOCMBA liquids. LGSMM are distinct of BAOC extrusive/hypabissal rocks; therefore, the 

Beja gabbroic suite cannot account for the genesis of BAOC melts (MBA). In this section the source 

components for BAOC are tentatively identified and compared to those inferred for LGS from the 

discussion in section III.6. On this basis, explanations for the recently published geochemical and isotopic 

features of BAOC are sought.  

Geochemical affinities and source components for BAOC and LGS suites 
The subalkaline character of BAOC and LGS clearly distinguishes them from the oceanic basalt 

spectrum (MORB + OIB). The Nb (Ta and other HFSE) depletion in both suites precludes the involvement 

of a plume component as proposed by Azor et al (2008) and discussed in section V.4.2.2.  

The significant LILE/HFSE decoupling and more prominent Nb depletion of BAOC relative to LGS 

indicates a clear subduction component for BAOC suite, which accounts for its marked calcalkaline 

character, as concluded by Quesada et al. (1994). Although more subtle, subduction reminiscent features 

are also present in LGS geochemistry. Nb (and Ta) depletion relatively to other highly incompatible 

elements (e.g. La, Th) are the hallmark of subduction related magmas, but are also found in mantle-

derived melts which experienced crustal contamination; according with many authors (e.g. Condie, 1999; 

Rudnick & Gao, 2003), the Nb depletion of crustal rocks is an inherited feature from convergent margins 

which is the primary setting (ca. 80%) for crust generation. As discussed in section III.6.2.1, the subtle 

subduction-akin features of LGS, namely the mild enrichment in (LREE + Ba + Sr ± K) and moderate to 

strong depletion in Nb and (Th+ Rb  U), respectively, are consistent with LGS magmas equilibrium with 

lower crustal rocks, which are typically depleted in radiogenic elements (Rudnick & Gao, 2003). As 

reported in section III.6.2.2, ponding and underplating of LGS mantle derived melts within the lower 

crustal crust is further supported by modelling of binary/ternary Nd-Sr mixing paths for LGS and other BIC 

suites using as possible contaminants upper crustal OMZ rocks and lower crustal granulites. The known 

fluid immobility of Th relatively to hydromagmatophile LILE, precludes ascribing its enrichment in BAOC 

rocks to subduction derived fluids. Therefore, positively correlated (Th/Sm)PM and (La/Sm)PM ratios for 

LGS and BAOC rocks provide additional source discriminants between both suites (Figure V.7).  
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Figure V.7- Relation between [Th/Sm]PM and [La/Sm]PM ratios for BAOCMG, MBA and LGSrock, MM. 

 
 

(Th/Sm)PM ratios lower than unity for LGS rocks and MM are thought to indicate provenance from 

a mantle source depleted by previous/repeated magmatic events (III.6.2.1; Lesher et al., 2001). Distinct 

HIE fractionation (higher Rb and Th abundances; (Th/Sm)PM >1) for SB I Series troctolite may be 

explained by higher upper crustal contamination of this Series that should represent LGS first emplaced, 

and hotter melts. Nevertheless, gradual depletion of LGS source zone due to continued extraction of 

large batches of melt was inferred (details in section III.6.2.1; David et al., 2000). The net effect of the 

exhaustion of the source might have been gradually cancelled by the onset of minor upper crustal 

contamination in the uppermost and later developed BRG II Series, as bear out by higher [Th/Sm]PM. 

Results for BAOC (MG or MBA) are expressive and indicate overall (Th/Sm)PM ratios higher than unity, 

suggesting a bulk more enriched character compared to LGS. 

Figure V.8 and Table V.1 shows the compositional range estimated for olivine Fo and spinel #Cr 

in mantle restite of BAOC and LGS, that may be obtained by extrapolation of measured composition into 

the olivine-spinel mantle array (OSMA; method proposed by Arai, 1994). Estimates for both suites were 

performed for the same minerals pairs used in thermometry and oxy-barometry modelling reported in 

section V.5.1.2. For BAOC, only peridotite minerals were used (grey line and oval) because spinel in 

troctolites displays stronger alteration by secondary processes (Mateus et al., 1999; Figueiras et al., 

2009; Waerenborgh et al., 2002). For LGS, two estimates listed in Table V.1 were performed: one using 

only SB I troctolite (black line and oval), which provided compositions more refractory than BAOC rocks. 

The estimate taking also into account BG troctolites provided more fertile compositions than BAOC suite; 

however, this estimate is considered less reliable due to the rhum trend (with decrease in #Cr) affecting 

BG spinel (see III.2.1.5).  
 

Table V.1- Range values for olivine (Fo) and spinel (#Cr) composition of BAOC and LGS mantle restites obtained 
from Figure V.8. r = the correlation factor for each considered suite. 
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Figure V.8- Estimates of olivine Fo and spinel #Cr in mantle restite of BAOC and LGS by extrapolation of measured 
composition into the olivine-spinel mantle array (OSMA), following the method proposed by Arai (1994): BAOC 
peridotites: grey line and oval; LGS SB I: black line and oval; LGS SB I + BG troctolite stippled line and oval.  

 

Nd-Sr systematics for LGS, results from LGSMM (displaying higher bulk REE abundances and 

similar (La/Sm)CN ratios relative to BAOCMBA), with LILE enrichment and HFSE depletion chiefly limited to 

Zr ± Hf, indicate that LGS melts cannot be derived of truly depleted, MORB type mantle sources and 

should bear a small contribution from enriched components. Additional features such as: (i) sulphide 

fractionation at depth (section IV.4.2.9); and (ii) the high oxidation state of LGS parental melts and early 

plagioclase fractionation in LGS troctolite, which tend to enhance spinel #Cr (Hill & Roeder, 1974; 

Ballhaus et al., 1991) and deplete the melt in Al (Arai, 1994), respectively; provide reasonable 

explanations for the more refractory and Ni-depleted character of LGS Cr-spinels and olivine, 

respectively, relative to those included in BAOC. The (Th/Sm)PM>1 for nearly all BAOC rocks and their 

higher Th, HFSE and HREE abundances relatively to LGS, cannot be accounted by a subduction 

component and are likely controlled by its source region. Although the features here analysed cannot 

provide definitive evidence, they do suggest that LGS melts were derived from a (slightly ?) more 

depleted mantle source than BAOC, 

According with Ribeiro et al. (2007) BAOC developed through continental back arc extension, 

separating the small continental Finisterra block from OMZ-IAT, as depicted in Figure V.9. LGS 

prolonged petrogenetic history is marked by repeated melts extraction events compared to the postulated 

ephemeral nature of BAOC back arc basin. Although this may account for the apparently more depleted 

character of LGS, additional features may account for enriched components in BAOC magmas. The 

explanation for the higher fertility of BAOC source zone (other than what can be accounted by addition of 

fluid mobile elements from the subduction component), could rely in the involvement of an enriched 

component represented by OMZ sublitospheric mantle and/or upper crust. This feature could also 

account for the low Nd isotopic signatures found by Pin et al. (2008) in BAOCMG and troctolite; 

nevertheless, additional explanations are needed to account for the differences relative to BAOCMBA, as 

well as between the Portuguese and Spanish side of the suture (addressed at the end of this chapter). It 

should be noted that BAOC rocks under comparison are from the Portuguese side, where opening and 

closure of the back arc domain started (Ribeiro et al. 2007).  

An embryonic oceanization process could have been largely favoured by the incipient character 



 
 
 

V- GEODYNAMIC EVOLUTION OF LGS WITHIN THE SW VARISCIDES 

573 

of the thermal anomaly, leading to relatively small degrees of partial melting, as well as larger 

involvement of crustal rocks (also consistent with the stronger Nb depletion in BAOC). Contrastingly, as 

concluded in section III.6.2.2, Nd-Sr and whole rock data indicate that LGS melts were derived from a 

time-integrated radiogenic moderately Nd-depleted source. The slab break-off event, triggering 

decompressing melting and the development of 350 Ma TD1 melts (LGS included), was a deep seated 

and larger scale event which appears to have involved mostly asthenospheric, comparatively more 

depleted portions of the mantle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V.9- Paleogeographic reconstruction at 450–430 Ma of Armorica, Iberia, Gondwana, Finisterra, Moroccan 
Meseta, Rheic and Paleotethys oceans (PTFASZ transform zone), and SW Iberia traverse. As in Ribeiro et al. (2007). 

 

The nature of BAOC ultramafic rocks 
On the basis of: (i) the higher REE and Al2O3 concentrations in BAOC peridotites relatively to 

common mantle residual rocks; (ii) their overall scarcity in comparison to (meta)gabbroic rocks; (iii) the 

associated occurrence of troctolite/wehrlite rocks; and (iv) the occurrence of ultramafic rocks within 

(tectonic bounded) domains embedded the metagabbroic lower section, it is here suggested that most of 

the oceanic peridotitic (mantelic) section was likely not obducted. As already suggested by Quesada et al. 

(1994), delamination of the back-arc basin domain should have proceeded broadly coincident with the 

petrologic MOHO, thus carrying the ultramafic cumulates of the gabbroic chamber, which commonly 

comprise of troctolite, wehrlite ± dunite, along with the upper crustal section (MBA  minor marine 

sediments).  

Because cumulus orthopyroxene in low pressure tholeiitic (or calcalkaline) suites is chiefly 

exclusive of high Mg, Si Archean/Palaeo Proterozoic magmas (e.g. those accounting for the ultramafic 

sections of Stillwater or Bushveld layered intrusions), contrarily to other BAOC ultramafics, harzburgites 

cannot represent cumulates of a basaltic melt. Two possible origins can thus be envisaged for the high-

REE, Al2O3 featured BAOC harzburgites: (i) they represent anomalous cumulates developed at a high 
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silica activity interface at the bottom of the gabbroic chamber adjoining the crustal-mantle transition 

(leading to orthopyroxene development through cumulus olivine consuming reactions) or; (ii) they indeed 

represent minor slivers of the uppermost residual mantle section which, due to their closer position close 

to the gabbroic section, were re-fertilized.  

Low alumina pyroxenite (Al2O3 < 10 wt%; criteria according with Bodinier and Goddard, 2003) 

and microgabbro dykes are commonly reported (e.g. Gonçalves et al., 1998a; Fonseca et al., 2004; Pin et 

al., 2008; Figure V.6B, D) within the lower gabbroic section of BAOC. Both display low incompatible 

element abundances but microgabbro further evidence strong LREE depletion with typical MORB-N type 

patterns and high εNd350/500 isotopic values [+9.2 +8.5]. Plagioclase and clinopyroxene bearing refractory 

peridotites with associated pyroxenite dykes are commonly observed at the mantle crust transition of 

many ophiolites (e.g. Bay of Islands Ophiolite, Newfounland; Varfalvy et al., 1996). These features favour 

the second hypothesis, in which BAOC harzburgites are indeed mantle residua that were re-fertilized by 

infiltrated residual basaltic melts, which ultimately imprinted their REE signature into the uppermost 

(obducted) harzburgite section. The focused, dyke-hosted character of the pyroxenite and microgabbro 

rocks indicates that the percolative fractional crystallization process within dykes took place at a relatively 

late stage of consolidation of the overlying gabbroic pile. However, upon reaching the hotter underlying 

mantle-crust transition, the infiltrating melts should have predominantly progressed by diffusive porous 

flow, a chiefly cryptic process that leaves no petrographic evidence.  

Modelling of BAOC thermal evolution (Figueiras et al., 2002), shows that the high residual 

magmatic temperatures of the thin lower section resulted in rapid cooling of the obducted hot slab with 

negligible metamorphism of the overthrusted continental crust. The small dimension of BAOC lower 

section compared to other ophiolites with complete mantelic sections (e.g. 12 Km for Samail ophiolite in 

Oman; Bodinier and Goddard, 2003) and its high thermal regime during obduction, should have made it 

highly vulnerable to crustal contamination by OMZ authoctonous rocks. Contamination could have 

proceeded either by resorption of ripped xenoliths and/or addition of partial melts from low-fusion point 

metasedimentary OMZ rocks. Crustal contamination of the hot, semi-molten BAOC lower section may 

account for the following features: (i) the lower Nd values of BAOCMG relatively to the overlying MBA, 

where crustal contamination was prevented by their higher stratigraphic position and colder thermal 

regime; (ii) the source of sulphur required for abundant sulphide precipitation in troctolite as previously 

discussed in Mateus et al (1998b) and Figueiras et al. (2002); and (iii) the atypical, low oxidation state 

estimated for BAOC ultramafic rocks relatively to usually more oxidized supra-subduction settings ( 

DFMQ+1; e.g. Ballhaus et al., 1991; Haggerty, 1991a) due to assimilation of reducing metasediments. 

The latter is supported by the remarkable clustering of spinel-olivine equilibrium closure temperatures 

about ca. 100ºC below (700  28 ºC; see section V.5.1.2) the estimated 800-900 ºC temperatures for 

recrystallization BAOC lowermost gabbroic section during obduction (Quesada et al., 1994; Figueiras et 

al., 2002). Nonetheless, it cannot be excluded that the oxidation state of BAOC primitive cumulates ± 

mantelic residua was initially lower than what is typical of subduction settings. This hypothesis is 

supported by BAOC transitional character between true island arcs and MORB proposed by Munhá et al. 

(1986) and Quesada et al. (1994). As found in other supra-subduction settings (e.g. peridotites of the Izu-

Bonin Mariana forearc; Parkinson & Pearce, 1998) reduced peridotites inherited from older MORB-like 

parts of the crust may coexist with typically oxidized subduction generated peridotites, as well as become 



 
 
 

V- GEODYNAMIC EVOLUTION OF LGS WITHIN THE SW VARISCIDES 

575 

gradually modified by heterogeneous mixing with oxidizing subduction components.  

The SHRIMP U/Pb 332 ± 3 to 340 ± 4 Ma alleged protolith ages obtained by Azor et al. (2008) in 

zircons hosted by BAOCMBA/MG are hardly reconcilable with the geodynamic significance and evolution of 

BAOC within the framework of Variscan as viewed by many other authors: Munhá et al., 1986; Dallmeyer 

et al., 1993; Quesada et al., 1994; Castro et al., 1996, 1999; Mateus et al., 1999; Figueiras et al., 2002; 

Ribeiro et al., 2007 and references therein. As pointed out in section V.4.2.2, those ages are closer to the 

ca. 340 Ma. regional cooling event below  500 ºC; however, the unaccountable degree of Pb loss 

suggest these should be envisaged as minimum ages. The presence of inherited xenocryst cores in the 

analysed zircons is not and consistent with their basaltic nature are here considered as highly relevant; 

perhaps the hardest evidence that BAOC rocks did experience contamination from OMZ authoctonous 

rocks during its genesis but also during their emplacement at high residual magmatic temperatures. The 

inferred temperatures for recrystallization of the lower BAOCMG section during D1 obduction event (800-

900 ºC; Quesada et al., 1994; Figueiras et al., 2002) are within U/Pb closure temperatures for zircon, 

meaning that the isotopic system could have remained opened until ophiolite emplacement onto OMZ. 

Contamination from infiltrated partial melts derived from OMZ rocks during obduction and, finally, heat 

transfer during LGS emplacement, should have contributed to gradual thermal weakening of zircon grains 

allowing them to become more easily fractured by shearing during the most important regional 

transpressive deformation phase D2. Continued disturbance of the U/Pb system with and consequent Pb 

loss can thus be inferred until the onset of regional cooling from ca. 340 Ma, which are the minimum ages 

recorded by the dated zircons.  

Contrasting Nd signatures in BAOC and Aracena Oceanic Domain amphibolites 
The location of highly deformed amphibolites analysed by Pin et al. (2008) within the lower 

domain of the metagabbroic section (Barranco da Gravia Unit) suggests they are of gabbroic rather than 

doleritic protolith as reported by Gonçalves et al. (1997). According with the above outlined scenario of 

syn-obduction crustal contamination it should not be a coincidence that εNd350/500 isotopic values obtained 

in BAOC amphibolites by Pin et al. (2008) decrease with deformation from [+2.3 +2.5] to [+5.3 +6]. 

Intermediate εNd350/500 values for metabasalt [+4.3 +5.0] and highest values for the late developed 

microgabbro dyke [+9.2 +8.5] open yet another possibility in which the degree of alteration of the 

extrusive rocks in their original oceanic environment may have influenced Nd isotopic signatures. 

Although Nd is usually envisaged as remaining unaltered during secondary processes, accumulating 

evidence shows that strong modification of Nd isotopic signatures may occur during seawater rock 

interaction; lowering from high +11 Nd to values as low as -4.7 are observed in abyssal serpentinized 

harzburgites (DeLacour et al., 2008). This interpretation does not conflict with the much later and shear-

controlled character of serpentinization of BAOC peridotites, which took place after its obduction over 

OMZ. It should be plain that while progression of seawater derived fluid into the deeper sections of BAOC 

was prevented by the short-lived character of the back-arc basin, extruded lavas and immediately 

underlying hypabissal rocks were readily modified by seawater interaction at very high water/rock ratios.  

Another key-point noted by Pin et al. (2008) concerns the more Nd-depleted (MORB–like) 

signatures found in BAOCMBA of the Spanish counterpart. Answers for this difference must be sought in 

the transpressive character of the SW Iberian Variscan orogen and the wedge-shaped boundary of OMZ 
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southern border which account for the diachronic of younger magmatic and metamorphic ages from E to 

W. The wedge shaped OMZ boundary should have constrained the early closure and synthetic 

upthrusting of the back arc domain(s) in a similar fashion that final closure of the main Rheic Ocean took 

place, from W to E.  

Possible explanations for the more depleted Nd isotopic signatures of BAOCMBA in Spanish 

counterpart may thus include: (i) the existence of more or less independent back arc spreading centres 

leading to different isotopic composition of the extruded products; (ii) a more incipient MORB signature 

that could characterize the western domain, where the onset of back arc spreading took place (as 

discussed in the previous section), whereas subsequent eastward propagation and enhancement of the 

generated thermal anomaly could led to higher degrees of mantle melting at E and thus more depleted 

MORB type signatures; (iii) the onset of closure of the embryonic back arc domain at W should have 

further allowed the eastern side to experience a more prolonged evolution under the influence of the 

meanwhile better established thermal anomaly relatively to the western side.  

These explanations are tentative and not mutually exclusive. The only indirect evidence for the 

hypotheses here proposed lies in the existence of ultra-HT/LP (ca. 1000 ºC,  4 kb) metamorphic rocks 

(migmatites and gneisses) in the Continental Domain of the Aracena Metamorphic Belt (AMB-CD). 

Moreover, high-Mg metanorites (with boninite affinities) also occur and are ascribed to high degrees of 

partial melting of a shallow mantle wedge (Castro et al., 1996, 1999). Sm-Nd and Rb-Sr isochrone ages 

obtained for these rocks mostly record late cooling [351  58 to 323  23 Ma], but are (in average) older 

than Ar/Ar ages for the amphibolites of the Oceanic Domain (AMB-OD) obtained in the same transverse 

(Castro et al., 1999). Because the juxtaposition of the AMB-CD with AMB-CD amphibolites creates in an 

inverted metamorphic grade; Castro et al. (1996, 1999) proposed that the subducting oceanic slab was 

heated from the top by the previously heated continental hangingwall. The diachronic easting younger Ar-

Ar ages in BAOCMBA were in turn interpreted as resulting from the migration of a “punctual” heat anomaly 

generated by a slab free window at depth, due to subduction of an oceanic ridge.  

Despite the different interpretations of Castro et al. (1999) on the significance of the AMB-OD 

Ar/Ar ages and the lack of accurate metamorphic ages for the AMB-CD, isotopic and geologic data 

reported by these authors clearly show that the high temperature metamorphic event recorded in the 

AMB-CD is significantly older than the regional amphibolite facies metamorphism recorded by adjoining 

BAOCMBA rocks. The inverted metamorphic grade is here interpreted as a consequence of AMB-CD rocks 

still being under the influence of a higher thermal regime than amphibolite facies, preventing them to be 

affected by the regional metamorphic event (somewhat like is envisaged for LGS). The available ages for 

AMB-CD further indicate that the ultra-HT/LP metamorphic event, for which there is no record in the W 

side of OMZ, took place prior to the 350 Ma slab break-off event, which accounts for mafic magmatism 

and the persistence of HT-LP regime in the OMZ southern border. Inferred LP conditions preclude 

ascribing this ultra-HT metamorphic event to BAOC obduction and, as also indicated by the occurrence of 

boninitic rocks, support that a higher thermal regime ruled the back-arc spreading on the eastern domain; 

this regime could thus account for higher degrees of partial melting and, consequently, more depleted Nd 

isotopic signatures on BAOCMBA in the Spanish counterpart of BAOC. 
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According to the central question encompassed by this thesis, on the basis of which specific 

objectives were proposed (I.5), the main conclusions can be summarised as follows.  

LGS internal architecture and mineralization types 
The western compartment of the Beja Layered Gabbroic Sequence (LGS) was mapped and 

grouped into seven Series, supporting a multiphase evolution characterized by several magma 

replenishments, from NW to SE: (SB) I and II (Soberanas sector), Odivelas (ODV) I, II (Odivelas sector) 

and III (Ventoso sector) and Beringel (BRG) I and II (Ferreira Beringel sector). The Border Group (BG) 

rims the W portion of the Ferreira-Beringel sector and comprises the border facies, essentially composed 

of heterogeneous anorthosites enclosing several types of variably metasomatized gabbroic rocks and 

troctolites, besides cognate xenoliths presumably ripped from deeper levels of the magma chamber. The 

reconstructed stratigraphic columns allows establishing correlations between different sectors from which 

five main assemblages resulted, from bottom to top: (i) SB II - ODV I Lower Group; (ii) ODV II upper 

section – ODV II Lower Group; (iii) ODV III Upper Group – (part of ) BRG I Lower Group; and (iv) SB I – 

BG troctolites. 

Three mineralisation types were identified. Type I mineralization consists of massive 

accumulations ( 50 tons each) of Fe-Ti-V oxides (10.05 wt% TiO2 and  0.99 wt% V2O5) enveloped by 

oxide-rich gabbroic rocks; the most important occurrence is located within ODV I Series Lower Group 

(Odivelas prospect). Type II mineralization corresponds to Ni, Cu-poor sulphide veins (Ni 0.26 wt%, Cu 

[0.22-2.29], Co [0.20-0.39] wt% in 100% sulphides) hosted in a strong metasomatic halo superimposed to 

the gabbroic sequence of ODV III Series Upper Group exposed at the Ventoso quarry. Type III 

mineralization represents intercumulus to massive Ni-Cu-Co rich sulphides; the most important 

occurrences so far identified are hosted in clinopyroxenites of BRG II Lower Group and olivine norites of 

BRG I Upper Group, located at the Figueirinha (Ni [2.0-4.2], Cu [3.3-5.8], Co [0.25-0.56] wt% and; Pt 

[193-336], Pd [69-118], Au [42-126] ppb in 100% sulphides) and Serrabritas (Ni 3.2, Cu 2.4, Co 0.25 wt% 

in 100% sulphides) quarries, respectively. 

Structural and tectonic evolution of LGS western compartment 
The lack of regional metamorphic imprint and the primary nature of the prevalent and penetrative 

fabrics in LGS indicate that the gabbroic suite emplacement occurred under temperature conditions 

above those achieved during the regional peak of amphibolite facies metamorphism affecting the Ossa 

Morena Zone (OMZ) autochthonous rocks. All domains recording distinct tectono-thermal regimes (e.g. 

BG and ODV I amphibolitic gabbro) are clearly related to well constrained (tectono-

)magmatic/hydrothermal induced anomalies. The geological record of deformation during LGS evolution 

may be outlined as follows. 

1. From early crystallisation to late consolidation: layering and related features 

Magmatic layering in LGS strikes from NNW-SE to WNE-ESE and dips 25º-35º to S-SW, being 

often associated with a co-planar foliation defined by primary magmatic minerals resulting from magmatic 

compaction. Trends for the layering strike evidence that the LGS internal architecture grossly mimics the 

arched geometry of the Évora Beja Aracena Domain (EBAD), defining a series of nested sigmoid-like 

shapes with a long axis roughly oriented NW-SE (sub-parallel to the OMZ/EBAD S border) and gently 

curved tails towards WNW-ESE at nearly right angles relatively to the main geotectonic limits. 
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Non-dynamic mechanisms essentially resulting of crystallization in-situ processes account for the 

development of modal layering. These operated from suspension to sub-magmatic flow and should have 

determined most of the LGS internal facies architecture. Compaction influenced the development of fine-

scale rhythmic layering. More significant melt migration is likely involved in the genesis of monomineralic 

rocks (anorthosites, clinopyroxenites and oxide masses) due to enhanced density contrasts and early-

developed modal heterogeneities. Localised, moderate to strong fluid dynamic regimes may have 

established due to magmatic currents, leading to the development of circumscribed domains of ultramafic 

cumulate rocks. In undisturbed fluid dynamic regimes, conditions for grain-size mineral sorting resulted on 

well graded layers. 

2- Solid-state deformation: shear zones and late strike-slip faults 

The earliest record of tectonically induced deformation in LGS are discrete N-S (to NNE-SSW) 

protoplastic subvertical shear zones with an important dilatant component due to associated melt 

segregation (as expressed in vertical magnetic field maps). Their occurrence almost exclusively in the 

latest developed BRG II Series and strong magmatic imprint are explained by the delayed consolidation 

of this Series. The older, northernmost Series would have chiefly attained full consolidation and their 

earliest record of tectonic-induced deformation occurred in solid state conditions, being correlative of the 

propagation of NW-SE regional ductile shear zones. The N-S to NNE-SSW protoplastic shear zones and 

their (better developed) NW-SW conjugate, are compatible with structures generated prior to the full 

anticlockwise rotation of the stress-field orientation that characterizes the late collisional stages ( D3), 

during the time spanning between the LGS 350 Ma crystallization age and the  340 Ma D2a-D2b regional 

rising of the ductile-brittle transition, as dated by the SHRIMP 342  9 Ma U/Pb age of the Ventoso 

pegmatoids. The exposure of the tectonically bounded and uniquely primitive SB I Series possibly 

occurred under residual magmatic temperatures during this period, due to combined NW up-thrusting 

along the Ferreira Ficalho Thrust (FFT) and locally dilatant NE-SW shears recording strong ductile 

deformation.  

The NW-SE to NNW-SSE ductile shear zones experienced significant development and/or 

accommodate larger shearing during D2b. At the SW of the Ferreira-Beringel sector they were 

subsequently the preferred locus for the intrusion of large batches of evolved magma (border facies and 

ATT suite) whose strain-softening effect allowed ductile deformation to proceed until later stages. Left-

handed ENE-WSW semi-ductile shear zones likely nucleated during the early stages of D3, in spatial 

continuity with semi-ductile WNW-ESE to E-W shear zones that were the preferential locus of the 

focalised discharge of hydrothermal aqueous-carbonic fluids. ENE-WSW shear zones continued to 

propagate/reactivate along with late developed NE-SW fault zones under fully brittle conditions, until Late 

Variscan times. The sinistral displacement along ENE-WSW and WSW-ESE shear zones accounts for a 

conspicuous rotation of the magmatic layering towards directions closer to E-W that increases towards S 

within each Series (particularly in later developed BRG II). In the older, northernmost ODV II, activation of 

the layering surfaces as cryptic shear systems was constrained by left-handed displacement along FFT. 

Main petrogenetic features of LGS rocks cropping at the western compartment 

Geochemical features of LGS magma and source zone  

Geochemical and mineralogical features support a subalkaline character compatible with LP-
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fractionation of a tholeiitic suite and preclude the existence of a within-plate component (e.g. from 

sublitospheric continental mantle or a mantle plume). LGS cumulates crystallized from magmas with mild 

LREE + Ba enrichment ((La/Sm)CN X=1.0 [0.4-5.1]; (La/Yb)CN X=1.7 [0.6-11.3]; (Ba/La)CN X=4.9 [2.0-

14.9]), highly incompatible element (HIE) fractionation with strong to moderate depletion in Nb + Ta and 

Th + Rb, giving rise to LILE/HFSE decoupling; these features are also supported by model melts (MM) 

obtained from cumulate inversion ((La/Sm)CN X=1.4 [1.0-3.0]; (La/Yb)CN X=2.9 [1.5-7.8]; (Ba/La)CN X=1.6 

[1.2-2.1]). Nd-Sr initial ratios for LGS vary between 87Sr/88Sr [0.704027-0.705219] and 143Nd/144Nd 

[0.5122515-0.51223945]. Positive Nd350 values (between +1.25 and +4.05) suggest that LGS melts 

derived from a time-integrated, mildly depleted radiogenic source. Nevertheless, the high 87Sr/88Sr ratios 

(0.7043) for most of the Nd-radiogenic proxy for LGS uncontaminated magmas (high-Nd group) imply 

some influence of enriched mantelic components. Ta/Yb (X=0.04), La/Ce [(La/Ce)CN X=1.1 [1.0-1.5]) 

relationships support that LGS is not a truly depleted MORB-type source. Nevertheless, [Th/Sm]PM<1 and 

sub-chondritic Zr/Hf ratios in LGS cumulates and MM (SB I parental melts Zr/Hf=30), decreasing towards 

the top of LGS sequence (Zr/Hf≤15) coupled with an increase in mafic character) suggest that previous or 

repeated melt extraction events may account for a bulk lowering of HIE budget with time.  

LGS: expression of a lower crust underplating following the slab break-off 

According to the available geochronologic data and to the present knowledge concerning the 

geodynamic evolution of the SW Iberian Variscan suture, the LGS records the early stages of Variscan 

magmatism in the EBAD/OMZ southern border at the onset of the OMZ/SPZ (South Portuguese Zone) 

oblique continental collision. Consequently, the mechanism that most likely triggered the rise of LGS 

magmas in this tectonic background is the slab break-off at the subduction zone, allowing the local 

incursion of the asthenospheric mantle. This hypothesis accounts for the heat necessary to sustain the 

LP-HT metamorphism and multistage magmatism that characterizes OMZ southern border and northern 

SPZ from ca. 355 Ma onwards, i.e. from early to late collisional times 

P-T estimates for crystallisation of fine-grained ODV II gabbros (1154  37 ºC and 4  1.5 kb) 

place the LGS magmatic chamber at ca 12 ± 4.5 km. The rheological and mechanical decoupling that 

characterizes the OMZ crustal profile, should have favour the underplating of mantle-derived, primitive 

magmas at the Moho by a combination of mechanical, density and thermal contrasts. SB I troctolite (Fo88-

81) are proxy for LGS parental magmas, representing primary magmas that experienced little fractionation 

since extraction from their mantle source. Other LGS Series are macrorhythmic successions of olivine 

leucogabbro/olivine (pyroxene rich) gabbro wherein cumulate rocks are locally abundant but anorthosites 

seldom observed. Mineral chemistry, limited bulk REE fractionation and modelling of crystal fractionation 

processes suggest that, after a first magmatic event of extensive differentiation represented by the SB I-

SB II-ODV I Series), repeated incoming of new magma replenishments with similar initial composition 

(Fo78) attained limited degree of fractionation.  

Storage and crystal fractionation within transient magma chambers at depth, allows explaining 

the compositional homogeneity of LGS Series primitive end-members relatively to SB I parental magmas, 

according to a multi-stage evolution: (i) development of a deeper (transient?) magma chamber where 

precipitation of Cr-spinel + olivine  interaction with sulphide melt batches caused homogenous Cr-

depletion and heterogeneous Ni-depletion in all subsequently extracted melts; (ii) episodic to more or less 



 
 
 
ORE FORMING SYSTEMS IN THE WESTERN COMPARTMENT OF THE BEJA LAYERED GABBROIC SEQUENCE (OSSA MORENA ZONE PORTUGAL) 

580 

continuous tapping of variably fractioned melts (equivalent to each Series most primitive composition) 

from the lower to the middle/upper crustal magma chamber (current exposure level), eventually promoting 

polybaric fractionation en-route to the surface; (iii) magma emplacement and mixing with variable 

proportions of resident magma in the shallow chamber where LP fractionation drove the melt towards the 

most evolved compositions currently observed within each Series.  

Evolution of LGS crustal contamination paths  

Modelling of contamination paths using Nd-Sr isotopic data demonstrate mild to moderate crustal 

contamination s.l. due to the large dimension of the LGS upper crustal magma chamber, compared for 

example to the small Aguablanca stock. Many LGS (and diorite) rocks display isotopic decoupling, 

suggesting incorporation of radiogenic Sr-rich upper crustal fluids released by dehydration/degassing of 

OMZ country rocks due to the thermal effect caused by the emplacement of BIC rocks.  

Lower crustal contamination is supported by the stronger depletion of Nb-Ta and Rb-Th, relatively 

to other HIE (e.g. Cs, Ba, U) and Sr-Nd systematics. Higher (Dy/Yb) for LGS cumulates (X=1.4; [0.7-1.6]; 

identical to MM) compared to asthenospheric-derived MORB melts account for equilibration/incorporation 

of finite amounts of partial melts derived from garnet-bearing granulite (the OMZ lower crust main 

component). Higher Rb-Th abundances, as well as Dy/Yb vs. La/Yb ratios for SB I parental magmas, 

suggest larger degrees of both upper and lower crustal contamination, respectively, favoured by their 

early emplacement and hotter nature. Related Series such as ODV I, display similar (“inherited”?) lower 

contamination features. Isotopic data for subsequently emplaced magmas evidence mostly variable 

degrees of upper crustal contamination. The fainting sign from lower crustal contamination towards the 

top of LGS may have been conditioned by the refractory (presumably granulitic) nature of lower crustal 

rocks, which likely was not able to produce additional/significant amounts of partial melts following the 

early stages of the inferred underplating. Upper crustal contamination is particularly evident in 

compositionally more evolved Series (e.g. ODV I) or Groups (e.g. BRG I Upper Group/BRG II transition), 

documenting the progression of AFC processes favoured by longer upper crustal residence times. 

Main petrogenetic features of BIC mesocratic rocks cropping at the western compartment 
Four main categories of non-gabbroic rocks were identified, according with distinct field, 

mineralogical and geochemical features. The marginal diorite at the Odivelas and Ventoso sectors and 

the ATT suite (usually deformed anorthosites, tonalites and trondhjemites) forming a large-scale dyke-

swarm of evolved rocks enveloping BG at the Ferreira-Beringel sector. Both suites represent crystal 

fractionation products from hydrous melts of broadly andesitic composition (granitoids) where the 

abundance of cognate xenoliths of other granitoid rocks (for ATT, LGS rocks), besides heterogeneous 

textures/composition, document mixing, assimilation, storage and hybridization processes (MASH). The 

network of dyke or sill hosted felsic rocks is clearly intrusive into LGS or other BIC mesocratic suites. The 

calcalkaline character inferred for the later emplaced hypabissal felsic suite suggests that it may be 

related to the roots of the Baleizão Porphyry Complex.  

The pegmatoid dykes intrusive in ODV III Series and the amphibolitic gabbro rim that marks the 

transition between LGS and the marginal diorite suite at the Odivelas, result of well-delimited magmatic-

hydrothermal events with variable contribution from siliceous melts, nevertheless preserving many 

features of the original gabbroic rocks.  
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The diorite suite 

U/Pb geochronological ages for Torrão diorite (352  2 Ma) are indistinct of those for LGS rocks 

(350; 352  4 Ma at Torrão and Serpa). Crustal contamination trends suggest that diorite and LGS rocks 

were extracted from a similar mantle source; the diorite experienced somewhat smaller degrees of upper 

crustal contamination than many Series of LGS. Whole-rock and Nd-Sr isotopic data allowed 

distinguishing two diorite groups. 

(i) Low-Ti diorite show a distinctive combination of primitive (high #Mg, -Ni, -Cr) and fertile 

geochemical character (high bulk REE, LREE and HIE/La enrichment) similar to high-SiO2 primitive/ high-

Mg andesites. High enrichment in radiogenic Nd and Sr (143Nd/144Nd350 [0.512335-0.512360]; Sr87/Sr86
350 

[0.704393-0.706596]) is consistent with mild degrees of upper crustal contamination relative to LGS high-

Nd group. Nd-Sr decoupling and 18O enrichment (whole rock δ18O [7.5-8.2]‰) suggest incorporation of 

crustal fluids enriched in radiogenic Sr and O. Their trace-element spectrum, broadly overlapping SB I 

MM, suggests that low-Ti diorite could have been derived from primitive and fertile siliceous melts early 

separated from LGS source along with SB I parental magmas. 

(ii) High-Ti diorite show strong Fe-, Ti enrichment at low SiO2 (or Fe/Mg) and more depleted 

character, despite of LREE enrichment and mild LILE/HFSE enrichment. Distinctive higher MREE/HREE 

fractionation is within the range of LGS rocks whereas positive Eu, Sr and Ti anomalies are indicative of 

plagioclase and oxide accumulation, respectively. Nd-Sr coupled isotopic signatures Sr (143Nd/144Nd350 

[0.512261-0.512333]; Sr87/Sr86
350 [0.704381-0.704487]) and higher Th/La are consistent with upper 

crustal contamination, between that of LGS least contaminated rocks (high-Nd group) and ODV I Series. 

Their trace-element spectrum and degree of geochemical evolution (Ni, Cr, #Mg) between SB II and ODV 

I MM suggest that the evolution of high-Ti diorite is tightly connected to those Series. Zoned plagioclase 

megacrysts (An82-48) suggest that SB II Series may have begun evolving as plagioclase mushes 

lubricated by large amounts of intercumulus melt (mostly crystallised as orthopyroxene) that separated 

from SB I melt. ODV I Series reflects a self-sustained process of oxide deposition/lowering of O2 which 

should have led to strong density stratification of the magma, on top of which, domains related with SB II 

or fluid rich melts such as the high-Ti diorite could have resided. The selective depletion in fluid-mobile 

elements (K, Ba, Rb and Sr) showed by SB II Series relatively to other LGS rocks suggests that the latter 

may have lost these elements during segregation of high-Ti diorite volatile-rich melts. SB II volatile-poor 

(gabbroic) residual melts should have rapidly chilled against OMZ country rocks, as suggested by their 

fine-grained nature. Protracted crystallization (allowing longer crustal residence times for ODV I Series) 

coupled with the insulating effect of SB II Series (preventing further crustal contamination) may account 

for ODV I Series higher degree of crustal contamination relatively to high-Ti diorite. 

Deep versus shallow hydration sources and mechanisms may account for the nature of diorite 

magmas relatively to LGS: 

(i) Published parameters demonstrate that dehydration melting of amphibolite (intercalated or 

above lower crust granulites) caused by LGS underplating magmas could account for the development of 

small volumes of diorite hydrous siliceous melts. Cambrian meta-basalts in amphibolite facies (Casquet et 

al., 2001) with small isotopic contrast relatively to LGS magma and trace element signatures consistent 

with diorite demonstrate the existence of adequate source rocks at OMZ. 

(ii) Incorporation of crustal derived, radiogenic Sr and heavy oxygen rich fluids in upraising 
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primitive fertile melts at relatively shallow depths, could supply the necessary water to generate low-Ti 

diorite hydrous primitive melts. The contribution of 18O depleted fluids (e.g. δ18O= 4.8‰ in new formed 

amphibole) at Odivelas amphibolitic gabbro suggests that the radiogenic Sr and heavy oxygen in primitive 

low-Ti diorite, could have been gradually diluted by mixing with meteoric-derived fluids. Enrichment in 

both fluid mobile (e.g. Rb, K) and immobile elements (all the REE spectrum, Th, Y, Zr, Hf and Nb) 

relatively to ODV I regular gabbros support that amphibolitic gabbro resulted from entrainment of melts 

derived from the adjoining diorite. Textural and mineralogical modification took place under progressively 

higher temperatures from distal (devoid of high-temperature hornblende oikocrysts; ca. 500- 600 ºC) to 

proximal amphibolitic gabbro (newformed dark brown amphibole oikocrysts overgrowing the strongly 

altered gabbroic assemblage at ca. 835 ºC). Depleted 18O signatures in both amphibolitic gabbro 

domains are interpreted as the record of a fossil hydrothermal-meteoric system (as seen in many layered 

igneous intrusions) that promoted isotopic exchange at progressively lower temperatures from proximal 

towards distal domains. The 337.9  1.0 Ma Ar/Ar amphibole age for the amphibolitic gabbro domain 

obtained by Dallmeyer et al. (1993) suggests the meteoric-hydrothermal system probably operated until a 

relatively late stage. 

The border facies / ATT suite 

Both suites are near monomineralic implying a non-neglectable cumulate character for 

plagioclase, whose An contents decrease from border facies anorthosites (X=39; [66-29]) to the more 

fractionated ATT suite (X=25; [40-14]). Protoclastic deformation and conformable planar deformed 

structures are consistent with the emplacement of both suites as plagioclase rich mushes (comprising a 

melt phase where large amounts of plagioclase were suspended). Border facies anorthosites appear to 

bear the lowest melt fractions, a significant part of which was consumed in metasomatic reactions with 

LGS rocks. ATT suite rocks crystallized from Al, Si-rich melts that were more depleted in compatible 

elements (Ni, Cr, Sc and Co) than in moderately compatible elements (Ti, P or Y + Nb).  

The steep REE patterns ((La/Yb)cn = [3.6-7.0]), and low HREE concentrations are consistent with 

the influence of garnet as a residual phase in the source zone, implied by their strong lower crustal 

isotopic imprint (143Nd/144Nd350=0.512068; Sr87/Sr86
350=0.705250). Strong depletions in K and Rb 

compared to other LILE further preclude significant upper crustal contamination. Isotopic data support 

that ATT suite and border facies magmas result from mixing of mantle and crustal melts, of which LGS 

and OMZ lower crust are the foremost sources, respectively.  

The large amounts of crustal melt assimilation generated during prolonged staging at lower 

crustal depths require the involvement of fertile lower crustal rocks (e.g. the metasedimentary pile 

overlying granulite basement). Both features are consistent with the intrusive nature of ATT suite 

relatively to LGS and the mean geochronological ages of the Aguablanca-Sta Olalla suites (Spain) 

showing identical contaminating paths. The incorporation of large amounts of cumulate plagioclase and 

LGS rock cognate xenoliths (mostly the BG troctolite, besides other unidentified ultramafic fragments) 

justifies their designation as hybrid melts. The inferred prolonged incubation of the hybrid melts further 

opens the possibility of incorporate significant amounts of LGS basaltic residual melt. Flotation and 

accumulation of plagioclase as supernatant mushes against the roof of LGS deep chamber, could allow 

tapping of LGS basaltic melts through the mushes by filter pressing. Until hybridisation significantly 
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changed melt composition, the mushes may have remained stable. The differentiation trend from border 

facies anorthosites towards ATT suite could thus represent the participation of LGS-derived melts 

gradually departing from broadly basaltic, towards significantly more evolved residual melt compositions. 

The Ventoso pegmatoid dykes 

The Ventoso 342  9 Ma pegmatoid dykes precipitated from HIE-rich fluids or strongly diluted 

aqueous melts that became focalised during diffusive percolation of an advancing metasomatic front 

through ODV III Series Lower Group under broadly thermal equilibrium conditions (T  565 ºC; [681-542 

ºC). Hydrothermally altered ODV III host rocks preserved high-Nd signatures with mild Nd-Sr decoupling. 

Residual magmatic fluids from LGS and late diorite intrusions may account for ODV III host rocks isotopic 

signatures and strong Eu, Sr  Ba negative anomalies or REE enrichment in the pegmatoid. 

Proposed petrogenetic evolution of LGS western compartment 
Geochemical, isotopic and geochronological evidence support that diorite, ATT /border facies and 

pegmatoid dykes may be genetically related to LGS, all deriving from the same mantle source, bearing 

different contributions from lower and upper crustal rocks. Following the broad definition of Annen et al. 

(2006), BIC mesocratic suites could be envisaged as products of a deep hot crustal source zone (DCHZ) 

triggered by underplating of LGS basaltic magmas at OMZ lower crust/uppermost mantle boundary. The 

BIC-DCHZ would include LGS deep magmatic chamber(s), as well as the surrounding/overlying lower 

crustal domains.  

LGS and subordinated diorite magmas were the major (only?) products of the BIC-DCHZ that 

reached upper/middle crustal depths during the initial evolving stages. During this period, lower crustal 

contamination of LGS magmas was gradually replaced by a stronger role of upper crustal contamination 

(either melt- or fluid-assisted). The isotopic homogeneity of melts produced at the BIC-DCHZ before the 

ATT suite emplacement chiefly reflects the composition of the basaltic underplating melt, with minor 

assimilation of lower crustal rocks. Regardless of the exact nature of the various components involved in 

the genesis of ATT suite/border facies, evidence unequivocally points to a diversification of geochemical 

and isotopic signatures through time. Increasing geochemical, isotopic and petrological variety is 

consistent with continued reworking of OMZ lower (middle?) crust rocks. The much higher volumetric 

expression of late ATT /border facies magmatic event relatively to the early developed diorite shows that 

the BIC-DCHZ did not became less productive with time. The evolution of the Beja Igneous Complex may 

be understood as a single, long-lived magmatic event that generated voluminous suites with compositions 

that straddle from mafic to granitic. 

Oxide ore-forming systems in LGS western compartment 
The SB I parental magma was strongly oxidized (DFMQ= [+1.3; +2.6 ]) as indicated by the 

absence of a conspicuous spinel gap. A gradual decrease in oxidation state was inferred as magma was 

continuously extracted. The prevailing oxidising conditions and the recurrent fractionation/replenishment 

process buffered the Fe-Ti enrichment within the typical range of calcalkaline suites for most LGS Series. 

Important variations on the chemistry of the magmas and oxidation conditions during crystal fractionation 

were demonstrated to be of primordial importance to attain ideal conditions for the development of Ti-V 

rich oxides; physical processes are most relevant in building up significant modal accumulations. 
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Physical processes favouring oxide accumulation 

Estimates of the trapped melt fraction (TMF) shows that most LGS rocks were relatively depleted 

in trapped melt, possibly reflecting the effects of strong magmatic compaction. Increasing amounts of 

TMF were obtained towards the margins of the intrusion, particularly along the Soberanas sector 

traverse, culminating at SB II Series, which likewise BRG I microgabbro, are the closest proxy for the 

LGS chilled margins. The basin shaped outcropping area of BRG I high Fe/Mg microgabbro also allowed 

inferring a density-driven sinking effect due to ponding of denser and cooler melt along the margins of the 

intrusion. This promoted squeezing of slightly less evolved melts that crystallized as clinopyroxenite 

seams or cognate xenoliths at the borders of microgabbro domain. The clear relationship between 

increasing TMF proportions and Fe/Mg of the melt support that density-driven processes are most 

important in geochemically/mineralogically evolved domains, playing a major role in oxide 

accumulation/segregation 

ODV I Series reflects a self-sustained process of oxide deposition/lowering of O2 that led to 

strong density stratification of the magma. The complex morphology of ODV I Lower Group where the 

most primitive and less dense olivine leucogabbro lie currently on top of evolved oxide-rich cumulates 

(30 wt% oxides) and type I oxide masses, is envisaged as having evolved as independent domains 

separated by a double diffusive thermal boundary: huge amounts of highly evolved, dense, super-cooled 

melt ponded at the floor of the chamber when magnetite and ilmenite became liquidus minerals, overlain 

by less dense, hotter, more primitive magma. Density changes in each domain following extensive oxide 

precipitation and silica enrichment should have then promoted convective overturning. The development 

of type I mineralisation oxide masses further require gravity-aided, filter-pressing processes leaving some 

oxide-poor, plagioclase-rich residua domains adjoining the ores due to effective, but nonetheless 

heterogeneous, oxide segregation. Ultimately, their irregular and discordant shape relatively to the 

layering must have resulted from gravitational destabilization of previously formed, normal oxide layers 

during convective overturning.  

Oxidation conditions  

LGS rocks that fractionated prior or within the peak of V-enrichment of their host sequences show 

bulk rock V concentrations  PM and [Ti/V]PM 1, whereas those that crystallised after the onset of V-

depletion in the melt show [Ti/V]PM >> 1. Oxide precipitation at the early stages of ODV II and BRG I 

Series Upper Group enabled to effectively concentrate V in a relatively large modal amount of oxides. In 

ODV I the peak of V-enrichment coincides with type I mineralisation. Ti-enrichment in ODV I melts 

continued after the onset of V-depletion, although V concentrations in the oxides remained significant, 

clearly demonstrating the anomalous character of this Series. 

The prevailing O2 conditions during oxide fractionation in the LGS most oxide-rich domains ([-

1.5; -2.5] DFMQ) are within the range experimentally determined as the most favourable to promote 

effective partitioning of V into magnetite (-0.5 to -2 DFMQ; Toplis & Corgne, 2004). Usp contents in ODV I 

cumulate were near-ideal to promote V-partitioning to magnetite, other oxide-rich rocks with ca. Usp40 

being nevertheless favourable. Magnetite is invariably the dominant oxide in LGS rocks, liquidus ilmenite 

being chiefly restricted to oxide-rich rocks. The prevalent low oxidation conditions in LGS oxide-rich 

domains favoured Ti-enrichment in magnetite and V-partitioning also led to precipitation of liquidus 
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ilmenite, which significantly improves the Ti ore-grades.  

Mechanisms triggering oxide fractionation  

Oxide fractionation leads to a decrease of O2 in the melt, which allows attaining ideal conditions 

for the process become self-sustained, provided that Fe-Ti is available. In order to significantly lower the 

oxidation conditions, the system must become close to oxygen exchange. Because under closed system 

evolution oxides precipitate in lower modal amounts, episodic or transient opening of the system to 

oxygen were inferred as fundamental in providing oxygen to the melt. Developing oxide-rich layers, 

requires oxygen supersaturation to appropriately raise the Fe3+/Fe2+ ratio and enter the field of magnetite 

saturation. Possible triggers in LGS include magma replenishments (although these reverse Fe, Ti ± V 

enrichment) or tectonic activity. The following mechanisms were also proposed to account for oxide 

fractionation triggering in the LGS most relevant oxide accumulations (they are of general application 

where similar conditions might have developed): (i) at the bottom of BRG I Upper Group, previous 

segregation of sulphide melts may have caused transient oxygen supersaturation, and a peak in 

Fe2+/Fe3+ ratios since sulphides do not consume oxygen of the melt and exclusively incorporate Fe2+; and 

(ii) in ODV I, transient opening of the system could have been allowed by the existence of instable, 

volatile-rich domains represented by high-Ti diorite and SB II Series (recording the incipient stages of 

oxide-fractionation) lying above ODV I ferro-basaltic magma and/or convective overturning due the 

establishment of thermal-density gradients. 

Magma chemistry: Fe-Ti-V enrichment 

Series hosting important oxide accumulations include most of ODV I, noticeably the Lower Group, 

and the Upper Group of BRG I. These sequences bear significantly evolved mineralogical compositions 

with high Fe/Mg ferromagnesian minerals, such as low-Fo olivine, low-En high-Wo in pyroxene and low 

An-plagioclase. Trace element signatures for oxide-rich rocks or their MM are similar to other LGS rocks. 

Modelling of crystal fractionation suggests that these magmas merely attained extensive crystal 

fractionation degrees within the LGS upper/current level magmatic chamber, often with concurrent higher 

degrees of upper crustal assimilation. It was inferred that decrease of recharge/crystallization rates was 

necessary to enable the magma entering a tholeiitic Fe-Ti(-V) enrichment path under lower oxidation 

conditions, ultimately leading to abundant oxide deposition.  

The strong Fe-Ti enrichment in ODV I Series in particular must reflect a nearly continuous 

evolving trend from SB I Series under near-closed system and strongly reducing conditions (down to 

DFMQ -2.5). The melt followed a Fenner trend, similar to what is postulated for layered igneous intrusions 

comprising magmas of ferro-basaltic composition such as Skaergaard and Kiglapait. Under those 

circumstances, the Fe-Ti enrichment should have continued even after the appearance of liquidus 

magnetite (+ ilmenite) and silica enrichment typical of Bowen trends . Development of Si-rich, Fe-poor 

melts is a strong possibility demonstrated by modelling; their absence in the geological record may be 

explained by mixing with incoming magma batches of more primitive composition (e.g. ODV II). 

The late oxidation of the Odivelas ore-bodies  

The Odivelas ores comprise V-bearing Ti-maghemite  maghemite that XRD, EPMA and 

Mössbauer data demonstrate to be fully oxidised, besides of ilmenite oikocrysts. A supergene origin for 

the maghemitic accumulations is clearly precluded giving the (i) absence of optical or chemical zonation 
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(e.g. as demonstrated by micro-PIXE) in spinel grains, the (ii) restricted occurrence of late supergene 

replacements or veinlets (hematite  goethite veinlets) in strongly weathered samples and the (iii) 

absence of fracturing or hydrous alteration, both inside and outside the oxide bodies. The development of 

part of the ilmenite and the precursor of Ti-poor maghemite seems to result from oxi-exsolution in Ti-

magnetite from syn- to late-magmatic times. The ilmenite and spinel structures remained stable under 

further stronger oxidation, the latter probably due to the incorporation of minor cations inherited from the 

original spinel. 

The adjoining gabbroic cumulates that can be demonstrated to have cooled as a near-perfect 

closed system (along a path along a path subparallel to FMQ buffer), show no silicate alteration and host 

an oxide assemblage (Ti-magnetite+ilmenite) that, regardless of variable subsolidus reequilibrium, 

ceased to re-equilibrate at higher temperatures ( 650-814º C) and low oxygen fugacities (DFMQ [-2.5; -

1]). The oxide accumulations of Odivelas underwent an oxidation process that did not affected their host 

rocks (as near as ca. 100 m from the oxide bodies), being caused by the focussing to their margins of late 

oxidising fluids due to rheologic contrasts. Oxidation of the masses proceeded by intergranular diffusion 

until all primary spinels are maghemitized, but did not spread to the adjoining cumulates due to the 

sluggishness of silicate mediated diffusion at these temperatures. ODV I Lower Group rocks, where the 

oxide assemblage shows disturbed T-O2 paths (O2 > up to +3 DFMQ T≤ 550ºC), has a secondary 

mineral assemblage whose chemistry and thermometry estimates can be related to the amphibolitic 

gabbro aureole X= 720 ºC [689- 767 ºC]. The oxidising fluids accounting for the late oxidation of the 

Odivelas orebodies may have resulted of the percolation of high-temperature fluids related to the 

meteoric-derived hydrothermal system overlapping the amphibolitic gabbro. 

Sulphide ore-forming systems in LGS 

Type II mineralization 

The Ni-depleted, mildly Cu-rich (bulk-rock) composition of the Ventoso mineralisation cannot be 

accounted by any natural ore representing an mss + iss cumulate derived from a sulphide melt. A broadly 

hydrothermal origin for these ores is consistent with their occurrence within a metasomatic halo. Sulphide 

deposition required relatively high sulphidation conditions and the pyrite-pyrrhotite equilibrium was 

achieved from 630ºC to 450ºC under -4.6  log a(S2)  -1.3. The XRD data indicate that pyrrhotite from 

the Ventoso mineralisation is mainly the 4C (monoclinic) polytype. The corroded and porous textures 

observed in euhedral pyrite grains are consistent with late desulfurization reactions during inversion from 

a pre-existing high-temperature hexagonal pyrrhotite. 

Field and petrogenetic evidences suggest that the Ventoso type II mineralisation, the pegmatoid 

dyke swarms and the widespread hydrothermal alteration of ODV III Upper Group rocks, are different 

expressions of the same hydrothermal event. The 344 Ma model ages for Ventoso type II sulphides are 

consistent with the 342  9 Ma zircon SHRIMP age in pegmatoid. The Ventoso sulphides may be 

envisaged as a result of mixing of: (i) a strongly diluted magmatic fluids (higher Ni/Cu) exsolved from LGS 

cumulates and/or late developed diorite suites, whose indistinct Nd-Sr isotopic signature from LGS 

cumulates allows explaining the preserved isotopic signatures in ODV III variably altered rocks (all 

included in the high-Nd group) and the less radiogenic lead isotope signature of the Ventoso sulphides 

(= 9.5 - 9.6) compared to type III mineralisation; (ii) an exogenous hydrothermal component with lower 
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Ni/Cu ratio that accounts for the crustal sulphur (34S 6.1 - 6.3 ‰) compositions or dilution/lowering of 

mantelic Se/S ratios (Se/S x 106 [78-95]) in the Ventoso sulphides and should reflect contemporaneous 

de-carbonatization reactions of OMZ country rocks. The relatively low metal budget in sulphide veins and 

the high #Mg or transition metal signatures for ODV III altered host-rocks and pegmatoid dykes, broadly 

reflect the gabbroic precursor and imply that both components were metal-deficient. Metal upgrading in 

sulphide masses relatively to gabbroic rocks was likely accomplished by metal scavenging during the 

alteration of ODV III Upper Group rocks (including disseminated magmatic sulphides), carried and re-

distributed by chlorine-rich fluids.  

Type III mineralisation- features common to both occurrences 

The bulk-rock composition of LGS type III mineralisation falls between the compositional field of 

mss and that of mss + iss mixing line, which may be produced from natural sulphide melts segregated 

from a mafic magma. The Serrabritas mineralisation suggests a lower mss: iss ratio compared to the 

most Ni-rich sample of Figueirinha; both have Cu contents within the Cu solubility limit for mss and, 

therefore, low amounts of trapped sulphide melt, as is common for deposits unrelated with flood-basalt 

volcanism. The low Ni/Cu at high Cu for some Figueirinha samples is beyond Cu solubility limit in mss 

sulphide. The decreasing #Ni with #Co depletion defines a trend exclusive of ores that experience 

sulphide fractionation, chalcopyrite remobilisation or both.  

Normalised base or noble metal concentrations, #Ni and modelling of R factors suggest that type 

III sulphides were segregated from silicate melts that were undepleted with regard to those metals. Noble 

metals should be present as invisible metal-alloys and/or discrete PGM phases. Modelling of sulphide 

segregation during crystal fractionation demonstrates that type III mineralisation could generate from 

silicate melts with an initial Ni content between [50 -150] ppm and external sulphur addition ranging 

between 700 to 1600 ppm. By the time sulphide saturation occurs, the estimated Ni contents in the 

silicate melt ([30 - 49]) ppm (X= 37 ppm) are higher than the most common LGS MM (X= 26 ppm, with 

only 18%  45 ppm) and the liquidus olivine presents a narrow compositional range of Fo75 (Fo72-76), 

fitting the Serrabritas natural compositions. For those Ni contents, the PGE-undepleted sulphides (at least 

at Figueirinha), imply that sulphide melts interacted with relatively high amounts of silicate magma, 

leading to relatively high R values (500-1500). 

Serrabritas mineralisation 

The main mineralization stage at Serrabritas took place under low-sulphidation conditions, never 

reaching the pyrite field at T= 650  50ºC. The presence of troilite constrains final equilibrium conditions 

for the sulphide assemblage at about 140 ºC. Olivine-sulphide KD values are higher (25) than for most 

plutonic assemblages, indicating reduced oxidation conditions during sulphide deposition. The estimated 

values of logO2 [-12.0; -11.5] fall within the range of that obtained for oxide accumulations ([-1.6; -1.9] 

DFMQ), overlying the sulphide-rich layer and supporting the inference of a relationship between both ore-

forming systems. Fe-Ni exchange reactions between sulphide melt and cumulus olivine proceeded since 

early sulphide segregation until the closure of olivine (likely above two pyroxene equilibrium at ca. 863  

31º C), lowering of Ni contents of olivine immersed in sulphide down to 7 ppm.  

The moderate degrees of upper crustal contamination recorded in BRG I (Upper Group) and BRG 

II transition (Basal Group) cropping out just above the Serrabritas mineralisation, and the more radiogenic 
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lead signature in the sulphides ( = 9.6; 9.8), reflect important assimilation of crustal rocks. The low Se/S 

ratios ( 70), the significant enrichment base metal enrichment (Cd, Co, Pb or Zn) and the reduction path 

that ultimately led to the development of oxide levels just above the sulphide mineralised layer (unusual 

for LGS rocks as primitive as Fo77-73), suggest that sulphide saturation may have been triggered by 

assimilation of reduced metasedimentary rocks. Graphite or poorly crystallised organic matter (as found 

in black shales or graphitic schists of the Série Negra formation, believed to be a significant component of 

the OMZ middle/lower crust) are suitable prospective contaminants. The negative 34S values commonly 

displayed by such components could produce the 34S mantelic values in Serrabritas sulphides if followed 

by isotope homogenisation in magma. The Co-rich nature of pentlandite may reflect Ni-depletion in 

silicate magma (as seen in evolved domains of some layered intrusions) or the Co-rich nature of the 

contaminant. In the latter case, Co and Ni should be both enriched in the melt, as supported by Ni100 

contents similar to Ni-rich samples from Figueirinha. 

Figueirinha mineralisation 

Sulphide formation at Figueirinha involved a higher sulphidation stage than Serrabritas, 

approaching the pyrite-pyrrhotite equilibrium from 670ºC to 500ºC and log a(S2) values from -0.4 to -4. 

Pentlandite exsolution should have been largely inhibited once pyrite begun to exsolve from mss. 

Coarsening of the already exsolved pentlandite may have continued through Ni high self-diffusion 

coefficients to form chain-like polycrystalline aggregates. Pentlandite exsolution could resume at ca. 300 

ºC when pentlandite and pyrite form a stable assemblage.  

Pyrrhotite-magnetite equilibrium at 4 kbar indicates log a(O2) values from  -18 at 650ºC to  -22 

at 450ºC, consistent with those obtained on the basis of the magnetite-ilmenite geothermobarometry 

(636ºC and logO2 -17.8  0.5). Near-complete replacement of pentlandite polycrystalline aggregates 

by linnaeite group minerals took place as result of late interaction with meteoric-derived waters. This 

process is likely responsible for the decoupling between (Pt+Au) over Pd, as well as for disturbance of the 

lead isotopic compositions in chalcopyrite. Co was apparently immobile during the replacement process. 

The Fe and part of Ni released were incorporated in Ni-rich pyrite veinlets and Ni-rich, Co-poor linnaeite 

fringes after pyrrhotite adjoining the precursor polycrystalline veinlets. 

The degree of contamination by upper crustal rocks, diluting the signal from juvenile lead, is 

similar to that of Serrabritas ( = 9.6). However, neither the Se/S ratios nor the sulphur isotopic 

composition are distinguishable from mantelic values. The origin of magmas is veiled by the imprecise 

knowledge of relationships between ores and BRG II Series and the olivine-devoid nature of the host 

rocks. Taking into account these features, the prominent clinopyroxenitic nature of the host rocks and the 

location of the ores at the margins of the intrusion, abutting BG, two genetic hypotheses were proposed: 

(i) The sulphides are endogenous and genetically related to BRG II Series. Towards the top of 

LGS sequence, the combined effects of decreasing oxidation conditions and increasing mafic character of 

the magmas. If the latter feature was caused by higher degrees of partial melting, dilution of S contents 

from sulphide- and olivine-melting (contributing with Ni) should have further contributed to the less 

pronounced Ni depletion recorded above BRG II Series Intermediate Group. Sulphide segregation at the 

Lower/Intermediate Group transition could result from a stronger but transient contamination event (as 

required by the high-Nd composition of Upper Group rocks). The pyroxenitic nature of host rocks would 
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reflect the tendency shown by BRG II Series to gradually enter the pyroxenitic field. Sulphide 

accumulation should have occurred in a low dynamic environment (low R values) through density-driven 

ponding of the silicate melt wherein the silicate magma should became rapidly Ni-depleted. 

(ii) The sulphides are exogenous relatively to BRG II Series. In this situation, the Figueirinha 

mineralisation would have been emplaced at a later period along with ATT suite hybrid magmas + 

troctolite. The troctolite are too primitive to account for the Ni contents in the precursor sulphide melts, 

supporting their cognate xenolith nature. The sulphides could segregate from a residual basaltic melt at 

depth, inferred to exist as a “lubricant” to the plagioclase-rich mushes that gave rise to the anorthositic 

rocks included in border facies/ATT suite. The degrees of lower crustal contamination shown by ATT 

suite magmas are consistent with that required to cause sulphide segregation. The anorthosite-

clinopyroxenite association may be explained in terms of lower crustal contamination predominantly by 

felsification (as documented for the few pyroxenite hosted sulphide ores). If occurring soon enough, this 

mechanism (felsification) may have suppressed the olivine development, thus preventing Ni depletion. 

The strong dynamics of ATT suite/border facies magmas could thus account for inferred high R values for 

Figueirinha sulphides. 

Economic considerations 
A listing of oxide- and sulphide-rich domains that deserve consideration within the studied area, 

as well as the most adequate means to search and evaluate anomalous domains at various scales, were 

provided in sections IV.3.3.3 and IV.4.3.1, respectively.  

Multifractal modelling of a large database of soil Cu-geochemistry in several geological units of 

OMZ southern border accurately discriminates among the large diversity of documented Cu-bearing 

systems (LGS included) on the basis of differences in threshold values and in anisotropy of the anomalies 

related to each system. Several conspicuous geochemical anomalies not associated with currently 

acknowledged mineralised occurrences in OMZ may represent relevant metallogenic findings in a near 

future: (i) anomalies without (apparent) structural control at the contacts of BIC mesocratic rocks with 

meta-igneous or meta-sedimentary rocks that, according with preliminary field validation, may be related 

with skarn-type ore systems; and (ii) structural-controlled anomalies running mostly in N-S to NE-SW or 

ENE to WNW-ESE directions; the known relationship with Late-Variscan deformation (and re-activation in 

compressive events during Meso-Cenozoic times) suggest important hydrothermal activity developed 

along these late developed strike-slip faults, as documented at NE OMZ. 

Oxide ore forming systems in LGS 

A comparison of vanadium grades in LGS type I mineralisation (as V2O5) with the most important 

exploitations and promising prospects included in similar geological settings (layered gabbroic intrusions) 

reveals that the oxide ores of the Odivelas area may have economic interest. If the presence of significant 

tonnage is confirmed, as suggested by magnetic anomalies, the Odivelas area would be potentially 

economic, because of the low cost usually involved in V-dressing from these ores.  

Sulphide ore forming systems in LGS 

The range of sulphide melts that may segregate at different evolving stages of each Series may 

be divided in two main groups according to the Ni contents in silicate melt at sulphide saturation: (i) High- 

Ni magmas ([50-150] ppm at sulph. sat.) with olivine of about Fo80, may generate ores with Ni contents as 
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high as ca. 8-11 wt% Ni; it is extremely difficult to efficiently sulphur-saturate primitive compositions 

typical of LGS parental magmas, under oxidising conditions due to high S+6/STotal. (ii) Low- Ni magmas 

([30-20] ppm at sulph. sat.) where a melt with ca. 25 ppm Ni and olivine below Fo70 (the most common 

magma compositions found in LGS) can generate sulphide assemblages with Ni  2 wt% Ni; this will be 

the maximum Ni content expectable, which is clearly sub-economic and indicates a low economic 

potential for most of the LGS outcropping area. Model conditions for type III mineralisation fall at the 

transition for both groups ([33-49] ppm Ni at sulph. Sat). Similar metal contents are expectable for 

magmas with up to Fo75, whereupon ore metal contents decrease significantly.  

[Ni]100 concentrations for type III mineralisation are within the range of deposits hosted in gabbroic 

intrusions unrelated with flood basaltic volcanism, including some world-class deposits such as Voisey’s 

Bay. Metal contents are significantly higher than those recorded in minor pyroxenitic-hosted occurrences 

at the Nain Labrador and within the range, or actually higher than many intra-orogenic Sveconorweggian 

or Caledonian deposits. A comparison with values from Aguablanca demonstrates that, within the 

European context, if sufficient tonnage is found these occurrences may be economic. Ni contents in 

pyrrhotite from both type III mineralizations are similar or somewhat lower to those typically reported for 

some deposits (e.g. Sudbury or Aguablanca), thus little Ni would be lost during ore beneficiation.  

The exogenous origin hypothesis for the Figueirinha ore-system (i.e. related to ATT suite 

magmas) configures a very favourable setting with strong resemblances to the highly economic sulphide 

ore-forming systems associated with magmatic conduits; even for relatively Ni-poor magmas such as 

estimated for these ores. Several critical features (listed in section IV.4.3.2.) suggest ore-zoning in a 

relatively large ore-forming system and support a less ephemeral nature for the Figueirinha ore-system. 

Considering an endogenous hypothesis, the economic potential for these ores is lower and similar to that 

of Serrabritas mineralisation. Regardless of the nature and timing of crustal contamination and S-

saturation were favourable, sulphide accumulation in Serrabritas was inefficient (being scattered within a 

larger mass of magma) due to the absence of efficient dynamic traps to concentrate sulphide (hardly 

achievable within the intrusion). Sulphide vein systems such as Ventoso type II mineralisation may 

represent important path-finders for primary type III mineralisation. Due to the known role of aqueous 

fluids in dissolving, transporting and re-precipitating PGE either from primary rocks or sulphide ores, type 

II secondary systems should not be overlooked. 
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