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A B S T R A C T   

The ultramafic rocks of the Herbeira Massif in the Cabo Ortegal Complex (NW Iberia) host chromitite bodies. The 
textural and compositional study of the host rocks and the chromitites classified them into: (1) Type-I chromi-
tites, forming massive pods of intermediate-Cr chromite (Cr# = 0.60–0.66) within dunites; and (2) Type-II 
chromitites forming semi-massive horizons of high-Cr chromite (Cr# = 0.75–0.82) interlayered with dunites 
and pyroxenites. Minor and trace elements (Ga, Ti, Ni, Zn, Co, Mn, V and Sc) contents in the unaltered chromite 
cores from both types show patterns very similar to fore-arc chromitites, mimicked by the host dunites and 
pyroxenites. Calculated parental melt compositions suggest that Type-I chromitites crystallized from a melt akin 
to fore-arc basalt (FAB), while Type-II chromitites originated from a boninite-like parental melt. Both melts are 
characteristic of a fore-arc setting affected by extension during rollback subduction and have been related to the 
development of a Cambrian-Ordovician arc. These chromitites are extremely enriched in platinum-group ele-
ments (PGE), with bulk-rock PGE contents between 2,460 and 3,600 ppb. Also, the host dunites and pyroxenites 
exhibit high PGE contents (167 and 324 ppb, respectively), which are higher than those from the primitive 
mantle and global ophiolitic mantle peridotites. The PGE enrichment is expressed in positively-sloped chondrite- 
normalized PGE patterns, characterized by an enrichment in Pd-group PGE (PPGE: Rh, Pt and Pd) over the Ir- 
group PGE (IPGE: Os, Ir and Ru) and abundant platinum-group minerals (PGM) dominated by Rh-Pt-Pd pha-
ses (i.e. Rh-Ir-Pt-bearing arsenides and sulfarsenides, Pt-Ir-Pd-base-metal-bearing alloys, and Pt-Pd-bearing sul-
fides). The PGM assemblage is associated with base-metal sulfides (mostly pentlandite and chalcopyrite) and 
occurs at the edges of chromite or embedded within the interstitial (serpentinized) silicate groundmass. Their 
origin has been linked to direct crystallization from a S-As-rich melt(s), segregated by immiscibility from evolved 
volatile-rich small volume melts during subduction. At c. 380 Ma, retrograde amphibolite-facies metamorphism 
occurred during the exhumation of the HP-HT rocks of the Capelada Unit, which affected chromitites and their 
host rocks but preserved the primary composition of chromite cores of the chromitites. This event contributed to 
local remobilization of PGE as suggested by the negative slope between Pt and Pd and high Pt/Pd ratios in the 
studied chromitites, and host dunites and pyroxenites. In addition, it promoted the alteration of primary PGM 
assemblage and the formation of secondary PGM. Nanoscale observations made by focused ion beam high- 
resolution transmission electron microscopy (FIB/HRTEM) analysis of a composite grain of Rh-bearing arse-
nide with PGE-base-metal bearing alloys suggest the mobilization and accumulation of small nanoparticles of 
PGE and base-metals that precipitated from metamorphic fluids forming PGE-alloys. Finally, we offer a com-
parison of the Cabo Ortegal chromitites with other ophiolitic chromitites involved in the Variscan orogeny, from 
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the Iberian Peninsula to the Polish Sudetes. The studied Cabo Ortegal chromitites are similar to the Variscan 
chromitites documented in the Bragança (northern Portugal) and Kraubath (Styria, Austria) ophiolitic massifs.   

1. Introduction 

The ultramafic rocks of the Herbeira massif of the Cabo Ortegal 
Complex (NW Iberia), host high-Cr chromitite (Cr# ≥ 0.6) bodies with 
anomalously high platinum-group elements (PGE: Os, Ir, Ru, Rh, Pt, and 
Pd) contents reaching up to 13,000 ppb, characterized by enrichment in 
Pd-group PGE (PPGE: Rh, Pt, and Pd) over Ir-group PGE (IPGE: Os, Ir, 
and Ru) (Moreno et al., 1999). The PGE contents in the Cabo Ortegal 
chromitites are clearly higher than typical values in high-Cr ophiolitic 

chromitites (<1,000 ppb; Leblanc, 1991; Gervilla et al., 2005), but 
similar to ophiolitic chromitites containing interstitial sulfides (i.e. Type 
II chromitites in González-Jiménez et al., 2014b). These concentrations 
characterize the top of the 800 m thick so-called Herbeira Layered 
Complex, composed of two dunite-dominated units separated by a 
garnet-bearing pyroxenite-dominated unit, all above the associated 
Herbeira high-Al spinel mantle harzburgite (Moreno et al., 2001). These 
authors interpreted the Herbeira Layered Complex as a mafic–ultramafic 
cumulate sequence (above the Moho) representing a magmatic arc-root, 

Fig. 1. Domains of the Variscan Orogen. After Díez Fernández and Arenas (2015); based in Franke (1989), Lefort (1989), Neuman and Max (1989) and Martínez 
Catalán (2011). The red square shows the location of the Cabo Ortegal Complex. 
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Fig. 2. A) geological map and b) composite cross section of the cabo ortegal complex. afterArenas et al. (2016); based in Vogel (1967), Marcos et al. (1984), Arenas 
(1988) and Arenas et al. (2014). The red square shows the location of Fig. 3. 
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where high-Cr and PGE-rich chromitites formed during successive in-
jections of mantle-derived Cr- and PGE-rich magmas. However, recent 
research reinterpreted the sequence as a part of the mantle, where the 
interaction between melts and a refractory harzburgite in a sub-arc 
mantle environment formed dunites, pyroxenites and chromitites (Til-
hac et al., 2016). Therefore, the origin of these chromitites, together 
with their PGE enrichment, remains unclear. Despite that previous 
works focused on the geochemistry and petrology of the chromitites and 
their host rocks (mainly dunites and pyroxenites) many questions 
remain about the mineralogical setting of PGE on these chromitites. 
Previous studies on platinum-group minerals (PGM) of the Cabo Ortegal 
chromitites were carried out more than 20 years ago (Moreno et al., 
1999), reporting only a few Os-Ir-Ru-rich PGM and great abundance of 
Pt-Pd-Rh-rich PGM (i.e. more than 200 grains of PGM within 20 sam-
ples), including sulfides [braggite (PdPt3S4)-cooperite (PtS)], alloys (Pt- 
Rh-base metals), complex amalgams (Pt-Pd-Au-Hg-Pb), sulfarsenides 
[hollingworthite (RhAsS)-platarsite (PtAsS); recently disaccredited as 
variety of S-rich sperrylite (McDonald and Cabri, 2023) − irarsite 
(IrAsS)], arsenides [sperrylite (PtAs2)], bismuthides (Pd-Pt-Bi), tellu-
rides (Pd-Te-Bi), and oxides (Pt-Pd-O). Most of these PGM were found 
associated with Ni-Fe-Cu sulfides sealed in chromite crystals or more 
frequently at the margin of the interstitial silicate matrix between those 
crystals. Moreno et al. (1999) interpreted that PGM located on the edges 
of chromite (Pt-Pd sulfides) formed by exsolution from primary PGM or 
PGE-rich sulfides. On the other hand, PGM (PGE-alloys, arsenides, bis-
muthides, and tellurides) included in the interstitial silicate matrix 
transformed to serpentine minerals were interpreted as related to post- 
magmatic processes. 

In this paper, we present and discuss new petrographic, mineralog-
ical, and geochemical data from the chromitites of the Herbeira massif, 
in view of a different interpretation of data suggesting a mantle origin 
and post-magmatic evolution of these chromitites. We specifically tar-
geted those chromitites hosted in dunites from the upper part of the 
pseudostratigraphy of the Herbeira massif and we provide the first-ever 
minor and trace elements data for chromite forming these chromitites, 
as well as a detailed review about the genesis of the PGM in these 
chromitites anomalously enriched in PGE. We also present the first 
nanoscale study of PGM from these chromitites combined with obser-
vations of PGM in situ and from hydroseparation concentrates. 

2. Geological setting 

2.1. The Cabo Ortegal Complex 

The Cabo Ortegal Complex, located in north-western Spain (Fig. 1), 
is part of the Iberian section of the Variscan Orogen. The Allochthonous 
Complexes (Cabo Ortegal, Órdenes, Malpica-Tui, Bragança, and Morais) 
were tectonically emplaced above the para-autochthonous and the 
autochthonous of the Central Iberian Zone during the Variscan orogeny 
(Martínez Catalán et al., 2007, 2021; Díez Fernández et al., 2016, 2020). 
These Allochthonous Complexes comprise different lithological units of 
metamorphic rocks (Upper and Basal Units) that record Devonian- 
Carboniferous subduction-collision of peri-Gondwanan terranes, 
including extinct Neoproterozoic-Cambrian-Ordovician volcanic arc- 
related units (Martínez Catalán et al., 2019; Novo-Fernández et al., 
2022; Beranoaguirre et al., 2022 and references therein). In these 

400
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Fig. 3. Geological map of the Herbeira massif showing the main geological units and the location of the studied chromitites. The black star indicates the sampling 
location. Modified from Sánchez Martínez et al. (2007), Arenas et al. (2016), and Tilhac et al. (2020). 

M. García-Tudela et al.                                                                                                                                                                                                                        



Ore Geology Reviews 170 (2024) 106109

5

Allochthonous Complexes, there are also Cambrian and Devonian 
suprasubduction zone ophiolites in an intermediate tectonic position 
between the Upper and Basal Units, which were obducted during the 
closure of peri-Gondwanan oceanic basins (Arenas et al., 2016 and ref-
erences therein). 

The Cabo Ortegal Complex consists of a suite of units that include, 
from top to bottom (Arenas et al., 2016 and references therein): Upper 
Units, Ophiolitic Units, Basal Units, and the Somozas Mélange (Fig. 2). 
The Upper Units are comprised of rocks affected by intermediate- 
pressure (IP) and high-pressure–high-temperature (HP-HT) meta-
morphism (Arenas et al., 2016). The IP metamorphic rocks, represented 
by the Cariño Unit, occupy a dominant normal position above the HP-HT 
Capelada Unit, and are affected by a train of recumbent folds developed 
during the exhumation of the HP-HT subduction complex (Albert et al., 
2013). The Cariño Unit contains a sequence of amphibolite facies tur-
biditic pelitic to greywackic paragneisses with a maximum depositional 
age of c. 510 Ma, interlayered with acidic and basic meta-igneous rocks 
(Albert et al., 2015). The HP-HT metamorphic rocks of the Upper Units 
occur in the Capelada (above) and Cedeira (below) units. The c. 2000 m 
thick Capelada Unit comprises (originally in the pre-recumbent folding 
pile, bottom to top, Arenas et al., 2016, or top to bottom, Puelles et al., 
2012 and references therein): ultramafic rocks (including the Herberia 
massif, see below), high-P mafic granulites, eclogites, and eclogitic 
paragneisses, the latter with inclusions of metagranitic-tonalitic gneisses 
and eclogites. The Cedeira Unit bears migmatitic gneisses (Chimparra 
Gneisses), and high-P granulites, high-T amphibolites, and coronitic 
metagabbros (Candieira Formation) with general slightly lower meta-
morphic grade (Vogel, 1967; Gil Ibarguchi et al., 1999; Arenas et al., 
2016; Beranoaguirre et al., 2022 and references therein). To be noted is 
that the base the Candieira Formation is a complex tectonic boundary 
(Carreiro Zone of Tectonic Movement) (Vogel, 1967) that separates the 
HP-HT Cedeira unit from the Purrido Ophiolite. In this shear zone, 
mylonitic metaultramafic rocks (garnet-bearing harzburgites and Ti- 
clinohumite-bearing orthopyroxenites) indicate high to ultra-high-P 
conditions likely developed during subduction (Gil Ibarguchi et al., 

1999). On the other hand, the protoliths of the IP and HP-HT units (latest 
Ediacaran, <550 Ma, to early Ordovician, >470 Ma) are considered to 
have developed within the framework of a long-lived Cadomian peri- 
Gonwanan continental-to-transitional magmatic arc setting that evolved 
through rifting to a passive margin (Arenas et al., 2016; Martínez Cat-
alán et al., 2019; Beranoaguirre et al., 2022 and references therein). 

Below the Upper Units, the suprasubduction Purrido and Moeche 
ophiolites occur, both part of the Upper Ophiolitic Units of Devonian age 
(Sánchez Martínez et al., 2007, 2011; Arenas et al., 2014). The Purrido 
Ophiolite is located at the western-most part of the Cabo Ortegal Com-
plex and contains amphibolites and garnet amphibolites. The Moeche 
Ophiolite consists of greenschists interlayered with scarce phyllites and 
serpentinites. Underneath the Upper Ophiolitic Units, the Basal Units are 
represented by the Espasante Unit, which consists of felsic orthogneisses 
and alternating metabasites and scarce layers of garnet schists. Finally, 
the Somozas Mélange is the lowest structural unit in the Cabo Ortegal 
Complex (Arenas et al., 1986, 2009; Marcos et al., 2002; Novo-Fernán-
dez et al., 2016). The age of high-pressure metamorphism is ca. 
400–390 Ma in the HP-HT rocks, ca. 390–377 Ma in the mélange, and ca. 
377–370 Ma in the Basal Units (Novo-Fernández et al., 2022; Beranoa-
guirre et al., 2022 and references therein, but see Beranoaguirre et al., 
2019 and references therein for younger events, and Fernández-Suárez 
et al., 2002; Abati et al., 2007 and references therein for older non- 
Variscan metamorphic events in the allochthonous complexes). 

2.2. The Herbeira massif 

The ultramafic rocks of the Capelada Unit of the Cabo Ortegal 
Complex are exposed in three massifs (North to South): Limo, Herbeira 
and Uzal (Fig. 2). These massifs consist mainly of harzburgites, dunites, 
pyroxenites, and minor wehrlites and lherzolites, and are interpreted as 
a section of a suprasubduction heterogeneous upper mantle wedge with 
involvement of a subducted terrigenous sediment component (Gir-
ardeau et al., 1989; Girardeau and Gil Ibarguchi, 1991; Peucat et al., 
1990; Santos Zalduegui et al., 1996, 2002; García-Izquierdo et al., 

Fig. 4. Field images of the Cabo Ortegal chromitites. a) Massive podiform chromitites (Type-I chromitites). b) Semi-massive chromitites horizons (Type-II chro-
mitites). c) Hand sample of a chromitite horizon (chr) showing the distribution between dunites (dn) and pyroxenites (px). 
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2011). The studied area is located in the Herbeira Massif (Fig. 3), which 
comprises an eastern and a western domain separated by the Herbeira 
Trans-Fault (Moreno et al., 2001). Nevertheless, Tilhac et al. (2016) 
suggested that the main contact between both domains is igneous rather 
than tectonic. 

The eastern domain consists of spinel harzburgites and minor py-
roxenites (<10 %), dunites, and chromitites, while the western domain 
is made of 1) dunites and chromitites, 2) pyroxenites interlayered with 
dunites and harzburgites, and local chromitites, and 3) basal spinel 
harzburgites, which locally contain small bodies of chromitites with a 
dunitic envelope (Moreno et al., 2001; Puelles et al., 2012; Tilhac et al., 
2016). 

Regarding the pyroxenites, four different types are identified in the 
upper part of the massif: type 1) clinopyroxenites with dunites, type 2) 
massive websterites, type 3) amphibolitized clinopyroxenites, and type 
4) orthopyroxene-rich websterites (Tilhac et al., 2016). The primary 
magmatic stage of formation of pyroxenites took place at < 12 kbar, and 
a second melting stage of peridotite took place at < 20 kbar (Tilhac 
et al., 2016). Importantly, prograde (i.e. up-pressure) replacements of 
spinel by garnet are present in (some) type 2 pyroxenites, denoting 
conditions up to 16–18 kbar and 780–800 ◦C (Girardeau and Gil Ibar-
guchi, 1991; Santos Zalduegui et al., 2002; Tilhac et al., 2016). This has 
been interpreted as evidence for magmatic processes at high pressure 
(Girardeau and Gil Ibarguchi, 1991; Santos Zalduegui et al., 2002), 
perhaps triggered by delamination of the massif (arc root) and incor-
poration into a subduction zone (Tilhac et al., 2016; see also, Moreno 
et al., 2001). The peridotites mostly have secondary amphibole and a 
high degree of serpentinization, whereas pyroxenites have a higher 
degree of amphibolitization than serpentinization. 

The origin of the ultramafic rocks of the Herbeira Massif is associated 
with the infiltration and differentiation of Si-undersaturated picritic to 
boninitic melts in an old subcontinental lithospheric mantle beneath an 
arc (Tilhac et al., 2016, 2017, 2020). In this model the interaction be-
tween these melts and the host harzburgites generated dunites and 
chromitites, the former replaced by pyroxenites as the melt differenti-
ated. Subsequently, a late amphibolitization stage occurred due to the 
cooling of hydrated residual melts, which produced the metasomatism 
of pyroxenites and peridotites. Other models involve batches of mantle- 
derived magmas forming a stratiform pyroxenite-dunite association at 
the crust-mantle interface below an arc (Moreno et al., 2001), or partial 
melting of residual oceanic tectonites or sub-arc mantle caused by the 
addition of supercritical fluids/melts in a suprasubduction environment 
with accumulation of magma to form pyroxenites and dunites from 
various parental liquids (Peucat et al., 1990; Girardeau and Gil Ibargu-
chi, 1991; Santos Zalduegui et al., 2002). Elemental and isotopic data 
indicate an enriched component in the pyroxenites, introduced into the 
mantle source during subduction (Santos Zalduegui et al., 2002; Tilhac 
et al., 2016, 2017, 2020). The age of this magmatic event and of the 
varied associated protoliths is however controversial. 

Internal Sm–Nd and Rb-Sr clinopyroxene–garnet–whole rock iso-
chrons from garnet pyroxenites have yielded ages of 390 and 280 Ma 
and ca. 229 Ma (Santos Zalduegui et al., 2002; Tilhac et al., 2017, 
respectively). Tilhac et al. (2017) also reported Sm-Nd and Rb-Sr cli-
nopyroxene–amphibole “isochrons” from pyroxenites in the ranges 
332–298 Ma and 352–322 Ma, respectively. All ages except the ca. 390 
Ma Sm-Nd garnet-clinopyroxene-whole rock age indicate isotopic 
disequilibrium, while the Devonian 390 Ma age of Santos Zalduegui 
et al. (2002) bears a clear geological meaning for it is consistent with 
rutile ages in a garnet–rutile clinopyroxenite and with ages of HP-HT 
metamorphism in the Upper Units of the Cabo Ortegal Complex (San-
tos Zalduegui et al., 1996, 2002; Ordóñez Casado et al., 2001; Novo- 
Fernández et al., 2022 and references therein). This age would indicate 
generalized recrystallization at ca. 800 ◦C and 16–18 kbar at 400–390 
Ma of the garnet pyroxenites, and likely of other ultramafic rocks, during 
the subduction-related metamorphic event that produced HP-HT gran-
ulites and eclogitic rocks in the Capelada Unit. Amphibolitization may 
have taken place latter, at 380 Ma, when the HP-HT rocks of the 
Capelada Unit exhumed (Arenas et al., 2016 and references therein). 

Sm-Nd whole-rock–clinopyroxene isochrons in pyroxenites have 
yielded Cambrian ages (ca. 500 Ma), interpreted as the age of the 
magmatic-metasomatic protoliths (Santos Zalduegui et al., 2002; Tilhac 
et al., 2017). It merits mention that Cambrian-early Ordovician ages 
characterize those of the protoliths of all other formations of the HP-HT 
units, including the U-Pb zircon crystallization ages of the gabbroic 
protoliths of the granulites, eclogites, and orthogneisses (Fernández- 
Suárez et al., 2007; Ordóñez Casado et al., 2001; Albert et al., 2013; 
Beranoaguirre et al., 2020, 2022) and the U-Pb detrital zircon 521–510 
Ma maximum depositional age of the paragneisses (Albert et al., 2015). 
All these ages imply the presence of different levels of an entire early 
Paleozoic crust-mantle arc section constructed onto the extended con-
tinental margin of Gondwana or a pre-Gondwanan continental block 
(Albert et al., 2015; Tilhac et al., 2017). However, all these data and 
interpretations are opposed to ca. 390 Ma magmatic zircons from spinel 
harzburgite and garnet pyroxenite that indicate a Devonian (rather than 
Cambrian) melting event (Ordóñez Casado et al., 2001). Either these 
zircons indicate re-melting during the Devonian subduction-related 
event at high pressure (mantle wedge/subarc depths) or could be rein-
terpreted as metamorphic (formed during subduction?) rather than 
magmatic. In any case, these zircons indicate an important thermal 
imprint of the ultramafic rocks during Devonian times. 

2.3. Chromitite bodies 

The chromitite bodies of the Herbeira massif are mostly hosted in 
dunites of the western domain of the massif (Fig. 3). According to 

Table 1 
Summary of PGM grains found in the Cabo Ortegal chromitites after 
hydroseparation.  

Type-I chromitite HS size fraction: <25 µm N grains 

Grain (single or composite) Mineral phases  
Single RhAsS (hollingworthite) 1 
Single Pt-Fe-Cu-Ni 2 
Single Pt-As 1 
PGM grains (single or composite) n 
¼ 1 

HS size fraction: 25–45 
µm  

Composite RhNiAs 1  
(Ni, Fe, Co)S   
Ir-Fe-Ni   
Ir-Fe-Pt-Ni-S   
Ni-As   
Pt-S-Fe-Ni-Cu   
Pt-Fe-Ni-S-As    

Total ¼ 5 
Type-II chromitite HS size fraction: <25 µm N grains 
PGM grain (single or composite) Mineral  
Single Pt-Fe-Cu-Ni 3 
Composite Cu-Pt-Fe-Pd 1  

Ni-Fe-S  
Single (Pt,Ir,Ru,Rh) (As,S)2 3 
Composite RhNiAs 1  

Pt-Ni-Fe-Cu-Ru-Os-Ir  
Composite RhNiAs 1  

Ir-Fe-Ni   
Pt-Fe-Ni-Cu-Ir   
Pt-Ir-Rh-S-As  

PGM grains (single or composite) HS size fraction: 25–45 
µm  

Single Pt-Fe alloys 2 
Single (Pt,Ir,Ru,Rh)(As,S)2 3 
Single PtAs2 1 
Single IrAsS 1 
PGM grains (single or composite) HS size fraction: 45–75 

µm  
Single PtAs2 1   

Total ¼
17  
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Moreno et al. (2001), these dunites can be grouped into two units; lower 
and upper dunite, separated by a garnet-bearing pyroxenite dominated 
unit. The chromitite bodies in the lower dunite unit are scarce and occur 
as a few irregular and discontinuous layers up to 5 cm thick. They are 
PGE depleted with values up to 108 ppb (Moreno et al., 2001). On the 
other hand, the upper dunite unit hosts the highest amount of chromi-
tites, which are highly enriched in PGE with contents up to 13,000 ppb 
(Moreno et al., 1999). The chromite mineralization occurs as dissemi-
nated grains, irregular pods, thin layers, and bands up to 0.50 m thick 
(Moreno et al., 2001 and references therein). 

The studied chromitites are located in the upper dunite unit of the 
western domain of the Herbeira massif (Fig. 3; black star). They corre-
spond to massive bodies (>80 vol% chromite) of a few meters long with 
irregular thickness (up to few tens of cm) hosted in dunites (Fig. 4a) and 
semi-massive horizons (50–80 vol% chromite) of up to a few tens of 
centimeters length, and < 1 to 3 cm of thickness, mainly hosted in du-
nites intercalated with minor pyroxenite layers (Fig. 4b, c). In this study, 
the massive chromitite pods and semi-massive horizons will be referred 
to as Type-I and Type-II chromitites, respectively. 

Fig. 5. Textural details of the studied chromitites (backscattered electron image). a) Type-I chromitite. Chlorite (Chl) filling fractures of chromite (Chr) grains 
showing alteration along fractures (bright phase). b) Type-I chromitite. Triple junctions in fractured chromite. c) Type-I chromitite. Clinopyroxene (Cpx) inclusion 
within chromite. d) Idiomorphic inclusion of Fe-Ni-Cu with Fe-Ni sulfide within chromite. e) Type-II chromitite. Chromite grains with interstitial altered silicates. 
Chromite shows pull-apart fractures. f) and g) Type-II chromitite. Alteration rims around chromite. h) Type-II chromitite. Inclusions of clinopyroxene and Ni-Fe 
sulfide within chromite. A PGM occur at the edge of chromite. 
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3. Studied samples and analytical techniques 

The samples collected for this study represent different types of PGE- 
rich chromitites and their associated lithologies from the upper dunite 
unit of the western domain of the Herbeira Massif. Several polished thin 
sections (from Type-I chromitites, from the contact between Type-II 
chromitites and dunites, and pyroxenites, and from the contact be-
tween dunite and pyroxenite) were studied by means of optical and 
scanning electron microscopy (SEM). The SEM images and qualitative 
identification of platinum-group minerals (PGM) and base-metal sul-
fides (BMS) by means of energy-dispersive spectroscopy (EDS) were 

obtained with a field emission scanning electron microscope (FE-SEM) 
JEOL JSM-7100 at the Centres Científics i Tecnològics de la Universitat de 
Barcelona (CCiTUB), Spain, and a ZEISS Sigma 300 VP at the Laboratories 
for Quantitative Target Mineralogy (QanTmin) of the Luleå University of 
Technology (LTU), Sweden. Operating conditions were 20–25 kV 
accelerating voltage. 

The mineral chemistry analyses of chromite, PGM, and BMS were 
obtained with a JEOL JXA-8230 electron microprobe (EMP) equipped 
with five wavelength-dispersive spectrometers (WDS) and one EDS 
spectrometer at the CCiTUB. The analytical conditions are described in 
detail in Appendix A. Minor and trace elements in chromite from both 

Fig. 6. Textural details of dunite and pyroxenite. a) Dunite. Mesh texture with relics of primary olivine, and accessory chromite (transmitted light). b) Dunite. 
Alteration rim around accessory chromite (backscattered electron image). c) and d) Partly desulfurized Ni-Fe sulfide on the edge of accessory chromite (backscattered 
electron images). e) Pyroxenite. Orthopyroxene (Opx) with undulant extinction (transmitted light). f) Pyroxenite. Alteration rim around accessory chromite 
(backscattered electron image). g) Pyroxenite. Fractured Ni-Fe sulfide inclusion within clinopyroxene (Cpx) (backscattered electron image). h) Pyroxenite. Fractured 
Ni-Fe sulfide on the edge of accessory chromite (backscattered electron image). 
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types of chromitites, dunites, and pyroxenites, were analyzed by laser 
ablation inductively coupled mass spectrometry (LA-ICP-MS) at the 
Laboratorio de Estudios Isotópicos (LEI) from the Centro de Geociencias, 
UNAM (Mexico), using a Resolution M− 50 Excimer laser coupled to a 
ThermoICap Qc ICP-MS. The analytical procedure is described in detail 
in Appendix A. Results of electron microprobe analyses and LA-ICP-MS 
are presented in Appendix B and Appendix C, respectively. 

Whole-rock PGEs analyses were performed on two (Type-I and Type- 
II) chromitites, one dunite, and one pyroxenite samples at Genalysis Ltd 
(Perth, Western Australia) by nickel sulfide fire assay collection, 
following the method described by Chan and Finch (2001). The 
analytical procedure is described in detail in Appendix A and results are 
presented in Appendix D. 

Representative samples of 1 Type-I chromitite (204 g) and 1 Type-II 
chromitite (187 g) were crushed, sieved, and processed using hydro-
separation (HS-11) (see details in Cabri et al., 2006) at the QanTmin labs 
of LTU to obtain mineral concentrates of different size fractions (<25, 
25–45, 45–70, 70–90, and 90–120 µm). The resulting concentrates were 
mounted first as free grains on metallic cylinders and then as polished 
monolayers on resin block (SimpliMet 1000) in order to identify mineral 
phases. PGM and BMS were only found in three HS size fractions of < 25, 
25–45, and 45–70 µm (see Table 1). 

A thin-foil sample was prepared and extracted from a PGM grain that 
was included in a polished monolayer from a Type-II chromitite sample 
by focused ion beam-scanning electron microscope (FIB-SEM) in the 
Laboratorio de Microscopías Avanzadas (LMA) at the Instituto de 

Nanociencia de Aragón (INA), University of Zaragoza, Spain. Subse-
quently, the thin-foil sample was studied by scanning transmission 
electron microscopy (STEM) and high-resolution electron microscopy 
(HRTEM) at the same institution. The analytical details for FIB-SEM and 
STEM-HRTEM analyses are described in Appendix A. 

4. Results 

4.1. Petrography 

Type-I chromitites have massive textures (>80 vol% chromite) and 
are formed by coarse (>500 μm), anhedral, and fractured chromite 
grains with serpentine and chlorite filling the fractures and the inter-
stitial space between chromite grains (Fig. 5a-b). Some chromite grains 
exhibits triple junctions between their grain boundaries (Fig. 5b). 
Chromite grains are generally unaltered, with alteration limited to very 
narrow rims and along fractures (bright phases under scanning electron 
microscope; Fig. 5a). Chromite contains some silicate inclusions such as 
clinopyroxene (Fig. 5c), chlorite, and amphibole, and sulfides (mainly 
pentlandite and chalcopyrite; Fig. 5d), PGM, and locally apatite. 

Type-II chromitites have semi-massive textures (50–80 vol% chro-
mite) and are formed by subhedral to anhedral chromite grains up to 
450 μm that show pervasive pull-apart fractures (Fig. 5e). Some chro-
mite grains are surrounded by thin altered brighter Fe-rich rims (Fig. 5f- 
g), and this alteration also occurs in fractures. In comparison with Type-I 
chromitites, the degree of alteration in Type-II chromitites is higher. 

Fig. 7. Chemistry of chromite from chromitites and accessory chromite in dunites and pyroxenites of Cabo Ortegal as compared with chromite from various tectonic 
settings in terms of a) Al2O3 vs. Cr2O3, b) TiO2 vs. Cr2O3, c) Cr# [Cr / (Cr + Al), atomic ratio] vs. Mg# [Mg / (Mg + Fe2+), atomic ratio] and d) Al – Cr – Fe3+

compositions. Data sources for chromite of different tectonic settings are Bonavia et al. (1993), Kamenetsky et al. (2001), Garuti et al. (2005) and Proenza et al. 
(2007). Legend is inset in the figure. 
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Chromite grains have abundant subrounded inclusions of silicates 
(olivine, clinopyroxene, and amphibole) with sizes between 20 and 150 
μm (Fig. 5h). Some of these silicate inclusions are affected by fractures 
and are serpentinized. Fe-Ni-Cu sulfides (mainly pentlandite and chal-
copyrite) and PGM are also present (Fig. 5h), mostly located at the edge 
of chromite grains, in contact with the serpentinized interstitial matrix. 
The fractures are filled with serpentine group minerals and chlorite. 

Dunites hosting the Type-II chromitites display mesh textures and 
preserve relics of primary olivine, orthopyroxene, minor clinopyroxene, 
and accessory chromite (Fig. 6a). Some disseminated magnetite can also 
be observed in the serpentinized matrix. Accessory chromite occurs as 
euhedral to subhedral grains, some of them larger than 100 μm, showing 
thin alteration rims (Fig. 6b). Some Fe-Ni-Cu sulfide inclusions (pent-
landite and chalcopyrite) occur on the edge of accessory chromite and in 
the silicate matrix (Fig. 6c-d). 

The pyroxenite layers intercalated with Type-II chromitites are 
coarse-grained and strongly serpentinized. Clinopyroxene is anhedral, 
up to 1 mm, and might locally show rims of secondary amphibole. 
Orthopyroxene occurs with sizes up to 1 mm and exhibits undulose 
extinction (Fig. 6e). Minor olivine grains in the pyroxenite have sizes of 
~ 200 μm and show signs of deformation. Amphibole also occurs in the 
matrix as subhedral grains ~ 150 μm in size. Accessory disseminated 
chromite forms euhedral to anhedral grains with sizes up to 400 μm. 
Some chromite grains show fine alteration rims as observed in the 
accessory chromite in dunites (Fig. 6f). BMS are present as fractured 
grains enclosed in clinopyroxene (Fig. 6g) and chromite, or frequently 
on the edges of the latter (Fig. 6h). 

4.2. Chromite composition 

Unaltered chromite cores from the Cabo Ortegal chromitites have 
Cr2O3 contents ranging from 43.90 to 54.76 wt%, Al2O3 from 8.26 to 
20.13 wt%, and TiO2 from 0.05 to 0.29 wt% (Fig. 7a-b; Appendix B: 
Table B.1). Type-I chromitites exhibit Cr# [Cr/(Cr + Al) atomic ratio] 
between 0.60 and 0.66 and Mg# [Mg/(Mg + Fe2+) atomic ratio] from 
0.51 to 0.57 (Fig. 7c). On the other hand, Type-II chromitites have Cr# 
from 0.75 to 0.82 and Mg# from 0.41 to 0.45 (Fig. 7c). The Fe2O3 
contents in both types of chromitites vary from 3.86 to 9.71 wt% with 

Fe3+# [Fe3+/(Fe3++Cr + Al) atomic ratio] from 0.05 to 0.12, the 
highest values being from the Type-II chromitites (Fig. 7d). 

Altered chromite rims and fractures in both types of chromitites have 
clear chemical differences (Appendix B: Table B.3). Type-I chromitites 
show higher Cr and Fe2+ but lower Al and Mg than their unaltered 
chromite cores. The Fe3+# remains similar to that of unaltered chromite, 
defining an alteration trend characterized by an increase of Cr (Fig. 8a). 
On the other hand, alteration rims in chromite from Type-II chromitites 
have higher Fe3+# and Fe2+ but lower Cr, Al, and Mg than their unal-
tered cores, defining an alteration trend towards compositions richer in 
Fe3+ (Fig. 8b). 

Accessory chromite from dunites and pyroxenites show similar Cr2O3 
contents ranging from 44.31 to 50.63 wt%, Al2O3 from 7.90 to 11.73 wt 
%, and TiO2 from 0.06 to 0.25 wt% (Fig. 7, Appendix B: Table B.2). They 
have Cr# from 0.72 to 0.80 and Mg# from 0.26 to 0.44, which are 
similar to those from Type-II chromitites but have higher Fe2O3 contents 
(9.05–14.73 wt%) and Fe3+# (0.12–0.20). 

Minor and trace element contents of unaltered chromite core from 
both types of chromitites (Fig. 9; Appendix C) show that Type-I chro-
mitite display higher Ga (43–51 ppm), Ni (732–838 ppm), Ti (970–1033 
ppm), Zn (1260–1318 ppm), and V (1886–1971 ppm), but lower Sc (2–3 
ppm), Co (250–254 ppm), and Mn (1641–1727 ppm) than Type-II 
chromitite (Ga = 20–23 ppm, Ni = 630–676 ppm, Ti = 393–436 ppm, 
Zn = 871–903 ppm, V = 1661–1812 ppm, Sc = 5–6 ppm, Co = 332–341 
ppm, Mn = 2261–2357 ppm). The Ti, Ni, Co, Mn, and Sc are within the 
range for high-Cr ophiolitic chromitites. Nevertheless, the Ga contents 
from Type-I chromitites are within the range for high-Al ophiolitic 
chromitites, whereas those from Type-II chromitites are within the field 
of high-Cr ophiolitic chromitites (Fig. 9). 

Accessory chromite in dunites (Fig. 9) show similar Sc (4–6 ppm), Ga 
(22–28 ppm), Co (353–501 ppm), Ti (517–613 ppm), Ni (538–859 ppm), 
higher Zn (983–1350 ppm), but lower Mn (2194–2798 ppm), V 
(1811–1957 ppm) than those from pyroxenites (Sc = 5–7 ppm, Ga =
22–31 ppm, Co = 358–460 ppm, Ti = 517–757 ppm, Ni = 585–845 ppm, 
Zn = 797–1149 ppm, Mn = 2389–2970 ppm, V = 1737–2280 ppm). The 
Ti, Ni, Sc, and Ga contents are similar to those from Type-II chromitites 
and consequently to chromite from high-Cr ophiolitic chromitite 
(Fig. 9). However, in terms of V, Co, Zn, and Mn these contents are 

Fig. 8. Fe3+-Cr-Al ternary diagram of Cabo Ortegal unaltered and altered Cr-spinel. a) Type-I chromitites. b) Type-II chromitites, dunites, and pyroxenites. Chromite 
compositional fields from different metamorphic facies are from Purvis et al. (1972), Evans and Frost (1975), and Freitas Suita and Strieder (1996). 
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Fig. 9. Compositional variation in terms of Cr# vs Ti, Ni, V, Co, Zn, Mn, Sc and Ga in chromite from the studied chromitites, dunites and pyroxenites. Data sources 
taken from González-Jiménez et al., (2017a). 
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higher when compared to Type-II chromitites. 

4.3. Platinum group elements (PGEs) geochemistry 

Bulk-rock PGE contents of the Cabo Ortegal chromitites show that 
Type-I chromitites have 2,460 ppb and Type-II chromitites have 3,600 
ppb (Appendix D). Chondrite-normalized (Naldrett and Duke, 1980) 
PGE patterns for both types of chromitites (Fig. 11) exhibit an enrich-
ment in PPGEs (Rh, Pt, and Pd) relative to IPGEs (Os, Ir, and Ru), 
defining a positive slope from Ru to Pt and a negative slope between Pt 
and Pd. 

Regarding the host ultramafic rocks, dunites contain 167 ppb total 
PGEs, whereas pyroxenites contain 324 ppb total PGEs. In both cases, 
the PGE content is lower than that from Type-I and Type-II chromitites 
(Appendix D), but much higher than that of the primitive mantle (i.e. 
23.5 ppb; after McDonough and Sun, 1995) and global ophiolitic mantle 
peridotites (see Table 4 in Bhat et al., 2021). The chondrite-normalized 
PGE contents of the ultramafic rocks also show an enrichment in PPGEs 
relative to IPGEs. These rocks display a negative Ru anomaly with 
respect to Ir, and Rh (Fig. 11). 

The Pt/Pd ratio (Appendix D) in Type-I chromitites is higher (Pt/Pd 
= 5.1) than Type-II chromitites (Pt/Pd = 2.1) and the host ultramafic 
rocks (dunite; Pt/Pd = 0.9, and pyroxenite; Pt/Pd = 2.0). The distri-
bution of PGEs observed both for the chromitites and for the host ul-
tramafic rocks agrees with the PGE mineralogy observed in these rocks, 
which consists mostly of PGM enriched in Pt and Pd (see below). 

4.4. Platinum-group minerals (PGM) and base-metal sulfides (BMS) 

The PGM assemblage observed in situ on thin sections consists of Rh- 
Ir-Pt-bearing arsenides and sulfarsenides, Pt-Ir-Pd-base-metal-bearing 
alloys, and Pt-Pd-bearing sulfides (Figs. 12 and 13). PGM from Type-I 
and Type-II chromitites are mostly located on the edges of chromite 
grains and in the serpentinized silicate matrix. Due to their small size 
(<5 µm) and complex textures (replacement/intergrowth), these PGM 
could only be analyzed qualitatively (see Appendix E). 

4.4.1. PGM and associated BMS included on the edge of chromite grains 
The PGM assemblage on the edge of chromite is either enclosed 

within chromite grains or in direct contact with the silicate matrix and 
comprises Rh-Ir-Pt bearing sulfarsenides and arsenides, Pt-Ir-Pd-base- 
metal bearing alloys, and Pt-Pd sulfides (Fig. 12; Appendix F). 

The PGM observed within chromite are a few grains of Pt-Fe-Cu-Ni 
alloys with Cu-Fe and Ni-Fe sulfides (probably chalcopyrite and pent-
landite, respectively), and Pt-Pd sulfides, all close to the edge of chro-
mite (Fig. 12a, b). The Pt-Fe-Cu-Ni alloys occur as irregular shaped 
grains enclosed on the edges of the Ni-Fe sulfide associated with Cu-Fe 
sulfide, amphibole, and chlorite (Fig. 12a). In contrast, Pt-Pd sulfides 
consist of irregular aggregates (<10 µm) of particles of micrometric size 
(Fig. 12b). Some of these microparticles occur with needle-like and 
blocky morphologies. 

The PGM observed on the edge of chromite in contact with secondary 
minerals (e.g., serpentine and/or chlorite; Fig. 12e) from the silicate 
matrix are Rh-Ir-Pt bearing sulfarsenides [probably hollingworthite (Rh- 
As-S)-irarsite (Ir-As-S)] with Ir-Pt-Fe, Pt-Pd-S with Pt-Pd-Fe and Ni-Fe 
sulfides (probably pentlandite), Pt-Fe (− Cu-Ni), and Pt-Pd-As with Ni- 
Fe and Cu-Fe sulfides (Fig. 12c-f). 

Rh-Ir-Pt sulfarsenides occur as small polygonal grains (<7 µm) that 
contain platy-shaped microparticles of Ir-Fe-Ni alloys (Fig. 12c), 
whereas Pt-Pd sulfides included within Pt-Pd-Fe alloys are found asso-
ciated with partially oxidized Ni-Fe sulfides (Fig. 12d). Also, Pt-Pd sul-
fides occur as single grains on the edge of chromite (Appendix F: 
Fig. F.1). On the other hand, single aggregates of Pt-Fe(− Cu-Ni) alloys 
(<5 µm) display porous textures (Fig. 12e). With respect to the Pt-Pd 
bearing arsenides, they occur as small irregular shaped grains (<10 
µm) often found on the edges of Ni-Fe and Cu-Fe sulfides, locally 
partially oxidized (Fig. 12f; Appendix F: Fig. F.2). 

Regarding BMS, they are completely included in chromite and usu-
ally occur as single or composite grains of Ni, Ni-Fe and Cu-Fe sulfides 
without PGM. Generally, they are found as euhedral (Fig. 5d and 12 h) to 
anhedral grains and some of them display subrounded morphologies 
(Fig. 12g; Appendix F: Fig. F.3-5). 

Fig. 10. Spider diagram showing the composition of minor and trace elements of chromite from the Cabo Ortegal chromitites and ultramafic rocks. Data are 
normalized to MORB (Pagé and Barnes, 2009) and compared with representative Thetford mines fore-arc chromitites (Pagé and Barnes, 2009), Bou Azzer inter-
mediate- and high-Cr fore-arc chromitites (Pujol-Solà et al., 2021), Sagua de Tánamo back-arc chromitites (González-Jiménez et al., 2015a), and suprasubduction 
mantle-hosted podiform chromitite array (González-Jiménez et al., 2017a). 
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4.4.2. PGM and associated BMS in fractures and in the serpentinized 
silicate matrix 

The PGM assemblage located in chromite fractures and in the 
interstitial silicate matrix correspond to Pt-Pd sulfides, Rh-Ni bearing 
arsenides, and Pt-Ir-Fe-Ni bearing alloys (Fig. 13). These PGM are often 
embedded in secondary silicates (e.g., chlorite and/or serpentine). Pt- 
Pd-S grains occur in the silicate matrix; they are fractured and show 
irregular morphologies, with less than 5 µm in size (Fig. 13a; Appendix 
F: Fig. F.6). Besides, Pt arsenides and Pt-Fe-Ni sulfides are found in the 
silicate matrix as single irregular shaped grains (Appendix F: Fig. F.7). 
On the other hand, Pt-Ni-Fe and Pt-Fe alloys appear as single aggregates 
that can reach up to 7 µm. They are mostly found in open fractures of 
chromite grains (Fig. 13b). Composite grains of Rh-Ni-As are irregular in 
shape and show complex intergrowths with Ir-Fe-Ni and Pt-Fe-Ni-Cu 
(− Ir-Pd) alloys (Fig. 13c-e; Appendix F: Fig. F.8). Ir-Fe-Ni alloys oc-
curs as small micrometric to nanometric particles embedded in a Rh-Ni- 
As matrix (Fig. 13d), whereas Pt-Fe-Ni-Cu (− Ir-Pd) alloys appear as 
aggregates of micrometer to nanometer-sized particles on the edge of the 
composite grain of Rh-Ni-As with Ir-Fe-Ni (Fig. 13e). With respect to 
BMS, they occur in fractures or in the interstitial silicate matrix as 
irregular grains of Fe-Cu-Ni sulfides (probably pentlandite and chalco-
pyrite; Fig. 13f). 

4.4.3. PGM and associated BMS in mineral concentrates obtained after the 
hydroseparation process 

22 PGM grains were found in the hydroseparated concentrates 

(Table 1). The composition of PGM grains was obtained quantitatively 
(Appendix B) and qualitatively (in small grains or mineral phases < 5 µm 
and/or with complex textures; Appendix E). The PGM in Type-I chro-
mitites (n = 5) are restricted to fine size fractions (<25 and 25–45 µm). 
Due to their small size (<5 µm) and complex textures, only two PGM 
grains were analyzed quantitatively (Appendix B: Table B.4). The 
recovered PGM correspond to: i) a subidiomorphic grain of RhAsS 
(hollingworthite) (Fig. 14a, b; Appendix B: Table B.4; analysis 1–8); 
which shows in the polished surface a more reflective zone and a den-
dritic intergrowth with no compositional differences (Fig. 14b); ii) two 
Pt-Fe-Cu-Ni alloys, one with polygonal faces and cracks (Fig. 14c), and 
one with elongated shape and porous texture (Fig. 14d); iii) one allo-
triomorphic PtAs grain (Fig. 14e); and iv) one composite grain of RhNiAs 
with Ir-Fe-Ni, Ir-Fe-Pt-Ni-S, Ni-As, Pt-S-Fe-Ni-Cu, Pt-Fe-Ni-S-As and Ni- 
Fe-Co sulfides (Fig. 14f-i; Appendix B: Table B.4; analysis 9–10 for 
RhNiAs and analysis 11–12 for Ni-Fe-Co sulfide). Element mapping of 
this latter composite grain (Fig. 17, grain from Fig. 14f-i) shows a het-
erogeneous PGE distribution, where Ru, Pd, Pt and minor Cu and Os are 
distributed where the intergrowth of RhNiAs with Ir-Fe-Ni is located. On 
the other hand, minor contents of Cu can be found in the Ni-S-Fe-Rh-As- 
Ru-Ir phase. It is worth noting that Ru concentrates in an elongated zone 
within Ni-Fe-Co sulfide (Fig. 17). 

PGM in the Type-II chromitites (n = 17) are mostly found in the 
finest size fractions (<25 and 25–45 µm), except for one PGM grain 
found in the 45–75 µm size fraction (Table 1). Only fourteen PGM grains 
from this type of chromitite were analyzed quantitively (see Appendix B; 
Table B.5). The recovered PGM correspond to: i) five grains of Pt-Fe (Cu- 
Ni) alloys with irregular shapes and porous textures (Fig. 15a-f), dis-
playing a variable composition between isoferroplatinum, tetraferro-
platinum, and tulameenite (Fig. 15d-f and 16; Appendix B: Table B.5; 
analysis 1–6 and 22–29); ii) one composite grain of irregular shaped Cu- 
Pt-Fe-Pd alloy occurring with Ni-Fe sulfide (Fig. 15g, h); iii) six sub-
idiomorphic to idiomorphic single grains (5–10 µm) of Pt-Ir-Rh-As-S 
with calculated ideal formula nearly to (Pt, Ir, Ru, Rh) (As, S)2 that re-
sembles to that of S-rich sperrylite (formerly platarsite; McDonald and 
Cabri, 2023) (Fig. 15i-j; Appendix B: Table B.5; analysis 10–14 and 
Fig. 15k, Appendix B: Table B.5; analysis 7–9. Analysis of the remaining 
grains: 19–21, 30–37, 38 and 43–48); iv) one allotriomorphic single 
grain of IrAsS (irarsite) (<10 µm in size) (Appendix B: Table B.5; analysis 
39–41); v) two grains of PtAs2 (sperrylite) (Fig. 15l; Appendix B: 
Table B.5; analysis 49–53 from Fig. 15l and analysis 42) that have 
allotriomorphic to idiomorphic shapes with sizes up to 50 µm; and vi) 
two composite grains of Rh-Ni-As (compositions near zaccariniite 
(RhNiAs), Appendix B: Table B.5; analysis 15–17 of PGM of Fig. 15m and 
analysis 18 of PGM of Fig. 15n) with complex intergrowths of Ir-Pt-Fe- 
Ni-bearing alloys (Fig. 15m, n). Most of the intergrowths were not 
quantitatively analyzed due to their small size (<2 µm) and complex 
textures. One of these grains shows a mineral phase of Pt-Ir-Rh sulfar-
senide (Fig. 15n) associated with zaccariniite. Element mapping 
(Fig. 18, grain from Fig. 15n) reveals the complexity of this grain with 
zones composed of Pt-Fe-Cu (left edge). On the other hand, Ru con-
centrates in the Pt-Ir-Rh sulfarsenide phase, whereas Pd concentrated in 
zaccariniite (Fig. 18). 

4.4.4. Micro- and nanostructure of PGM 
For a better understanding of these complex grains, we selected the 

composite grain of RhNiAs with intergrowths of Fe-Cu-Os-Ir-Pt-Ni from 
Fig. 15m (from Type-II chromitite) to obtain a FIB thin-foil cut across the 
whole grain to obtain a representative section. The TEM-EDS elemental 
mapping shows that the matrix is mainly composed of Rh, Ni, As, and 
Pd, whereas the intergrowths are composed of Fe, Cu, Os, Ir, Pt, and Ni 
(Fig. 19). A high-resolution TEM image (HRTEM) of one of these in-
tergrowths reveals that is composed of different nanometric-sized 
polycrystalline aggregates (Fig. 20a). TEM-EDS mapping of the same 
intergrowth shows that these polycrystalline aggregates of nanoparticles 
have compositions of Pt-Ni-Fe and Fe-Cu-Ru-Os-Ir (Fig. 20b). 

Fig. 11. C1 chondrite-normalized (Naldrett and Duke, 1980) patterns of the 
Cabo Ortegal chromitites, dunites, and pyroxenites, and comparison with 
chromitites hosted in the ophiolitic mantle (Proenza et al., 2007 and references 
therein). Data for Ural-Alaskan-type complexes of the Urals are from Garuti 
et al., (2003,2005) and those for layered UG-2 Bushveld chromitites are from 
Naldrett et al. (2012). 
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5. Discussion 

5.1. Effects of metamorphism and alteration on mobility of major and 
minor elements 

In the studied chromitites, the alteration is restricted to thin rims and 
along fractures (Fig. 5a, f-g). The alteration in chromite from Type-I 
chromitites shows that rims and fractures are enriched in Cr and Fe2+

and depleted in Al and Mg when compared to chromite cores (Fig. 8a). 
On the other hand, the alteration rims in chromite from Type-II 

chromitites are enriched in Fe3+ (Fig. 8b) and depleted in Cr, Al and Mg 
in comparison with unaltered chromite cores. 

These textural and chemical evidence suggest different stages of 
alteration, similar to the alteration reported in different ophiolitic 
chromitites around the globe (Proenza et al., 2004; Gervilla et al., 2012; 
Colás et al., 2014, 2017, 2019, 2020; González-Jiménez et al., 2015a, 
2015b, 2017b; Hernández-González et al., 2020). In the Type-I chro-
mitites, Cr and Fe2+ increase under water-saturated reducing conditions 
to form thin Fe2+-rich rims (Gervilla et al., 2012) and chlorite in the 
matrix (Fig. 5a). On the other hand, in Type-II chromitites, the presence 

Fig. 12. Backscattered electron images of representative PGM and base-metal sulfides included on the edge of chromite from thin sections of the Cabo Ortegal 
chromitites. a) Pt-Fe-Cu-Ni alloys with base-metal sulfides, amphibole and chlorite in chromite. b) Pt-Pd sulfide grain included in chromite. c) Polygonal composite 
grain of Rh-Ir-Pt bearing sulfarsenide with Ir-Fe-Ni alloy. d) Composite grain of Pt-Pd and Ni-Fe sulfides with Pt-Pd-Fe alloys and Fe-oxides. e) Porous Pt-bearing 
alloy. f) Pt-Pd arsenide with Ni-Fe sulfide and Fe-oxides. g) Subrounded composite grain of Ni, Ni-Fe and Cu-Fe sulfides. h) Partially desulfurized Ni-Fe sulfide. 
Abbreviations: Amph: amphibole, Chr: chromite, Chl: chlorite. 

M. García-Tudela et al.                                                                                                                                                                                                                        



Ore Geology Reviews 170 (2024) 106109

15

of Fe3+-rich rims around chromite (or fractures) suggest oxidizing con-
ditions that involved the circulation of oxidizing fluids (e.g., Fig. 5f-g). 
As suggested by Colás et al. (2019) these processes are more effective in 
chromitites with low chromite/silicate ratios (i.e. semi-massive chro-
mitites). Such alteration processes in both types of chromitites can be 
linked to the percolation of hydrated fluids during retrograde amphib-
olite facies metamorphism (̴ 8 kbar, 500 ◦C; Tilhac et al., 2016) that 
affected the chromitites, dunites, and pyroxenites of Cabo Ortegal. 

The major element composition of unaltered chromite cores from 
Type-I and Type-II chromitites overlap with the field defined for 
ophiolitic chromitites (Fig. 7b, d). The minor and trace element contents 
in unaltered chromite cores of the studied chromitites show that Ti, Ni, 
Co, and Sc are within the range of primary igneous high-Cr ophiolitic 
chromitites, with exception of Mn, V, and Zn contents, which are higher 
than those typical for ophiolitic chromitites (Fig. 9). Such enrichments 
in Mn, V, and Zn in Type-I and Type-II chromitites could suggest sub-
solidus reequilibration between olivine and chromite promoting an in-
crease in Zn, Co, Mn, Ni, including V and Fe3+ as seen in chromite from 
the podiform chromitites at Kempirsai (Kazakhstan; Hu et al., 2022). On 
the other hand, the Ga contents in chromite from Type-II chromitites 
plot within the field of high-Cr ophiolitic chromitites (Ga < 30 ppm), 
whereas the chromite from Type-I chromitites have higher values, 
similar to those from high- Al ophiolitic chromitites (Ga > 40 ppm; 

Farré-de-Pablo et al., 2020) (Fig. 9). This suggests that chromite from 
Type-I and Type-II chromitites have Ga contents similar to high-Al and 
high-Cr ophiolitic chromitites, respectively. 

Therefore, major and less mobile minor and trace elements contents 
in both types of chromitites are within the range of primary igneous 
chromite, suggesting that the primary chromite composition is 
preserved. 

On the other hand, accessory chromite from dunites and pyroxenites 
shows similar Cr# and TiO2 to the Type-II chromitites (Fig. 7b-c) but are 
more enriched in Fe2O3 (Fig. 8b), V, Zn, and Mn (Fig. 9). This enrich-
ment could be linked to the same alteration processes related to sub-
solidus reequilibration (i.e. promoting an increase in V, Zn, and Mn) and 
circulation of oxidizing fluids (i.e. increase in Fe3+) (Fig. 8b). 

The MORB-normalized trace elements patterns of unaltered chromite 
cores from Type-I and Type-II chromitites from Cabo Ortegal Complex 
are similar to those high-Cr chromitites from the oceanic supra-
subduction zone (SSZ) mantle, specifically to fore-arc chromitites 
(Fig. 10a-b). Moreover, the MORB-normalized trace element patterns of 
accessory chromite from dunites and pyroxenites are similar to that from 
Type-II chromitites (Fig. 10c-d). All these evidences suggest that the 
magmatic fingerprint of a fore-arc environment has been preserved in 
the studied rocks. 

Fig. 13. Backscattered electron images of representative PGM and base-metal sulfides in fractures and in the altered silicate groundmass from thin sections of the 
Cabo Ortegal chromitites. a) Pt-Pd sulfide embedded in chlorite. b) Pt-Ni-Fe alloy. c) Composite grain of Rh-Ni-As with Ir-Fe-Ni and Pt-Fe-Ni-Cu alloys. e) and f) detail 
pictures of the grain in c) showing the textural relation between Rh-Ni-As, Ir-Fe-Ni and Pt-Fe-Ni-Cu. f) Fe-Ni-Cu sulfide in a fracture of chromite. Abbreviations: 
Chr: chromite. 

M. García-Tudela et al.                                                                                                                                                                                                                        



Ore Geology Reviews 170 (2024) 106109

16

5.2. Parental melt compositions 

In the Cr# versus Mg# diagram, the composition of chromite from 
Type-I chromitites falls between the fields defined for accessory Cr- 
spinel in mid-ocean ridge basalts (MORB) and boninites (Fig. 7c), 
whereas the composition of chromite from Type-II chromitites falls near 
the field defined for Cr-spinel in boninites. In the TiO2 versus Al2O3 
diagram (Fig. 21a), the composition of chromite from Type-I chromitites 
overlaps the fields for chromite in abyssal and suprasubduction zone 
(SSZ) peridotites, whereas the composition of chromite from Type-II 
chromitites overlaps the fields for chromite in SSZ peridotites and 

island arc basalt (IAB). It should be noted that the composition of 
accessory chromite from dunites and pyroxenites hosting Type-II chro-
mitites also plots within the fields defined for chromite in SSZ peridotites 
and IAB (Fig. 21a). The composition of this accessory chromite in terms 
of their TiO2 and Al2O3 contents, and its proximity to the Type-II 
chromitites bodies suggest that they formed in the same environment. 

Because the studied chromite preserves a primary chemical compo-
sition, it is possible to estimate their parental melts and, hence, the 
origin of the chromitites. The composition of the melts in equilibrium 
with chromite has been estimated using the Al2O3 and the TiO2 contents 
of chromite from both types of chromitites and the set of equations from 

Fig. 14. Backscattered electron images of representative PGM and base-metal sulfides from hydroseparation concentrates of the studied chromitites. a) Sub-
idiomorphic grain of RhAsS (hollingworthite). b) Same grain in a) but polished. c) Pt-Fe-Ni alloy. d) Porous Pt-Fe-Ni alloy grain. e) Pt-As grain. f) Composite grain of 
Rh-Ni-As with Ir-Fe-Ni, Ir-Fe-Pt-Ni-S, Pt-Fe-Ni-S-As, Pt-S-Fe-Ni-Cu and Ni-Fe-Co sulfide. h) Same grain in f) showing the distribution of the Ir-Fe-Pt-Ni-S and Ir-Fe-Ni 
phases. The red square shows a detailed view in i). i) Rh-Ni-As with intergrowths of Ir-Fe-Ni alloys. Grains of Ni-As showing triple junctions. 
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Zaccarini et al. (2011) cited in Dönmez et al. (2014), which were 
partially derived from data by Kamenetsky et al. (2001). It is worth 
noting that different sets of equations to estimate the parental melts in 
equilibrium with chromite have been derived from the approach of 
Kamenetsky et al. (2001) (e.g., Rollinson, 2008; Pagé and Barnes, 2009; 
Zhou et al., 2014; Zhu and Zhu, 2020), showing similar results. The 
Zaccarini’s equations use the Al2O3 and TiO2 contents of chromite to 
calculate the Al2O3 and TiO2 contents of the parental melts using the 
following equations for high-Cr chromite: 

(Al2O3)melt = 5.2253Ln(Al2O3)chromite − 1.1232  

(TiO2)melt = 1.0897(TiO2)chromite +0.0892,

And the following equations for high-Al chromite: 

(Al2O3)melt = 4.1386Ln(Al2O3)chromite +2.2828  

(TiO2)melt = 0.708Ln(TiO2)chromite +1.6436  

Fig. 15. Backscattered electron images of representative PGM and base-metal sulfides from hydroseparation concentrates of the studied chromitites. a), b) and c) 
Porous Pt-Fe-Ni alloys. d) Same grain in c) but polished. e) and f) Polished grains of Pt-Fe alloys with porous textures. g) Cu-Pt-Fe (Pd) alloy with Fe-Cu-Ni sulfide. h) 
Polished grain of Cu-Pt-Fe-Pd alloy with Ni-Fe sulfide. i) Subidiomorphic grain of Pt-Ir-Ru-Rh-As-S. j) Same grain of Pt-Ir-Ru-Rh-As-S from i) but polished. k) 
Idiomorphic grain of Pt-Ir-Ru-Rh-As-S. l) Idiomorphic grain of PtAs2 (sperrylite). m) Composite grain of Rh-Ni-As with intergrowths of Pt-Ni-Fe and Fe-Cu-Ru-Os-Ir. 
n) Composite grain of Rh-Ni-As with Ir-Fe-Ni, Pt-Fe-Ni-Cu-Ir and Pt-Ir-Rh-As-S. 
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The FeO/MgO ratios of the parental melts were estimated using the 
Maurel (1984, cited by Augé, 1987) empirical expression: 

Ln(FeO/MgO)chromite = 0.47 − 1.07Al#chromite +0.64Fe3+#chromite

+ Ln(FeO/MgO)melt  

with FeO and MgO in wt.%, and Al# = Al/(Cr + Al + Fe3+) and Fe3+# =
Fe3+/(Cr + Al + Fe3+), both in atomic proportions. 

From these calculation, two different parental melts were identified 
for the two types of studied chromitites (Fig. 21b). The calculated 
parental melt for Type-I chromitites yields 13.81 to 14.71 wt% Al2O3 
and TiO2 varying between 0.07 to 0.76 wt%, with a FeO/MgO ratio 
between 1.29–1.59. Both the Al2O3 contents and the FeO/MgO ratio are 
similar to MORB melts (15–16 wt% Al2O3, and 1.2–1.6 FeO/MgO; 
Wilson, 1989; Gale et al., 2013), but not in terms of TiO2 (Fig. 21b; 
typical MORB > 1 wt% TiO2; Stern et al., 2012). The low Ti content in 
MORB-like melts, together with low Ti/V ratio, are characteristic of fore- 
arc basalts (FAB, Reagan et al., 2010; Shervais et al., 2019). Rollinson 
and Adetunji (2013) suggested a FAB-like parental melt composition for 
ophiolitic chromitites from Maqsad (Oman) with TiO2 between 
0.46–1.06 wt% and 14.52–15.82 wt% Al2O3 (typical FAB 15.30 wt% 
Al2O3, 0.97 wt% TiO2, and 1.58 FeO/MgO; Shervais et al., 2019), which 
is similar to the estimated composition of parental melt for Type-I 
chromitites. On the other hand, the calculated parental melt for Type- 
II chromitites yields 9.91–11.43 wt% Al2O3, 0.15–0.25 wt% TiO2, and 
FeO/MgO ratio between 1.80–2.09, corresponding to the typical 

composition of boninitic melts in terms of Al2O3 and TiO2 contents 
(Fig. 21b-d) (typical boninites 10.6–14.4 wt% Al2O3,0.1–0.5 wt% TiO2, 
and 0.7–1.4 FeO/MgO; Hickey and Frey, 1982; 12.93 wt% Al2O3, 0.26 
wt% TiO2, and 0.61 FeO/MgO; Shervais et al., 2021). 

Summarizing, the estimated parental melt compositions suggests 
that Type-I chromitites formed from FAB-like melts, whereas Type-II 
chromitites crystallized from boninitic melts. These melts typically 
occur in fore-arc region of island arcs affected by extension during 
subduction. We propose that these same boninitic melts reacted with 
peridotites to form the pyroxenites of the Herbeira massif (Tilhac et al., 
2016). In this context, we suggest that the origin of the Cabo Ortegal 
chromitites reflects the development of a Cambrian arc (ca. 500 Ma), as 
proposed by Tilhac et al. (2017) for the Herbeira pyroxenites. Indeed, 
some authors have suggested that the terranes in north-western Iberia 
may represent fragments of an ensialic island arc of at least Cambrian- 
Ordovician age (Andonaegui et al., 2002; Santos Zalduegui et al., 2002). 

5.3. Origin of the PGE enrichment in the Cabo Ortegal chromitites and 
associated rocks 

The PPGE enrichment in the studied chromitites resembles that of 
the Type II chromitites (especially Type IIA) described by González- 
Jiménez et al., (2014a,2014b). According to these authors, this PPGE 
enrichment may be related to PGE collection in sulfide melt(s) eventu-
ally segregated through immiscibility from evolving, volatile-rich, 
small-volume melts. These melts are also capable of concentrating S, 

Fig. 15. (continued). 
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along with PPGE (González-Jiménez et al., 2011), favoring the segre-
gation of immiscible S-As rich melt(s), thereby leading to the collection 
of base-metals and further incompatible PGE. 

These small melt fractions, enriched in volatile components, gener-
ated after extensive melt-rock reaction and fractionation, could be 
responsible of crystallization of the chromitites in Cabo Ortegal, as a 
result of percolation and differentiation of these melts from FAB-like to 
boninitic affinities in a sub-arc mantle setting. This is also consistent 
with the fact that PGM and PGM-bearing sulfides are systematically 
located at the edge of chromite grains and included in the interstitial 
silicate matrix (Figs. 12 and 13), evidencing that segregation of sulfide 
melt(s) probably occurred at late stages of, and after, crystallization of 
chromite. Furthermore, sulfide segregation could be favored by 
decreasing S and volatile solubility in the magma as a result of 
increasing polymerization degree by differentiation processes (e.g., 
González-Jiménez et al., 2011 and references therein), resulting in Si- 
richer melts of boninitic affinity parental of the Type-II chromitites 
(Fig. 21), producing a higher concentration of PGE in the latter 
compared to Type-I chromitites. These same boninite-like melts reacted 
with peridotites to form the pyroxenites of the Herbeira massif (Type 2 
and 4 pyroxenites; Tilhac et al., 2016). The fact that the shape of 
chondrite-normalized PGE patterns of the pyroxenite and dunite hosting 
Type-II chromitites (Fig. 11) are very similar to Type-II chromitites, 
showing the same PPGE enrichment reinforces this interpretation. 
Additionally, both Type-I and Type-II chromitites, show similar PGE- 
distribution patterns. This may be explained by the presence of sulfide 
mineralization (PGE and base-metals) in these rocks. According to 
O’Driscoll and González-Jiménez (2016), sulfide-mineralized rocks 
exhibit enrichment in PPGE over IPGE, represented by steep positive 
chondrite-normalized PGE patterns, irrespective of the relative PGE 
abundances. This reflects the immiscible segregation of sulfide melt(s) 
after extensive fractionation of the silicate melt. Thus, the segregation of 
the sulfide melt(s) would scavenge the incompatible PGE (Rh, Pt, Pd), 
due to the chalcophile affinity of these elements (Barnes et al., 1985; Li 
et al., 1996), and, to a lesser extent, with their higher mobility in 
volatile-rich systems (Fleet and Wu, 1995 and references therein). 

5.4. Origin of the PGM assemblages 

5.4.1. Magmatic PGM and BMS assemblages 
The studied PGM assemblage consists mostly of Rh-Ir-Pt-bearing 

arsenides and sulfarsenides, Pt-Ir-Pd-base-metal-bearing alloys, and Pt- 
Pd sulfides. 

According to our observations, PGE-bearing sulfarsenides (irarsite- 
hollingworthite series) and arsenides (sperrylite) are located at the 
edges of chromite (Fig. 12c) and some of them associated with BMS 
(pentlandite and chalcopyrite). In contrast, Moreno et al. (1999) 
observed that PGE-bearing sulfarsenides and arsenides of the Cabo 
Ortegal chromitites were located in the serpentinized silicate matrix, 
and interpreted them as secondary in origin (e.g., formed during ser-
pentinization). But it could also be speculated that the occurrence of 
PGE-bearing sulfarsenides and arsenides in the studied chromitites 
(Fig. 12c and 15i-l) suggests direct crystallization of these PGM from the 
basaltic silicate melt before, or at the same time, to the segregation of the 
immiscible sulfide melt(s) (González-Jiménez et al., 2020 and references 
therein), as has been experimentally demonstrated (Helmy et al., 2013; 
Maier et al., 2015). 

The experiments by Helmy et al. (2013) showed that Pt-As nano- 
associations form at high temperatures (950–1,180 ◦C) in both the sul-
fide melt and the crystallizing monosulfide solid solution (MSS). On the 
other hand, González-Jiménez et al., (2014a,2014b) suggested that 
crystallization of chromite in an open-system (dynamic) environment 
promote changes of T-fO2-fS2-aAs over short time spans. In this context, 
sudden changes of fS2 and/or aAs as result of the influx of fluids/melt 
could destabilize PGM-alloys that crystallized earlier, promoting the 
formation of PGE-sulfides or PGE-sulfarsenides. 

Liang et al. (2019) argued that euhedral shape and similar compo-
sition of PGE-bearing sulfarsenides and arsenides in BMS suggest a direct 
crystallization from the sulfide melt before crystallization of MSS and 
intermediate solid solution (ISS). 

Additionally, the Pt-Pd sulfides (probably braggite-cooperite- 
vysotskyte series) observed in Type-I and Type-II chromitites 
(Fig. 12b, 13a; Appendix F: Figs. F.1, F.6) could suggest that they 

Fig. 16. Compositions of Pt dominated alloys from chromitites of Cabo Ortegal, in the Pt-Fe-Ni + Cu ternary diagram. Colored squares show the composition of the 
Pt-bearing alloys in the inset. Blue, red, and violet squares correspond to analyses 1–3, 4–6 and 22–29 respectively (Table B.5). 
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crystallized at high temperatures directly from basaltic magmas in 
equilibrium with sulfide Ni-Fe-Cu melts or could represent exsolved 
products from BMS. Cooperite is stable at temperatures above 1,100 ◦C, 
while braggite and vysotskyte are stable below 1,100 ◦C and 1,000 ◦C, 
respectively (Verryn and Merkle, 2000) suggesting that some Pt-Pd 
sulfides in the studied chromitites could crystallized at magmatic con-
ditions. However, discrete Pt-Pd sulfides as inclusions in Pt-Pd-Fe alloys 
in contact with Fe-oxides (probably as a result of desulfurization of Ni-Fe 
sulfides) at the edge of chromite (Fig. 12d) could suggest that the Pt-Pd 
sulfides were exsolved from BMS after crystallization (O’Driscoll and 
González-Jiménez, 2016). In this context, the Pt-Pd-Fe alloys could 
represent alteration products from desulfurization of Pt-Pd sulfides 
originally exsolved from BMS (Fig. 12d). Similar observations were 
made by Moreno et al. (1999), who interpreted that Pt-Pd sulfides 
associated with pentlandite and chalcopyrite, may have formed by 
exsolution from solid solution in BMS. Nevertheless, Moreno and co-
authors, suggested that the origin of Pt-Pd sulfides not associated with 
BMS is uncertain and may represent alteration products of primary 
PGM. In view of all these observations, we suggest the possibility that 
some Pt-Pd sulfides could have crystallized under magmatic condition, 
as well as that some of them may represent exsolved products from BMS 
and/or alteration of primary PGM. 

The observation of a grain with a composition close to iso-
ferroplatinum (Fig. 15e and 16) may suggest crystallization from a 
sulfide melt. Isoferroplatinum and Pt-Pd sulfides (cooperite) can crys-
tallize directly from a sulfide melt fraction (e.g., Genkin and 
Evstigneeva, 1986) at higher fS2 and temperatures around 

1,100–1,000 ◦C as demonstrated experimentally by Makovicky and 
Karup-Møller (2000) and Majzlan et al. (2002) for associations of Pt-rich 
alloys and Pt-Pd-Rh-Ir sulfides. 

A dynamic environment promotes the immiscible segregation of 
sulfide melt(s), producing BMS associated with PGM, which could 
collect any PGE remaining in the melt (O’Driscoll and González- 
Jiménez, 2016). The occurrence of subrounded to polygonal-shaped 
composite grains of Ni-Fe (pentlandite), Cu-Fe (chalcopyrite/ 
bornite?), and Ni sulfides (millerite/ heazlewoodite?) (Fig. 5d, 12 g; 
Appendix F: Figs. F.3, F.4, and F.5) could reflect the fractionation of high 
temperature sulfide melt and its subsequent sub-solidus reequilibration. 
These BMS could reflect the typical crystallization of MSS and ISS (in-
termediate solid solution) from sulfide melt(s) and later decomposition 
into pentlandite and pyrrhotite and chalcopyrite/bornite, respectively 
(e.g., Holwell and McDonald, 2010), or alternatively the decomposition 
of ISS and high temperature heazlewoodite solid solution (reacting with 
MSS), producing chalcopyrite and pentlandite, respectively (O’Driscoll 
and González-Jiménez, 2016 and references therein). 

An ISS is the product of the recrystallization of a Cu-rich liquid at 
around 850 ◦C as it cools, which can recrystallize into Cu-Fe sulfides 
(chalcopyrite, bornite, and cubanite) while segregating a semi-metallic- 
rich melt (enriched in Te, Bi, As, and/or Sb) capable of forming PGM of 
Pt and Pd (Holwell and McDonald, 2010). Crystallization of this residual 
semi-metallic-rich melt forms discrete PGM around the margins of sul-
fide grains and could explain the occurrence of small Pt-Pd-bearing ar-
senides on the edges of Ni-Fe and Cu-Fe sulfides (pentlandite and 
chalcopyrite) (Fig. 12f; Appendix F: Fig. F.2), or the bismuthides (Pd-Pt- 

Fig. 17. Element distribution map of the free PGM of Fig. 14f from the Type-I chromitites of Cabo Ortegal.  
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Bi) and tellurides (Pd-Te-Bi) described by Moreno et al. (1999). Similar 
observations on the pyroxenites of the Herbeira massif by Tilhac et al. 
(2020), show that BMS (pyrrhotite, pentlandite, and chalcopyrite) with 
minor PGM (Pt-Pd-rich tellurides, bismuthides, and arsenides) occur in 
the interstitial matrix. These authors interpreted them to be exsolved 
products after crystallization of primary sulfides. 

5.4.2. Secondary PGM and BMS assemblages 
After crystallization in the magmatic stage PGM and PGM-bearing 

sulfides located at the edges of chromite and in the silicate matrix 
(Figs. 12 and 13) are more vulnerable to post-magmatic processes. As 
previously reported, the ultramafic rocks of the Herbeira massif have 
undergone retrograde amphibolite facies metamorphism (~8 kbar, 
500 ◦C; Tilhac et al., 2016) related to the exhumation of the HP-HT rocks 
of the Capelada Unit, which may have triggered a local PGE redistri-
bution, alteration of primary PGM, and formation of secondary PGM in 
the studied chromitites. 

The observation of some Pt-Fe-Cu-(Ni) alloys with porous textures 
(Figs. 12e, 13b, 14d, and 15a-d, f) suggests that they were formed after 
the alteration of PGE-rich BMS or preexisting PGM. Strongly reducing 
conditions (e.g., serpentinization) promote the alteration (desulfuriza-
tion) of magmatic (PGE-rich) BMS or PGM resulting in the formation of 
PGE- and/or base-metal- alloys (Cabri et al., 2022 and references 
therein). Porous grains with compositions between tetraferroplatinum 
and tulameenite (Fig. 15d, f and 16) suggest that they are formed by low- 
temperature alteration of primary PGM (O’Driscoll and González- 
Jiménez, 2016 and references therein). Moreover, the occurrence of 
discrete Pt-Fe alloys on the edge of Ni-Fe sulfides (Fig. 12a) could sug-
gest that they are products of alteration of pentlandite (e.g., Prichard 
et al., 2008) or formed by the replacement of Pt-Pd sulfides during 
desulfurization processes with sulfide-undersaturated metamorphic 

fluids (Li and Ripley, 2006). Their location at the edge of chromite 
crystals or interstitial silicate matrix favored interaction with meta-
morphic fluids, whereas porous textures (Fig. 15a-d, f) suggest the 
accumulation of small nanoparticles of Pt, Fe, Cu, and Ni precipitated 
from metamorphic fluids (Farré-de-Pablo et al., 2022). 

Our HRTEM observations regarding the intergrowths of Pt-Ni-Fe and 
Fe-Cu-Ru-Os-Ir with Rh-Ni-As (interpreted as zaccariniite) (Fig. 15m, 
19, and 20), reveal that these intergrowths are formed by aggregates of 
polycrystalline particles of nanometric size (i.e. nanoparticles) 
(Fig. 20a). In this context, minerals can exist in various nanostructures 
such as nanofilms, nanorods, or nanoparticles, depending on whether 
one, two, or three dimensions are reduced to the nanoscale, respectively. 
They are considered mineral nanoparticles when they coexist in larger 
(micrometer-scale) sizes and are termed nanominerals when they 
exclusively exist within the nanometric size range (González-Jiménez 
and Reich, 2017). Jiménez-Franco et al. (2020) noted that hydrous 
fluids caused the desulfurization of laurite, releasing minute particles of 
Ru-Os-Ir alloys < 50 nm in diameter. Jiménez-Franco and coauthors 
based their observations on an intergrowth of nano-sized (<5 nm) 
laurite with Ru-Os-Ir-(S-As) and Ru-Os-Ir alloys (5–10 nm) within a Fe- 
Mn oxide/hydroxide matrix. They suggested that these nanoparticles are 
the products of the desulfurization process of magmatic laurite, which 
decomposed into smaller laurite nanoparticles. These smaller particles 
then underwent a progressive transformation into Ru-Os-Ir-(S-As) par-
ticles and, eventually, into Ru-Os-Ir nanoalloys. The reorganization 
(coarsening) of the desulfurizing laurite within a matrix transforming to 
Fe-Mn oxide/hydroxide resulted in the formation of nanoscale in-
tergrowths of Ru-Os-Ir-(S-As) particles and Ru-Os-Ir alloys with Fe-Mn 
oxide/hydroxide (Jiménez-Franco et al., 2020). According to this, it 
could be speculated that the observed intergrowths of Pt-Ni-Fe and Fe- 
Cu-Ru-Os-Ir alloys with Rh-Ni-As in the Cabo Ortegal chromitites were 

Fig. 18. Element distribution map of the free PGM of Fig. 15n from the Type-II chromitites of Cabo Ortegal.  
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formed by desulfurization of primary PGM by metamorphic fluids that 
released PGE-nanoparticles and base-metal alloys, thus allowing the 
reorganization and accumulation of these nanoparticles into complex 
intergrowths. 

Zaccariniite is usually interpreted as a secondary mineral formed 
during post-magmatic processes (e.g., serpentinization; Vymazalova 
et al., 2012). Observations that Pt-Ir-Rh-As-S occur with zaccariniite and 
complex intergrowths of PGE-base metal alloys (Fig. 15n and 18) could 
suggest that zaccariniite and PGE-base metal alloys represent the 
products of desulfurization of Pt-Ir-Rh-As-S PGM. According to Farré-de- 
Pablo et al. (2022), the loss of S of primary PGM is compensated by the 
incorporation of Fe, Ni, Cu (Mn) from metamorphic fluids. In this 
context, desulfurization of PGM of Pt-Ir-Rh-As-S and addition of PGE and 
base-metals (i.e. Ni and Fe) by metamorphic fluids could have triggered 
the formation of zaccariniite and PGE alloys in the studied chromitites. 

Summarizing, we propose that the Cabo Ortegal chromitites crys-
tallized from volatile-rich small-volume melts that concentrate S, Pt, and 
Pd and favored the segregation of immiscible sulfide melt(s) after 
chromite crystallization, producing further concentration of PGE 
(especially Pt and Pd). The PGM assemblage in Type-I and Type-II 
chromitites suggests that the origin of the PGM is a combination of 
direct crystallization from silicate/sulfide melt, followed by the frac-
tionation of sulfide melt, and subsequent sub-solidus reequilibration. 
Post-magmatic processes related to the percolation of hydrated meta-
morphic fluids responsible for retrograde metamorphism at amphibolite 
facies (e.g., exhumation of the HP-HT rocks of the Capelada Unit; Tilhac 

et al., 2016 and references therein) would promote local remobilization 
of PGE, which gave place to the alteration of primary PGM and forma-
tion of secondary PGM. This is recorded by the negative slope between 
Pt and Pd and high Pt/Pd ratios in chromitites, dunites, and pyroxenites 
of the Herbeira massif (Fig. 11; Appendix D). Pd has a greater tendency 
to be mobilized by metamorphic fluids rather than Pt as experimentally 
demonstrated by Wood et al. (1992) and Evstigneeva and Tarkian 
(1996). This suggests that high Pt/Pd ratios and negative slope between 
Pt and Pd in chromitites and associated host rocks would result from 
remobilization of Pd by metamorphic fluids leaving residual Pt. It should 
also be noted that similar PGM assemblages and their textural location 
were described by Bridges et al. (1993) in the PGE-rich chromitites (up 
to 11,200 ppb) from the Bragança Massif in northern Portugal. It is thus 
possible that the same process that led to PGE enrichment and the for-
mation of a PGM assemblage in the Cabo Ortegal chromitites took place 
in the relatively close Bragança chromitites. 

5.5. Geodynamic setting and tectonic implications 

Moreno et al. (2001) interpreted the ultramafic rocks of the Herbeira 
massif as a stratiform pyroxenite-dunite association at the crust-mantle 
interface below an arc, originated from batches of Cr- and PGE- rich 
mantle-derived magmas to explain the formation of Pt-Pd-rich chromi-
tites. Other authors proposed that partial melting of residual tectonites 
or sub-arc mantle caused by the addition of supercritical fluids/melts in 
a suprasubduction environment with accumulation of magma formed 

Fig. 19. Scanning transmission electron microscopy (STEM) image of the whole thin-foil obtained from the PGM of Fig. 15m and corresponding TEM-EDS 
elemental mapping. 
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pyroxenites and dunites from different parental liquids (Peucat et al., 
1990; Girardeau and Gil Ibarguchi, 1991; Santos Zalduegui et al., 2002). 
More recently, Tilhac et al., (2016,2017,2020) suggested that the origin 
of the ultramafic rocks is related to the percolation and differentiation of 
Si-undersaturated picritic to boninitic melts in an old subcontinental 

lithospheric mantle beneath an arc. 
Our calculated parental melt compositions suggests that Type-I 

chromitites crystallized from FAB-like melts, while Type-II chromitites 
crystallized from boninitic-like parental melts. These melts are charac-
teristic of fore-arc regions affected by extension during subduction. 

Fig. 20. A) high-magnification hrtem image of one intergrowth (see text for details), showing polycrystalline aggregates of nanoparticles. b) stem image of the same 
intergrowth and corresponding tem-eds elemental mapping. 
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Minor and trace elements contents in the unaltered chromite cores from 
both types of chromitites show patterns very similar to fore-arc chro-
mitites (Fig. 10). In this context, we propose that the origin of these 
chromitites are the result of the percolation and differentiation of small- 
volume melts of FAB-like to boninitic melts in a sub-arc mantle envi-
ronment. According to our model, the same boninitic melts reacted with 
peridotites to form the pyroxenites of the Herbeira massif. Thus, we 
suggest that the origin of the Cabo Ortegal chromitites and their PGE 
enrichment occurred during the developing of an arc of (at least) 
Cambrian-Ordovician age, as suggested by Tilhac et al. (2017) for the 
origin the Cabo Ortegal pyroxenites. Some authors have suggested that 
the terranes in north-western Iberia probably represent fragments of an 
ensialic island arc of Cambrian-Ordovician age (Andonaegui et al., 2002; 
Santos Zalduegui et al., 2002). Even though the age of this arc is 
controversial, a cluster of ages around 500 Ma has been reported in 
ultramafic rocks of Cabo Ortegal (Van Calsteren et al., 1979; Santos 
Zalduegui et al., 2002) and Sm-Nd whole-rock–clinopyroxene isochrons 
in pyroxenites have yielded Cambrian ages (ca. 500 Ma), interpreted as 

the age of the magmatic-metasomatic protoliths (Santos Zalduegui et al., 
2002; Tilhac et al., 2017). 

5.6. Comparison with other ophiolitic chromitites involved in the 
European Variscan orogeny 

Table 2 reports the occurrence of chromitite orebodies within 
ophiolitic complexes involved in the European Variscan orogeny. All 
these chromitites are related to suprasubduction zones, generated in 
fore-arc or back-arc environments. Most of these chromitite bodies show 
massive textures and variable sizes (from a few meters to 100′s meters 
long) and are hosted in dunites and harzburgites. Their Cr# is highly 
variable from 0.22 (Calzadilla de los Barros, Spain; Merinero et al., 
2013) to 0.93 (Avren, Bulgaria; Colás et al., 2014; Colás, 2015). The 
following massifs host high-Cr chromitites: Bragança (Portugal; Cr# =
0.62–0.85; Bridges et al., 1995), Cabo Ortegal-Herbeira (Spain; Cr# =
0.60–0.82; this study), Kraubath and Hochgrössen (Austria; Cr# =
0.80–0.86 and 0.74–0.84, respectively; Malitch et al., 2003), and Avren 

Fig. 21. A) chemical composition of chromite from chromitites, dunites, and pyroxenites of cabo ortegal complex in terms of tio2 vs. Al2O3 compositions. For 
comparison, compositional fields of chromite from different geotectonic settings are shown. Data of compositional fields from Kamenetsky et al. (2001): LIP = large 
igneous province; OIB = ocean island basalt; IAB = island arc basalt; MORB = mid-ocean ridge basalt; SSZ = suprasubduction zone. b) TiO2 and Al2O3 (wt. %) 
content of the melt calculated to be in equilibrium with chromite from the Cabo Ortegal chromitites compared to the fields for chromites from boninites and MORB 
sources (after Pagé and Barnes, 2009). Literature data of the Cabo Ortegal chromitites taken from García-Izquierdo et al. (2011) for comparison. c) and d) Al2O3 and 
TiO2 contents of the melt in equilibrium with the Cabo Ortegal chromitites. Regression lines were obtained from Zaccarini et al. (2011) and are based on data from 
chromite-melt inclusions in MORB and arc lavas described by Kamenetsky et al. (2001) and Rollinson (2008). Literature data of the Cabo Ortegal chromitites taken 
from García-Izquierdo et al. (2011) for comparison. The deep and shallow fields correspond to the chromite and melt compositions of the Wadi Rajmi mantle 
chromitites in Oman (Rollinson, 2008) and are used for comparison. 
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Table 2 
Comparison with other ophiolitic chromitites involved in the European Variscan orogeny. Bragança (Portugal) data from Bridges (1992), Bridges et al., (1993,1995), 
and Mateus et al. (2016). Herbeira (Cabo Ortegal, Spain) data from Moreno et al., (1999,2001), Santos Zalduegui et al. (2002), Tilhac et al. (2017), and this study. 
Calzadilla de los Barros (Spain) data from Merinero et al., (2013,2014) and Arenas et al. (2018). Kraubath and Hochgrössen (Austria) data from Hiessleitner (1953), El 
Ageed (1979), Thalhammer et al. (1990), Malitch et al., (2001,2003), and Melcher and Meisel (2004). Ślęża (Poland) data from Birecki (1962), Kryza and Pin (2010), 
Delura (2012), Wojtulek et al., (2016,2019), and Awdankiewicz et al. (2021). Tisovita Iuti (Romania) data from Plissart et al. (2017). Dobromirtsi (Bulgaria) data from 
González-Jiménez et al., (2009, 2015a). Chernichevo (Bulgaria) data from Bonev et al. (2013), Colás et al. (2014), Colás (2015), and González-Jiménez et al. (2018). 
Golyamo Kamenyane (Bulgaria) data from Gervilla et al. (2012), Bonev et al. (2013), Colás et al. (2014), and Colás (2015). Avren and Yakovitsa (Bulgaria) data from 
Bonev et al. (2013), Colás et al. (2014), and Colás (2015).  

Ophiolite Country Protolith age (Ma) Orebody 
length 

Chromitite 
host rock 

Textures Geodynamic 
setting 

Cr# 
∑

PGE(ppb) in 
chromitites 

PGM 

Bragança Portugal 488 ± 10 
495 ± 8 
U-Pb (SHRIMP) 
Zircon grains from 
metagabbro and 
garnet-pyroxenite 

− Dunite Disseminated 
Massive layers 
Schlieren 

SSZ 0.62–0.85 24–11,200 Hollingworthite 
Platarsite (S-rich 
sperrylite) 
Pt-Pd-Cu alloys 
Pt-Fe-Cu alloys 
Pt-Ir alloys 
Atheneite (Pd, Hg, 
Pt)3As 
Froodite (PdBi2) 
Potarite (PdHg)  
Sobolevskite (PdBi) 
Pd-Sn minerals 
Laurite 

Herbeira 
(Cabo 
Ortegal) 

Spain ̴500 
Sm-Nd whole-rock- 
clinopyroxene age 
from pyroxenites 

Few 
meters 

Dunite Massive 
Semi-massive 
horizons 
Schlieren 

SSZ (FA) 0.60–0.82 76–13,375 Pt-Pd sulfides 
(braggite-cooperite) 
Pt-Pd-Ni-S 
Irarsite 
Hollingworthite  
S-rich sperrylite 
(formerly platarsite) 
Sperrylite 
Tetraferroplatinum 
Pt-Fe-Ni-(Cu) alloys 
Zvyangintsevite 
(Pd3Pb) 
RhNiAs (zaccariniite) 
Pd-Au-Hg 
Pd-Ni-S 
Pt-Rh-Ni-Cu-Fe 
Pt-Rh-Fe 
Pt-Cu 
Pt-Au-Cu 
Pt-Pd-Au 
Pd-Pt-As 
Pd-Pt-Bi 
Pd-Te-Bi 
Pd-Sb 
Potarite 
Laurite 
Os-Ru-Fe-Ni-S 
Pd-Pt oxides 

Calzadilla de 
los Barros 

Spain Ediacaran 
c. 600 
U-Pb (SHRIMP) 
Zircon grain from 
gabbroic rocks 

6–8 m Serpentinite Semi-massive 
Massive 
Disseminated 

SSZ 0.22–0.55 29–291 Laurite-erlichmanite 

Kraubath 
(Speik 
complex) 

Austria 554 ± 37 
Sm-Nd Whole-rock 
age from pyroxenite 
and gabbro 
550 ± 17 
Re-Os isotope age 
from pyroxenites 

− Dunite 
Harzburgite 

Schlieren 
Massive 

SSZ 0.80–0.86 731–1,190 Bowieite (Rh2S3) 
Cuprorhodsite 
(CuRh2S4) 
Hollingworthite 
Rh2S3 

Platarsite (S-rich 
sperrylite) 
Sperrylite 
Pt-Fe alloys 
Keithconnite (Pd3- 

xTe) 
Mertierite II (Pd8(Sb, 
As)3) 
Potarite 
Stibiopalladinite 
(Pd5Sb2) 
Irarsite 
Pd3Fe 
Laurite 
Erlichmanite 

(continued on next page) 
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and Yakobitsa (Bulgaria; Cr# = 0.84–0.93 and 0.60–0.83, respectively; 
Colás et al., 2014; Colás, 2015); whereas high-Al chromitites are found 
in Calzadilla de los Barros (Spain; Cr# = 0.22–0.55; Merinero et al., 
2013, 2014), Ślęża (Poland; Cr# = 0.50–0.69; Wojtulek et al., 2016, 
2019), Tisovita Iuti (Romania; Cr# = 0.39–0.48; Plissart et al., 2017), 
Dobromirtsi (Bulgaria; Cr# = 0.55–0.74; González-Jiménez et al., 2009, 
2015a), and Chernichevo and Golyamo Kamenyane (Bulgaria; Cr# =
0.55 and 0.52–0.60, respectively; Colás et al., 2014; Colás, 2015; Ger-
villa et al., 2012). 

The observed range of PGE content in Variscan ophiolitic chromitites 
is very large, from 24 ppb (Bragança; Bridges et al., 1993) to 13,375 ppb 
(Cabo Ortegal; Moreno et al., 2001). Interestingly, some of these chro-
mitites have strongly variable PGE contents that can reach ppm levels, 
for example Bragança (up to 11,200 ppb; Bridges et al., 1993), Cabo 
Ortegal (up to 13,375 ppb; Moreno et al., 1999, 2001 and this study), 
Kraubath and Hochgrössen (731–1,190 ppb and 1,098–2,640 ppb, 
respectively; Malitch et al., 2001, 2003), Dobromirtsi (60–1,537 ppb; 
González-Jiménez et al., 2015a), and Chernichevo (886–3,661 ppb; 
González-Jiménez et al., 2018). Nevertheless, the most PGE-rich 

chromitites are those from Cabo Ortegal (76–13,375 ppb; Moreno 
et al., 1999, 2001; this study) and Bragança (24–11,200 ppb; Bridges 
et al., 1993), both massifs with similar PGE contents. It should be noted 
that both ophiolitic chromitites are located in the Variscan Iberian 
massif (Bridges et al., 1993; Moreno et al., 1999, 2001 and references 
therein). In addition, they show a clear PPGE enrichment over IPGE 
(Cabo Ortegal: Moreno et al., 1999, 2001 and the present study; Bra-
gança: Bridges et al., 1993). This is also reflected in the PGM miner-
alogy, both massifs show a similar PGM assemblage with abundance of 
Rh-Pt-Pd-rich PGM, which include sperrylite (and S-rich variety), Pt-Fe 
(Pd-Cu) alloys, hollingworthite, and potarite (PdHg) (Table 2). 
Furthermore, the Kraubath chromitites also exhibit PPGE enrichment 
(Malitch et al., 2001, 2003) and display similar PGM assemblages when 
compared with those from Cabo Ortegal and Bragança chromitites 
(Table 2). Notably, the Kraubath chromitites also have similar Cr# with 
Cabo Ortegal and Bragança chromitites. 

The ages for the protoliths of the ophiolitic massifs involved in the 
European Variscan Orogen ranges between Proterozoic to Devonian 
(Table 2). However, the age of protoliths for the ophiolites of the Central 

Table 2 (continued ) 

Ophiolite Country Protolith age (Ma) Orebody 
length 

Chromitite 
host rock 

Textures Geodynamic 
setting 

Cr# 
∑

PGE(ppb) in 
chromitites 

PGM 

Mayakite (PdNiAs) 
PdRhAs 
Os-Ir alloys 
Os 

Hochgrössen 
(Speik 
complex) 

Austria 554 ± 37 
Sm-Nd Whole-rock 
age from pyroxenite 
and gabbro 
550 ± 17 
Re-Os isotope age 
from pyroxenites 

− Dunite 
Harzburgite 

Schlieren 
Massive 

SSZ 0.74–0.84 1,098–2,640 Laurite 
Os-Ir alloys 
Sperrylite 
S-rich sperrylite 
Irarsite- 
hollingworthite 
Pd-Pt-Sb 
Pt 
Erlichmanite 
Pt-Cu sulfarsenide 
Cooperite 

Ślęża Poland 400 ± 10 
403 ± 6 
U-Pb (SHRIMP) 
Zircon from 
metagabbroic and 
metavolcanic rocks 

Up to 22 
m 

Serpentinite Massive 
Laminated 
Nodular 
Disseminated 
Brecciated 
Veinlets 

SSZ 0.50–0.69 42–79 −

Tisovita Iuti Romania 409 ± 38 
Sm-Nd Whole-rock 
isochron age from 
gabbroic rocks 

− Dunite Massive 
Nodular 
Disseminated 

SSZ (BAB) 0.39–0.48 − −

Dobromirtsi 
(Central 
Rhodope 
massif) 

Bulgaria * 10′s of m Dunite Massive 
Semi-massive 
Disseminated 
Nodular 

SSZ (BAB) 0.55–0.74 60–1,537 Laurite 
Os-Ir alloys 
Irarsite- 
hollingworthite 
Os 
Pd-Sn-Cu 
Rh-Os-Sb 

Chernichevo 
(Eastern 
Rhodope 
massif) 

Bulgaria * Few 10́s 
of m 

Dunite 
Harzburgite 

Massive 
Semi-massive 

SSZ (BAB) 0.55 886–3,661 −

Golyamo 
Kamenyane 
(Eastern 
Rhodope 
massif) 

Bulgaria * Few 100′s 
of m 

Dunite 
Harzburgite 

Semi-massive 
Massive 

SSZ (BAB) 0.52–0.60 − −

Avren 
(Eastern 
Rhodope 
massif) 

Bulgaria * Few 10́s 
of m 

Dunite 
Harzburgite 

Massive 
Semi-massive 
Disseminated 

SSZ (BAB) 0.84–0.93 − −

Yakovitsa 
(Eastern 
Rhodope 
massif) 

Bulgaria * Few 10́s 
of m 

Dunite 
Harzburgite 

Massive 
Semi-massive 
Disseminated 

SSZ (BAB) 0.60–0.83 − −

*Undetermined age of the protolith. 
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and Eastern Rhodopes (Dobromirtsi, Chernichevo, Golyamo Kame-
nyane, Avren, and Yakovitsa) remains undetermined. Indeed, the pro-
toliths of these metamorphosed mafic–ultramafic rocks have been 
considered to be Precambrian, Paleozoic or even Mesozoic (see Colás, 
2015; González-Jiménez et al., 2015a and references therein). Interest-
ingly, the ophiolite bodies of the Iberian massif, Herbeira (Cabo Ortegal) 
and Bragança have similar protolith ages of ca. ~ 500 Ma (Santos Zal-
duegui et al., 2002; Tilhac et al., 2017) and 495–488 Ma (Mateus et al., 
2016), respectively. The mafic–ultramafic rocks of Bragança are equiv-
alent to those from the Herbeira massif of Cabo Ortegal (Santos Zal-
duegui et al., 2002 and references therein) and have also been linked to 
the development of a Cambrian-Ordovician arc (Andonaegui et al., 
2002; Santos Zalduegui et al., 2002). 

In terms of their geodynamic setting, host rocks, textures, PGE con-
tents, PGM assemblage, and Cr#, the studied Cabo Ortegal chromitites 
are similar to other Variscan chromitites, particularly those documented 
in the Bragança massif in northern Portugal and those in the Kraubath 
massif in Austria. 

6. Concluding remarks 

We interpret that the studied chromitites of the Cabo Ortegal Com-
plex formed in a sub-arc mantle environment probably in a fore-arc 
region. Besides, we interpret that Type-I chromitites crystallized from 
FAB-like melts in an early stage and Type-II chromitites from boninitic 
melts in the ensuing stage. The studied chromitites are enriched in PGE, 
showing PPGE enrichment with respect to IPGE. Observations that PGM 
associated with BMS are systematically located at the edges of chromite 
and in the silicate matrix of the chromitites suggest that the origin of the 
PGE enrichment is related to S-As rich melt(s) that collected base-metals 
and incompatible PGE. These melts were segregated by immiscibility 
from volatile-rich small volume melts. The PGM assemblage observed in 
the studied chromitites reflects the direct crystallization from silicate/ 
sulfide melt(s), followed by fractionation of sulfide melt(s) and subse-
quent subsolidus reequilibration. The origin of these chromitites 
together with their PGE enrichment is linked to the developing of an arc 
of at least Cambrian-Ordovician age. 

Post-magmatic processes related to the percolation of hydrated fluids 
during retrograde amphibolite metamorphism (~8 kbar, 500 ◦C) during 
the exhumation at c. 380 Ma of the HP-HT rocks of the Capelada Unit 
affected dunites, pyroxenites, and chromitites of the Herbeira massif. 
This led to local remobilization of PGE, promoting alteration of primary 
PGM and formation of secondary PGM, but preserving the magmatic 
composition of the chromite cores in the chromitites. 

Finally, the studied Cabo Ortegal chromitites in terms of their geo-
dynamic setting, host rocks, textures, PGE contents, PGM assemblage, 
and Cr# are similar to the Variscan chromitites documented in the 
Bragança (northern Portugal) and Kraubath (Styria, Austria) ophiolitic 
massifs. 
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(2021-SGR-00239, Agència de Gestió d’Ajuts Universitaris i de Recerca 
de Catalunya). We would like to thank the project PID2020-112489 GB- 
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Augé, T., 1987. Chromite deposits in the northern Oman ophiolite: Mineralogical 
constraints. Mineral. Deposita 22, 1–10. https://doi.org/10.1007/BF00204235. 

Awdankiewicz, M., Kryza, R., Turniak, K., Ovtcharova, M., Schaltegger, U., 2021. The 
Central Sudetic Ophiolite (European Variscan Belt): precise U-Pb zircon dating and 
geotectonic implications. Geol. Mag. 158, 555–566. https://doi.org/10.1017/ 
S0016756820000722. 

M. García-Tudela et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/j.oregeorev.2024.106109
https://doi.org/10.1016/j.oregeorev.2024.106109
https://doi.org/10.1111/j.1365-3121.2007.00768.x
https://doi.org/10.5209/rev_JIGE.2012.v38.n2.40465
https://doi.org/10.5209/rev_JIGE.2012.v38.n2.40465
https://doi.org/10.1016/j.gr.2014.10.016
https://doi.org/10.1016/j.gr.2014.10.016
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0025
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0025
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0025
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0025
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0030
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0030
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0030
https://doi.org/10.1007/s00531-013-0880-x
https://doi.org/10.1007/s00531-013-0880-x
https://doi.org/10.1016/j.earscirev.2016.08.010
https://doi.org/10.1016/j.gr.2018.01.015
https://doi.org/10.1007/BF00204235
https://doi.org/10.1017/S0016756820000722
https://doi.org/10.1017/S0016756820000722


Ore Geology Reviews 170 (2024) 106109

28

Barnes, S.-J., Naldrett, A.J., Gorton, M.P., 1985. The origin of the fractionation of 
platinum-group elements in terrestrial magmas. Chem. Geol. 53, 303–323. 
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González-Jiménez, J.M., Proenza, J.A., Martini, M., Camprubí, A., Griffin, W.L., 
O’Reilly, S.Y., Pearson, N.J., 2017b. Deposits associated with ultramafic–mafic 
complexes in Mexico: the Loma Baya case. Ore Geol. Rev. 81, 1053–1065. https:// 
doi.org/10.1016/j.oregeorev.2015.05.014. 
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Marcos, A., Marquínez, J., Pérez-Estaún, A., Pulgar, J.A., Bastida, F., 1984. Nuevas 
aportaciones al conocimiento de la evolución tectonometamórfica del Complejo de 
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Henry, H., Girardeau, J., Grégoire, M., 2016. Primitive Arc Magmatism and 
Delamination: Petrology and Geochemistry of Pyroxenites from the Cabo Ortegal 
Complex. Spain. J. Petrology 57, 1921–1954. https://doi.org/10.1093/petrology/ 
egw064. 
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Poland). Ore Geol. Rev. 106, 97–112. https://doi.org/10.1016/j. 
oregeorev.2019.01.021. 

Wood, S.A., Mountain, B.W., Pan, P., 1992. The aqueous geochemistry of platinum, 
palladium and gold; recent experimental constraints and a re-evaluation of 
theoretical predictions. Can. Mineral. 30, 955–982. 

Zaccarini, F., Garuti, G., Proenza, J.A., Campos, L., Thalhammer, O.A., Aiglsperger, T., 
Lewis, J.F., 2011. Chromite and platinum group elements mineralization in the Santa 
Elena Ultramafic Nappe (Costa Rica): geodynamic implications. Geol. Acta Int. Earth 
Sci. J. 9, 407–423. 

Zhou, M.-F., Robinson, P.T., Su, B.-X., Gao, J.-F., Li, J.-W., Yang, J.-S., Malpas, J., 2014. 
Compositions of chromite, associated minerals, and parental magmas of podiform 
chromite deposits: The role of slab contamination of asthenospheric melts in 
suprasubduction zone environments. Gondw. Res. 26, 262–283. https://doi.org/ 
10.1016/j.gr.2013.12.011. 

Zhu, Q., Zhu, Y., 2020. Chromitite genesis based on chrome-spinels and their inclusions 
in the Sartohay podiform chromitites in west Junggar of northwest China. Ore Geol. 
Rev. 119, 103401 https://doi.org/10.1016/j.oregeorev.2020.103401. 

M. García-Tudela et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/S0040-1951(00)00210-9
https://doi.org/10.1016/S0040-1951(00)00210-9
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0545
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0545
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0545
https://doi.org/10.1016/0040-1951(90)90285-G
https://doi.org/10.1016/0040-1951(90)90285-G
https://doi.org/10.1016/j.jog.2017.01.001
https://doi.org/10.1016/j.jog.2017.01.001
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0560
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0560
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0560
https://doi.org/10.1016/j.jsames.2003.12.003
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0570
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0570
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0570
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0570
https://doi.org/10.1007/s00531-012-0761-8
https://doi.org/10.1016/j.oregeorev.2021.104166
https://doi.org/10.2113/gsecongeo.67.8.1093
https://doi.org/10.1029/2009GC002871
https://doi.org/10.1029/2009GC002871
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0595
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0595
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0595
https://doi.org/10.1016/j.lithos.2013.07.004
https://doi.org/10.1144/0016-76492010-065
https://doi.org/10.1144/0016-76492010-065
https://doi.org/10.1016/0009-2541(95)00144-1
https://doi.org/10.1016/0009-2541(95)00144-1
https://doi.org/10.1093/petrology/43.1.17
https://doi.org/10.1029/2018GC007731
https://doi.org/10.1029/2020GC009093
https://doi.org/10.1130/L183.1
https://doi.org/10.1007/BF00320967
https://doi.org/10.1007/BF00320967
https://doi.org/10.1093/petrology/egw064
https://doi.org/10.1093/petrology/egw064
https://doi.org/10.1016/j.epsl.2017.07.017
https://doi.org/10.1016/j.epsl.2017.07.017
https://doi.org/10.1016/j.lithos.2019.105346
https://doi.org/10.1016/j.lithos.2019.105346
https://doi.org/10.1016/0009-2541(79)90011-1
https://doi.org/10.1007/s007100050003
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0670
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0670
https://doi.org/10.3749/canmin.50.5.1321
https://doi.org/10.1007/978-1-4020-6788-4
https://doi.org/10.1007/978-1-4020-6788-4
https://doi.org/10.7306/gq.1238
https://doi.org/10.1016/j.oregeorev.2019.01.021
https://doi.org/10.1016/j.oregeorev.2019.01.021
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0695
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0695
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0695
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0700
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0700
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0700
http://refhub.elsevier.com/S0169-1368(24)00242-7/h0700
https://doi.org/10.1016/j.gr.2013.12.011
https://doi.org/10.1016/j.gr.2013.12.011
https://doi.org/10.1016/j.oregeorev.2020.103401

	The chromitites of the Herbeira massif (Cabo Ortegal Complex, Spain) revisited
	1 Introduction
	2 Geological setting
	2.1 The Cabo Ortegal Complex
	2.2 The Herbeira massif
	2.3 Chromitite bodies

	3 Studied samples and analytical techniques
	4 Results
	4.1 Petrography
	4.2 Chromite composition
	4.3 Platinum group elements (PGEs) geochemistry
	4.4 Platinum-group minerals (PGM) and base-metal sulfides (BMS)
	4.4.1 PGM and associated BMS included on the edge of chromite grains
	4.4.2 PGM and associated BMS in fractures and in the serpentinized silicate matrix
	4.4.3 PGM and associated BMS in mineral concentrates obtained after the hydroseparation process
	4.4.4 Micro- and nanostructure of PGM


	5 Discussion
	5.1 Effects of metamorphism and alteration on mobility of major and minor elements
	5.2 Parental melt compositions
	5.3 Origin of the PGE enrichment in the Cabo Ortegal chromitites and associated rocks
	5.4 Origin of the PGM assemblages
	5.4.1 Magmatic PGM and BMS assemblages
	5.4.2 Secondary PGM and BMS assemblages

	5.5 Geodynamic setting and tectonic implications
	5.6 Comparison with other ophiolitic chromitites involved in the European Variscan orogeny

	6 Concluding remarks
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


