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Abstract. New data on the petrology and geochemistry 
of lithologies from the mafic-ultramafic massifs of 
Oortsog, Dulaan, Mankhan and Yamat (Khangay upland 
of the Central Asian Orogenic Belt, CAOB) are presented. 
The petrological characteristic of the massifs, together 
with their inherent positive anomalies of Cs, Sr and 
negative anomalies of Ta, Nb, indicates that magmatism 
stemmed from two different mantle source regions – a 
mantle plume interacting with the lithospheric mantle 
portions of a subduction zone. The received 
characteristics are comparable with the data of massifs of 
East Kazakhstan and Western Baikal described earlier. 
The aim of study is identification of typomorphic features 
of these massifs to understand the type of mantle 
magmatism and geodynamic environment of region.  
 
1 Geological setting and relationships 
 
The Oortsog, Dulaan, Mankhan and Yamat mafic-
ultramafic massifs are located in the Khangay upland of 
Mongolia (Fig. 1). The Khangay upland belongs to the 
Central Asian Orogenic Belt. A Late Paleozoic and the 
Early Mesozoic 0.5 million km2 batholite forms the central 
portion of the CAOB. This comprises the Angara–Vitim in 
the Western Baikal region (Litvinovsky et al. 1992), 
Khangay in the Central Mongolia (Fedorova 1977), 
Hentey in East Mongolia and the Central Baikal region 
(Koval et al. 1978). The batholite comprises a spectrum 
of lithologies, from gabbroids to leucogranites and 
alkaline granites. Dykes, subjacent intrusives and small 
massifs occur in association with granitoids (Yarmolyuk 
et al. 2016). The mafic-ultramafic massifs formed in the 
earliest stages of the Khangay batholite (Izokh et al. 
2011) with the majority in the southern part of the 
batholite being Permian in age. The massifs are likely a 
thermal source for the partial melting and formation of 
granitoids (Izokh et al. 2011; Shelepaev et al. 2016). 

Layered mafic-ultramafic intrusions may host sulfide 
Co-Ni, chromite, Ti-magnetite and PGE-bearing ores 
(Naldrett 2004, Maier and Ariskin 2016, Latypov et al. 
2017). The Nomgon, Oortsog layered intrusions host Cu-
Ni-PGE mineralization (Izokh et al. 1992, Shapovalova et 
al. 2015) and the Yamat, Dulaan, Mankhan host base 
metal sulfide mineralization consisting of pyrrhotite, 
pentlandite and chalcopyrite (Shelepaev et al. 2016, Mao 
et al. 2018). 

 
Figure 1. a. Tectonic sketch of the Central Asian Orogenic Belt 
(CAOB, modified after Sal’nikova et al. 2014), the location of study 
area is shown. b. A geologic map of the mafic-ultramafic massif of 
Hangay uplands in CAOB (modified after Sal’nikova et al. 2014); 
1- Mesozoic–Cainozoic troughs; 2- Late Paleozoic granitoid of 
Hangay batholite; 3- Permian gabbroid of Khangay uplands; 4-7-
orogens: 4- Middle-Late Paleozoic (gercynides), 5- Early-Middle 
Paleozoic (late caledonides), 6- Vendian-Early Paleozoic (early 
caledonides), 7- Neoproterozoic; 8- Tectonic blocks with the Early 
Precambrian basement; 9- tectonic blocks with the Pre- Vendian 
orogenic basement; 11- main tectonic boundaries. Figures in circles 
show studied mafic-ultramafic massifs of Permian age: 1- Oortsog; 
2- Dulaan; 3- Mankhan; 4- Yamat; 5- Nomgon; 6- Nariyntolburiyngol; 
7- Erdenet. 
 
2 Analytical methods 

 
All analysis were carried out in the Analytical Centre for 
multi-elemental and isotope research of the VS Sobolev 
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Institute of Geology and Mineralogy SB RAS, 
Novosibirsk, Russia. Major element oxides (70 samples) 
were determined by XRF using an ARL 9900. Trace 
elements and REE (38 samples) were analysed by ICP-
MS using an Element-I Finnigan MAT. Argon isotope 
ratios of biotite were measured using a GV Instruments 
ARGUS. SHRIMP-II zircon dating was carried out in 
VSEGEI’s Centre of Isotopic Research (St. Petersburg). 
Sm-Nd isotopic analyses of whole rock samples were 
determined using TIMS at the Geological Institute Kola 
Science Centre (Apatity). 

 
3 Petrological characteristics 
 
The layered Oortsog massif is approximately 5 km2 and 
located on the northern slope of the Khangay uplands, on 
the left bank of the Tamiryn-Gol River in Western 
Mongolia (Izokh et al. 1990). The massif hosts two 
intrusions (Shapovalova et al. 2018): a rhythmically-
layered peridotite with biotite-free gabbro (Intrusion 1); 
and a massive biotite-bearing amphibole gabbro with 
olivine gabbro (Intrusion 2). Geochemically, Intrusion 2 
differs from the Intrusion 1 due to its higher content of 
incompatible elements (Ti, Rb, Ba et al.), including the 
content of alkali (Na, K). The positive anomalies of Cs, Sr 
and negative anomalies of high field strength elements 
(HFSE) such as Ta, Nb for the Intrusions 1 and 2, and 
also Zr, and Th (only the Intrusions 1) are observed on 
mantle-normalized spidergrams (Fig. 2). Results of Sm-
Nd isotope analysis showed that rocks from the Intrusion 
1 have positive value of εNd of +13.5 (at 270 Ma) while 
rocks from the Intrusion 2 have negative εNd of -4.3 (at 
270 Ma). Such compositions of εNd demonstrate the 
existence of two sources of melts from which the Oortsog 
massif was formed: (1) a depleted source and (2) an 
enriched source (White and Hofmann 1982). Overall, the 
melt composition of Intrusion 2 cannot be the product of 
fractionation of a melt from Intrusion 1, but instead that 
the two intrusions are products of partial melting from at 
least two distinct mantle source regions (Bogatikov et al. 
1987). The Cu-Ni- PGE mineralization in the both 
Intrusions was found (Shapovalova et al. 2015, Mao et al. 
2018). The Ar/Ar age of Intrusion 1 is 278.7 ± 2.5 Ma. A 
U-Pb zircon age of Intrusion 2 is 272 ±2 Ma (SHRIMP II) 
(Shapovalova et al. 2018).  

The Dulaan massif, located 1.5 km west of Oortsog 
(Fig. 1) is composed of a highly altered olivine gabbro. 
The massif has a similar REE composition to the Oortsog 
massif (Fig. 3). The Mankhan massif located to the north 
of the Khangay upland (Fig. 1) is composed of gabbro 
and gabbronorite and has positive anomalies for Ba and 
Sr, and negative anomalies for Ta and Nb on mantle-
normalized spirdergrams (Fig. 4). The Yamat peridotite-
gabbro-monzogabbro massif is located in the south of the 
Khangay uplands and contain three intrusions 
(Shelepaev et al. 2015). The youngest intrusion is 
composed of a monzogabbro and is enriched with alkalis 
and incompatible elements, indicating an enriched mantle 
source. The age of the Yamat massif is 255.8±2.9 Ma 
(Intrusion 1, U-Pb) and 262.6±3.1 Ma (Intrusion 2, U-Pb) 
(Shelepaev et al. 2015). 

Trace element spidergrams of the Yamat massif 
correlate well with the patterns of the Oortsog, Dulaan 
and Mankhan massifs: a flat negative slope, positive Cs, 
Ba, Sr anomalies and negative Ta and Nb anomalies 
(Fig. 5). Such geochemical characteristics appear to be 
inherited from a source of subduction origin.  

 

 
 
Figure 2. Primitive mantle normalized (McDonough et al. 1992) 
trace element patterns for the gabbroid of the Oortsog massif; 
IAB – island arc basalt (Elliott 2003); OIB- ocean island basalt, N-
MORB – mid-oceanic ridge basalts (Sun and McDonough 1989). 

 

 
 
Figure 3. Primitive mantle normalized trace elements patterns for 
the gabbroid of the Dulaan massif. 
 
4 Discussion 
 
There are two hypotheses about the formation of the 
mafic-ultramafic massifs of the Khangay upland: 1) the 
magmatism was caused by the activity of the Khangay 
mantle plume and these massifs relate to a large igneous 
province (LIP) (Yarmolyuk et al. 2013b); 2) the 
magmatism is due to subduction processes at active 
continental margins (Ernst 2014). REE characteristics of 
the gabbroid of the Khangay upland are ambiguous and 
cannot be used to distinguish the paleo-geodynamical 
genesis of their region’s basic magmatism. On the one 
hand, the studied mafic-ultramafic massifs have the 
characteristics of an IAB (e.g., the enrichment by large 
ion lithophile elements, LILE, and Sr, and the negative 
anomalies of Nb, Ta, Zr, Hf). On the other hand, 
geochemical characteristics of plume-derived basalts are 
also evident (e.g., enriched in alkalis, Ti and PGE). 
Hence, we proposed a model of mantle plume and 
subduction lithosphere interaction. The model explains 
the duality of geochemical characteristics of the basic 
massifs, as early intrusions of Khangay batholith.  
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Figure 4. Primitive mantle normalized trace elements patterns for 
the gabbroid of the Mankhan massif. 
 

 
 
Figure 5. Primitive mantle normalized trace elements patterns for 
the gabbroid of the Yamat massif. 
 

Similar massifs with enriched (plume-related) and 
depleted (subduction-related) characteristics have been 
identified in other regions of CAOB – for example, (1) in 
the Surovsko-Talovsky gabbro massif (East Kazakhstan) 
(Khromykh et al. 2016) and (2) the mafic-ultramafic 
massifs of the Krestovsky zone (western Baikal region) 
which are composed of two geochemically distinct yet 
synchronous gabbroids (Lavrenchuk et al. 2017).  

Overall, the gabbroids of the later intrusions in this 
suite have higher concentrations of incompatible 
elements than gabbroids of the earlier phase of intrusion 
(for rocks of equivalent MgO). In particular, the distinct 
negative Ta-Nb anomalies and positive Sr anomalies in 
the gabbroids of the later intrusions could provide 
evidence of a subduction-related component in a magma-
generating source (Khromykh et al. 2016, Lavrenchuk et 
al. 2017).  

The volume of granitoid magmas of the Khangay 
batholite exceeds 0.5 million km3 (Turutanov et al. 2006, 
2007). This is requiring the equivalent amount of the 
mafic magmas for the implementation of large-scale 
melting (Dobretsov et al. 2005). Thus, all granitoid and 
mafic-ultramafic massifs of the Khangay upland are 
considered as fragments of the large igneous province 
(Bryan and Ernst 2008). 

The described earlier other massifs of Khangay 
upland (Nomgon and Nariyntolburiyngol) (Izokh et al. 
1998, Izokh et al. 1990) are also Permian in age and host 
the Cu-Ni-PGE mineralization. Therefore, they as well the 

studied massifs are related to Khangay LIP. 
5 Conclusions 

 
1) The activity of the Khangay mantle plume is the factor 
of magmatic activity in Perm. Consequently, mafic-
ultramafic massifs of the Khangay upland (Oortsog, 
Dulaan, Mankhan and Yamat) with dual geochemical 
characteristics were formed as a result of the interaction 
of plume and a lithospheric mantle. 
2) The Permian mafic-ultramafic massifs enriched in Cu, 
Ni and PGE together with granitoids of the Khangay 
batholite are the parts of LIP. 
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Abstract. This communication provides the first report of 
ophiolitic chromitites hosting clots of orthopyroxenites. 
These are Cr-rich chromitite (Cr# = 0.81–0.83) hosted in 
mantle peridotite from the Loma Las Cabirmas locality, 
Dominican Republic. A qualitative estimation of the 
composition of the melt in equilibrium with chromitite 
suggests that they were likely precipitated from a mantle 
melt with boninitic affinity, consistent with the abundance 
of inclusions of Ru-Os-Ir minerals (mainly laurite) and a 
lack of Ni-Fe-Cu sulfides. A distinctive feature of the 
chromitites from Loma las Cabirmas is the replacive 
contact between chromitite and the hosted clots of 
orthopyroxenites. We suggest a model in which 
orthopyroxenite and chromitite were formed as a result of 
the metasomatic reaction of mantle peridotite with 
infiltrating basaltic melt of boninitic parentage. 
 
1 Introduction 
 
Ophiolitic chromitites are monomineralic rocks of Cr- and 
Al-rich magnesian spinel (chromite) often hosted in 
mantle peridotites within the upper-mantle portion of an 
ophiolite or near the crust–mantle boundary. Most 
ophiolitic chromitites have dunite envelopes of variable 
thickness that separate them from the host harzburgite or 
lherzolite, although some chromitites are found in direct 
contact with the host peridotite with no dunite envelope. 
Pyroxenite has also been described in the form of dykes 
cross-cutting chromitite bodies or being assimilated by 
them. 

During the past few decades many researches have 
focused on unravelling the genesis of the ophiolitic 
chromitites. A general assumption is that most ophiolitic 
chromitite form at low pressures (< 1 GPa) in the upper 
portions of the oceanic upper mantle in supra-subduction 
zones (González-Jiménez et al. 2014). Progressive 
reaction of sub-arc mantle peridotite with infiltrating 
basaltic melts (mid-ocean ridge basalts, back-arc basin 
basalts or island-arc tholeites) may lead to the formation 
of dunite, corresponding to former higher permeability 
melt-conduit channels where batches of these types of 

melts, with different degrees of fractionation, may mingle 
to form the chromitites (Arai and Yurimoto 1994). 

In this model, reaction of mantle peridotite and 
infiltrating melt at different melt/rock ratios is responsible 
for the variety of textures of the chromitites in ophiolites. 
Globally, textures of massive chromitite are found in the 
central part of the chromitite bodies, where the melt 
dominates. Conversely, when the melt/rock ratio is low at 
the margins of the chromitite bodies, disseminated or 
antinodular textures are more likely to be found. In 
antinodular chromitites, the chromitite surrounds 
relatively large ovoid masses of dunite, usually 
corresponding to former dunite channels that are being 
replaced.  

Some authors described isolated lenses of the host 
rock within massive chromitites. In these cases, the clots 
are considered to be clear evidence of chromitite 
intrusion into the host peridotite. The composition of the 
clots is typically dunite and/or harzburgite/lherzolite 
(González-Jiménez et al. 2014). For example, Payot et 
al. (2013) described dunite clots located at the center of 
massive chromitite bodies at the Zambales Ophiolite 
Complex (Philippines). González-Jiménez et al. (2013) 
described clots of ortho- and clino-pyroxenites within 
podiform-like chromitites hosted in subcontinental dunite-
harzburgite from the Ronda ultramafic massif in southern 
Spain. Here we provide the first example of ophiolitic 
chromitite hosting clots of orthopyroxenite and discuss 
their possible origin in relation with the formation of the 
chromitite deposit. 
 
2 Geological background and description of 

the chromitites 
 
Loma Las Cabirmas chromitite body is hosted in 
peridotites of the Loma Caribe massif, in the central part 
of the Dominican Republic (Fig. 1). The Loma Caribe 
peridotite is a NW–SE belt, which extends 95 km and 4 
to 5 km wide along the Cordillera Central. Interpreted as 
remnants of a Mesozoic ophiolite complex, the peridotite 
belt consists of small amounts of lherzolites associated 
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with spinel-bearing harzburgites hosting small (< 10 m 
long) dunite bodies. These peridotites show variable 

 
Figure 1. Geological map of central Dominican Republic, showing 
the location of Loma Las Cabirmas chromitite. Modified from 
Aiglsperger et al. (2015). 
 
degrees of serpentinization (40% to 90%; Marchesi et al. 
2016). The Loma Caribe peridotites were emplaced as 
the result of collision of the oceanic Duarte plateau 
terrane with the primitive Caribbean island arc in the 
Aptian (Draper et al. 1996; Lewis et al. 2002). After its 
emplacement, the Loma Caribe peridotite experienced 
numerous cycles of weathering and lateritization, 
ultimately forming the largest Mg silicate-type Ni-laterite 
deposit in the Greater Antilles (Aiglsperger et al. 2015; 
Lewis et al. 2006). 

The Loma Caribe peridotites contain frequent lenses 
of massive chromitite (up to 10 m in length and < 1 m 
thick) hosted in heavily serpentinized dunites (Proenza et 
al. 2007). These occur widespread in different locations 
through the whole peridotite belt. At Loma Las Cabirmas, 
the chromitites form small elongated pods (up to 4 m) of 
massive chromite, characterized by the presence of 
frequently altered ultramafic clots ranging in diameter 
from 2 mm to 4 cm (Fig. 2). The smaller clots exhibit 
irregular morphologies while the larger ones are sub-
angular to oval-shaped. The chromitites are also 
characterized by PGE enrichment (up to 6.5 ppm; Farré-
de-Pablo et al. 2017) and for being crosscut by veins of 
uvarovite. 
 
3 Analytical techniques 
 
Polished thin sections were prepared from four chromitite 
samples from Loma Las Cabirmas and subsequently 
investigated using a Quanta 200 FEI XTE 325/D8395, 
and a field-emission scanning-electron microscope (FE-
SEM) Jeol JSM-7100 at the Serveis Científics i 
Tecnòlogics, University of Barcelona, Spain. Quantitative 
EMP analyses were obtained with a JEOL JXA-8230 
electron probe microanalyser in the wavelength-

dispersive spectroscopy (WDS) mode, operating with an 
accelerating voltage of 20 kV, a beam current of 10 nA 
and a beam diameter of 1 μm. 
  
4 Petrography 
 
The Loma Las Cabirmas chromitites display massive 
textures consisting of euhedral crystals of chromite 
showing triple junctions. These samples of massive 
chromitites are frequently crosscut by veins of uvarovite, 
with thicknesses between 100 μm and 1 mm. Despite the 
fractures and alteration, chromite grains are 
homogeneous and show no chemical variation towards 
their edges or fractures. Primary matrix minerals are not 
preserved but have predominantly been replaced by 
serpentine and accessory Fe-Ni alloys (up to 10 μm). The 
chromite grains often host inclusions of serpentine and 
clinopyroxene as well as accessory platinum-group 
minerals (PGM) and Ni-Fe sulfides. Silicate inclusions 
form negative crystal shapes and are frequently altered 
to serpentinite. The inclusions cluster in specific domains 
of the chromite grains (Fig. 2). 

Most clots of silicate found in the chromitite are altered, 
although one of the clots identified still preserves an 
unaltered core composed of orthopyroxene (70%) and 
minor amounts of olivine, and accessory chromite also 
hosts inclusions of clinopyroxene and phlogopite. Locally, 
the olivine grains host aligned rounded-to-elongated 
microscopic inclusions of Fe-(Ni) alloys. 

 

 
 
Figure 2. Top: Photomicrograph of the clot-chromitite contact 
(transmitted cross-polarized light). Bottom Photomicrograph of the 
massive chromitite with silicate inclusions. 
(up to 3 μm long and 2 μm in thickness). In the core of the 
clot, orthopyroxene shows alteration to amphibole along 
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its boundaries and along exfoliation planes whereas 
olivine grains are altered to sepiolite. Olivine is also 
crosscut by serpentine veins hosting abundant < 1 μm 
grains of awaruite. In contrast, close to the contact 
between the clot and chromitite, orthopyroxene is 
bastitized. The clot–chromitite contacts (Fig. 2) are 
irregular with interlocking textures defined by chromitite 
replacing orthopyroxene grains. 

 
5 Mineral chemistry 
 
Chromites from the Loma Las Cabirmas chromitites are 
unaltered, with SiO2 contents invariably low (< 0.1 wt.%) 
and homogeneous in composition, and Cr# [Cr/(Cr + Al), 
atomic ratio] between 0.81 and 0.83, corresponding to 
60.05–62.25 wt.% Cr2O3 and 8.46–9.52 wt.% Al2O3 
contents (Fig. 3). The Mg# [Mg/(Mg + Fe2+), atomic ratio] 
ranges from 0.61 to 0.65, corresponding to FeO contents 
between 12.44 and 14.30 wt.%. The chromites exhibit 
heterogeneous TiO2 contents, from 0.09 to 0.27 wt.%, 
and relatively high NiO contents from 0.11 to 0.29 wt.%. 
Minor amounts of MnO (0.09–0.16 wt.%) and ZnO (0.04–
0.14 wt.%) were also detected.  

Accessory chromites within the clots show Cr# similar 
to the chromitite chromite (0.79–0.82). However, they are 
richer in FeO and NiO (15.62–20.90 wt.% and 0.20–0.47 
wt.%, respectively) and poorer in MgO (7.87–11.59 
wt.%). Their composition also varies depending on the 
degree of alteration of the clot. Accessory chromites 
within clots with a higher degree of serpentinization 
exhibit higher contents of MgO and NiO, and lower FeO 
content than the ones within unaltered clots. In all cases, 
chromite compositions are compositionally distinct from 
accessory chromite from the associated peridotite (Fig. 
3). 

Olivine is richer in Mg and Ni in the clots (Fo = 93–94; 
NiO = 0.79–2.04 wt.%) than in the associated peridotite 
(Fo = 90–91; NiO = 0.35–0.48 wt.%). Orthopyroxene is 
magnesian (En = 91.92–93.65) with low Al2O3 content 
(0.41–0.74 wt.%) and high Cr2O3 and NiO contents (0.21–
0.42 wt.% and 0.32–0.46 wt.%, respectively). The 
orthopyroxene from the peridotite is compositionally 
different from that of the clot: 2.67–4.06 wt.% Al2O3, 0.40–
0.98 wt.% Cr2O3, and 0.04–0.14 wt.% NiO. Interstitial 
serpentine and serpentine within clots have high 
concentrations of NiO (up to 4.15 wt.%) with variable 
amounts of Al2O3, from 0.05 to 1.61 wt.% depending on 
the mineral being altered: olivine reacts to form Al-poor 
serpentine and orthopyroxene to Al-rich serpentine. 
 
6 PGE mineralogy 
 
A total of 17 grains of PGM were found scattered in the 
studied chromitites. These comprise small inclusions, < 
15 µm in diameter, of Ru, Os, Ir and Pt predominantly 
located inside chromite crystals and to a lesser extent in 
fractures or the interstitial serpentinized matrix. Laurite is 
the most abundant PGM and occurs as euhedral grains 
up to 10 µm in diameter within unaltered chromite forming 
isolated single-phase grain or biphasic with pentlandite or 
Ir–(Os–Ru) alloys. Laurite contains Os and Ir up to 15.98 

wt.% and 8.57 wt.% respectively, as well as minor 
amounts of Rh, Ni, Fe and Cu (up to 1.54 wt.%, 0.36 
wt.%, 0.12 wt.% and 0.12 wt.%, respectively). This 
composition of laurite is similar to that described for other 
laurites from Loma Caribe chromitite bodies (Proenza et 
al. 2007). The euhedral shape of these laurites included 
in unaltered chromite suggests that this mineral was 
formed during the high-temperature magmatic stage 
before and contemporaneously with the crystallization of 
chromite. 

 
Figure 3. Loma Las Cabirmas chromite compositions for major 
elements. Fields compilation from Lian et al. (2017). 
 

The suite of PGM found in fractures is mostly of Ru–
Os–Ir–Fe oxides, Ru–Os–Ir–Ni–Fe, Pt–Fe–Ir–Ni–Cu, 
and Ir–Pt–Rh–Fe alloys, which probably formed by low-
temperature alteration of preexisting laurite or other 
PGMs during serpentinization processes. This is 
consistent with the observation that Ru–Os–Ir–Fe and 
Ru–Os–Ir–Ni–Fe oxides are euhedral to subhedral as 
pseudomorphs of the precursor laurite grains. The oxide 
grains are devoid of sulfur and have, without measuring 
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oxygen, low analytical totals (80–90 wt.%). However, 
their chemical compositions in terms of Ru–Os–Ir 
proportions mimic the distribution of laurite-erlichmanite 
solid solution minerals. Therefore, it is suggested that 
these oxides resulted from the desulfurization of former 
primary laurite. 

The Pt–Fe–Ir–Ni–Cu and Ir–Pt–Rh–Fe alloys, with 
minor contributions of Os, Ru, Ni and Cu, occur as 
irregular grains or anhedral aggregates of crystals with 
high porosity. They are located as inclusions within 
chromite and along fissures cross-cutting chromite 
grains. Their texture and location within the chromitite 
attest to a secondary origin. They present Pt contents up 
to 83.93 wt.%. 
 
7 Concluding remarks 
 
According to their composition, the clots in the massive 
chromitites are orthopyroxenites with small amounts of 
olivine. The low Al and Ca contents of the orthopyroxenes 
in the fresh clots are typical of metasomatic secondary 
origin. Therefore, we infer that the orthopyroxenite was 
the reaction product between exotic hydrated Si-rich 
mafic infiltrating melts and the preexisting olivine and 
orthopyroxene of the peridotite. The composition of the 
accessory chromites from the clots is the same as the 
chromites from the massive chromitite in terms of Cr#. 
This fact, together with the textures observed at the clot–
chromitite contacts, indicates a replacing character of the 
chromitites. Therefore, massive chromitites from Loma 
Las Cabirmas formed from the dissolution of 
orthopyroxenite. The chromitite parental melt 
progressively assimilated the orthopyroxenite during melt 
infiltration, resulting in incongruent dissolution of the 
orthopyroxene and minor olivine in the melt to form 
chromite. This reaction led to the inclusion of small 
pyroxene grains observed in the chromites. The 
chromitite geochemistry, the low occurrence of base 
metal sulfides and the enrichment in magmatic PGM 
allow us to infer that the chromitite parental melt might be 
boninitic in composition. The remaining orthopyroxenite 
clots were probably preserved due to variations in the 
melt/rock ratio during the formation of the chromitites. 
Bédard and Hébert (1998) proposed a model of formation 
of ophiolitic chromitite based in the assimilation of 
pyroxenites. According to the authors, the assimilation of 
pyroxenites may have further supplied silica and/or 
chromium required to move the hydrous melt into the 
chromite liquidus field. Interestingly, González-Jiménez 
et al. (2014) reported that in podiform-like chromitites 
hosted in the SCLM of Ronda there is a correlation 
between the chromite composition and type of pyroxenite 
relicts found in chromitites: clinopyroxene for high-Al 
chromitites (e.g., CDA chromitite) versus orthopyroxene 
for high-Cr chromitite (e.g., ARC and ARC chromitites), 
reflecting the Cr2O3/Al2O3 of the mafic rock being 
assimilated. 
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Abstract. The Havana-Matanzas ophiolite contains an 
example of chromitite veins hosted in olivine 
orthopyroxenites within mantle peridotites. Accessory Cr-
spinel in the harzburgite and in the Ol-orthopyroxenite, 
and chromite in the chromitite vein show a wide range of 
composition (Cr# 0.39-0.75). However, the chromite in 
the vein and the Cr-spinel in the Ol-orthopyroxenite show 
similar composition with Cr#>0.7 (Cr-rich), probably 
related to crystallization from boninitic-like mantle melts. 
The study of platinum-group minerals hosted in the 
chromite shows that Os-rich laurite is the main mineral 
phase, as it is typically observed in chromitites that 
formed from magmas of boninitic affinity. The Ol-
orthopyroxenite bands are believed to represent melt 
channels that formed after replacement of peridotites by 
a Si-rich melt with boninitic affinity. This is supported by 
the Cr-spinel composition of the pyroxenites (Cr#>0.7) 
and the low Al, Ca and Cr content of orthopyroxene. The 
interaction between a Si-rich melt with harzburgite/dunite 
formed Ol-orthopyroxenite and a Cr-saturated melt, 
which also circulated through the pyroxenite channels 
and formed the chromitite veins. 
 
1 Introduction 
 
Chromitites found in the mantle section of ophiolites are 
usually enveloped by dunite bodies hosted in mantle 
harzburgites. The chemical composition of these 
chromitite bodies is strongly dependent on their location 
within the ophiolitic mantle peridotite. Typically, Al-rich 
chromitite bodies are located at the Moho transition zone, 
whereas Cr-rich chromitite bodies are found deeper in the 
ophiolitic sequence (e.g. Proenza et al. 1999; González-
Jiménez et al. 2011).  

Mantle orthopyroxenites have been described in 
various ophiolitic massifs, including Oman (Tamura and 
Arai 2006), Troodos in Cyprus (Chum 2014), and 
Newfoundland in Canada (Varfalvy et al. 1997). However, 
in general there are very few examples of chromitite 
bodies or veins hosted in orthopyroxenite. Bédard and 
Hébert (1998) reported peridotitic intrusions that  

 
assimilated and reacted with host gabbros, pyroxenites 
(clinopyroxene- to orthopyroxene-rich facies) and 
peridotites (harzburgites, dunites, lherzolites, and 
wehrlites) in the Bay of Islands ophiolites (Newfoundland, 
Canada). These peridotites include local Cr-rich 
chromitite layers whose Cr-spinel composition arguably 
depends more on the nature of the minerals that are 
being replaced than on the composition of the intruding 
magma. Moreover, Ahmed and Arai (2002) described 
unusual high IPGE discordant chromitite pods deep in the 
mantle section, which have high-Cr# (>0.7) and are 
related with orthopyroxenite bands within harzburgite. 

Here we present an example of Cr-rich chromitite veins 
hosted in Ol-orthopyroxenite (Fig. 1) from the ophiolitic 
mantle tectonites of the Havana-Matanzas region, Cuba. 
The goal of this contribution is to give a detailed 
description of this occurrence and the interpretation of its 
genesis. 
 
2 Geological setting and occurrence of 

chromitite veins 
 
The studied samples belong to the Havana-Matanzas 
ophiolitic massif (HMO), located in the western part of 
central Cuba. The Havana-Matanzas massif is part of the 
Northern Cuban Ophiolite Belt (NCOB), the largest 
exposure of ophiolites in the circum-Caribbean region. 
These ophiolites represent slices of oceanic lithosphere 
obducted onto the North American continental paleo-
margin in the Latest Cretaceous to Late Eocene, during 
the collision of the Caribbean volcanic arc with Jurassic-
Cretaceous passive margins of the continental Maya 
block and the Bahamas platform (Iturralde-Vinent 1996; 
Garcia-Casco et al. 2008; Iturralde-Vinent et al. 2016). 

The HMO is tectonically imbricated with Cretaceous 
intra-oceanic volcanic arc units and syn-tectonic 
sedimentary sequences as part of a tectonic mélange 
that covers an area of 30 km2 (Llanes et al. 2015). 
Although tectonically dismembered, the reconstructed 
HMO sequence is about 4 km thick and consists of upper 
mantle peridotites, a mantle-crust transition zone (MTZ), 
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and a crustal section composed of massive gabbros, 
dolerites, pillow lavas, and sedimentary rocks (Llanes et 
al. 2015). The mantle tectonites consist of serpentinized 
harzburgites showing porphyroclastic textures and 
containing ubiquitous pyroxenite veins. Minor dunite 
bodies are found as subconcordant layers in the 
harzburgites and as chromitite envelopes (Llanes et al. 
2015). Volcanic rocks tectonically embedded in deformed 
serpentinites and serpentinized peridotites from the 
Havana-Matanzas massif have been described as IAT 
(Island Arc Tholeiites) and bonitites (Fonseca et al. 1989; 
Kerr et al. 1999). Around ten Al- and Cr-rich chromitite 
orebodies (each approx. 0.5 m wide and 2 m long) have 
been described in the HMO hosted in the mantle 
tectonites close to the MTZ (Llanes et al. 2015). 

The chromitite veins are hosted in Ol-orthopyroxenite 
bands within the mantle tectonites of the HMO. These 
chromitite veins are centimetric (Fig. 1a,b) with lateral 
extension of few tens of centimeters. The pyroxenite 
bands have a maximum width of 1.5 m and are hosted in 
harzburgites.  

 

 
Figure 1. a. Outcrop view of chromitite vein hosted within Ol-
orthopyroxenite. b. Thin section of the chromitite vein within Ol-
orthopyroxenite. c. Representative microphotograph of the Ol-
orthopyroxenite under crossed nicols. Orthopyroxene (Opx) is the 
main mineral with interstitial olivine (Ol), both crosscut by late 
serpentine veins. 

 
3 Petrological background 

 
The peridotites hosting the pair chromitite-pyroxenite are 
harzburgites, consisting mainly of partially serpentinized 
olivine (65-75%), orthopyroxene (25-35%), clinopyroxene 
(<2%), and accessory Cr-spinel (up to 1%). Their texture 
is characterized by plastic deformation of orthopyroxene 
porphyroblasts, which may form crystals up to 5 mm in 
diameter enclosed in partially serpentinized fine-grained 

olivine. Orthopyroxene is characterized by Mg# 
[Mg/(Mg+Fe2+]= 0.91, up to 2.6 wt% Al2O3, 0.7-0.8 wt% 
Cr2O3, and up to 0.04 wt% TiO2. Olivine crystals (up to 2 
mm) are strongly serpentinized; however, fresh cores 
show typical mantle forsterite content (Fo91), 0.43 wt% 
NiO, and up to 0.16 wt% MnO. Clinopyroxene is rare and 
strongly altered. Accessory Cr-spinel forms subhedral to 
anhedral grains of variable size (up to 1 mm) and appears 
partially or completely replaced by ferrian chromite, 
magnetite and chlorite. The composition of spinel is 
described below.  

Pyroxenites consist mainly of orthopyroxene (80-
90%), olivine (up to 18%), minor clinopyroxene (up to 
3%), and accessory Cr-spinel (up to 1%), corresponding 
to olivine orthopyroxenite. The general texture is 
granoblastic (Fig. 1c) with orthopyroxene crystals up to 5 
mm that are serpentinized. Orthopyroxene has Mg#=0.9, 
up to 1.2 wt% Al2O3, 0.5 wt% Cr2O3, and 0.06 wt% TiO2. 
Olivine crystals, with grain sizes up to 0.5 mm are 
interstitial to orthopyroxene and partially serpentinized, 
the composition is Fo89, 0.43-0.50 wt% NiO, and 0.11-
0.18 wt% MnO. Clinopyroxene is rare and strongly 
altered. Accessory Cr-spinel forms euhedral crystals up 
to 0.2 mm across, hosted both in the orthopyroxene and 
the olivine. The application of different geothermometers 
(Brey and Köhler 1990; Köhler and Brey 1990) to the Ol-
orthopyroxenite (olivine – orthopyroxene – spinel – 
clinopyroxene assemblage) yields a range of equilibrium 
temperatures from 700 to 1100ºC. 

Chromite in the veins is euhedral to subhedral with 
variable size (up to 0.5 mm across), unaltered and 
showing equilibrium textures. Orthopyroxene and olivine 
crystals are included within the chromitite vein, indicating 
that chromitite replaces a pre-existing pyroxenite host. 
Platinum group minerals (PGM) are found as inclusions 
within chromite (see below). 

 
4 Mineral chemistry of Cr-spinel 
 
Cr-spinel in peridotites, Ol-orthopyroxenites and 
chromitites exhibit a wide compositional range (Fig. 2) 
with Cr# [Cr/(Cr+Al)] between 0.39 and 0.75. The 
composition of accessory Cr-spinel in harzburgite is Cr# 
0.39-0.50, 27-39 wt% Al2O3, and 0.02-0.08 wt% TiO2. 
This composition differs significantly from the accessory 
Cr-spinel in the Ol-orthopyroxenite, characterized by Cr# 
0.63-0.69, 14-16 wt% Al2O3, and 0.16-0.23 wt% TiO2. On 
the other hand, it is similar to the composition of chromite 
in the chromitite vein: Cr# 0.70-0.75, 11.67-13.62 wt% 
Al2O3, and 0.17-0.26 wt% TiO2. The composition of 
chromite in the vein is homogeneous, showing no 
variations near the contact with the Ol-orthopyroxenite. 
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Figure 2. #Cr [Cr/(Cr + Al)] versus #Mg [Mg/(Mg + Fe)] content for 
Cr-spinel in the chromitite veins, Ol-orthopyroxenites and  
harzburgites, compared with the Cr-rich and Al-rich chromitites from 
the Havana-Matanzas ophiolites (Llanes et al. 2015). The fields 
labeled “podiform” and “stratiform” are after Irvine (1967) and 
Leblanc and Nicolas (1992). 
 
5 Platinum-group element (PGE) mineralogy 
 
A representative sample from the chromitite vein was 
processed by hydroseparation techniques in order to 
separate PGE phases. 17 PGM grains were identified in 
the obtained mineral concentrates, predominantly in the 
<30 µm fraction. In addition, 3 PGM grains were 
recognized in-situ hosted in chromite on polished 
sections. 

The identified PGMs are euhedral to subhedral laurite 
with sizes up to 25 µm in the concentrates (Fig. 3) and 15 
µm in-situ. Generally, laurite is inclusion-free (Fig. 3a) but 
occasionally may contain inclusions of Cu-Fe-S sulfides 
(<1 µm). Secondary minerals include chalcopyrite and Ir 
phases attached to the rims of laurite (Fig. 3b). The in-
situ laurite grains appear together with silicates as 
inclusions in chromite. The laurite composition is Os-rich, 
between [(Ru0.78Os0.16Ir0.06Fe0.01)1.01S1.99] and 
[(Ru0.63Os0.22Ir0.12Rh0.02Fe0.01Ni0.01)1.01S1.99] (Fig. 4). 

Typically, Cr-rich chromitites are richer in PGE, 
especially IPGE (Ir, Os, Ru), compared to Al-rich 
chromitites, and the PGM association is dominated by 
laurite (González-Jiménez et al. 2014 and references 
therein). The presence of IPGE and the predominance of 
laurite is observed in the studied chromitite vein. 

The PGE content in the chromitites depends mainly on 
the PGE concentration in the parental melt from which the 
chromitite crystallizes (Barnes et al. 1985). As indicated 
above, Cr-rich chromitites have been interpreted to 
crystallize from magmas with boninitic affinity, whereas 
Al-rich chromitites form from magmas with tholeiitic 
compositions. Boninitic magmas are sulfur-

undersaturated and normally contain higher PGE 
contents than tholeiitic magmas (e.g. Zhou et al. 1998). 

The PGMs found in the studied chromitite vein could 
have formed either during the migration of a very hot 
magma within magmatic channels pre-dating the 
chromite crystallization, or as mineral phases in the 
residual mantle formed during or after an episode of high-
degree partial melting (Luguet et al. 2007; González-
Jiménez et al. 2014). The second hypothesis is more 
consistent with the geochemical characteristics of the 
chromitite vein and the host Ol-orthopyroxenites. 
 

 
Figure 3. Backscattered-electron images of platinum-group 
minerals in the chromitite vein. a. Os-rich laurite crystal with 
development of the crystallographic faces. b. Os-rich laurite crystal 
with Ir adhered to the crystal surface. 

 

 
Figure 4. Composition (at%) of laurite from the chromitite vein. 
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6 Concluding remarks 
 
There is a general consensus that orthopyroxenites in the 
suboceanic mantle do not crystallize from a primary 
magma generated by partial melting of depleted mantle. 
Despite, they represent Si-rich melts that migrate through 
mantle tectonites by porous flow (Grant et al. 2016). In 
this case, pyroxenite would act as melt circulation 
channels in the mantle (Zack and John 2007), similar to 
dunite circulation channels. The parental melts for 
pyroxenites have boninitic composition (Mg-rich 
andesites). Thus, orthopyroxenites are interpreted as the 
“footprint” of boninitic-affinity melt circulation in the 
mantle, which forms dikes and lavas in the shallower 
levels of the ophiolitic sequence (e.g. Varfalvy et al. 
1996). These boninitic lavas are generally related with the 
initial stages of formation of intraoceanic arcs 
(subduction-initiation ophiolite type). The observed 
composition of chromite in the studied Ol-orthopyroxenite 
and the chromitite vein (Cr#≥0.7) is in agreement with an 
origin from boninitic magma. 
The formation mechanism could be represented in the 
“forsterite – chromite – SiO2” phase diagram from Irvine 
(1977). In this system, a Si-rich melt (M1) reacts with the 
mantellic harzburgite/dunite, forming Ol-orthopyroxenite 
and a secondary melt saturated in Cr [M1 + 
harzburgite/dunite = Ol-orthopyroxenite + M2]. Chromite 
would then precipitate from the Cr-saturated melt (M2). 
Therefore, chromitite veins in the mantle levels of the 
HMO formed after the reaction between harzburgite 
/dunite and a Si-rich melt, which formed Ol-
orthopyroxenite and chromitite.  
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Abstract. The diversity of Cr-spinels, which make up 
chromitites and represent accessory mineral in 
peridotites occurring within the ophiolitic massif in SE 
Kosovo, has been studied using EPMA. Grains displaying 
composition of magnesiochromite and chromite, as well 
as spinel (only in harzburgite), have been distinguished. 
The results indicate a supra-subduction zone setting for 
the studied ophiolite, corroborating with the boninitic 
affinity of the parental magma. The investigated Cr-
spinels show resemblance with spinels from forearc 
peridotites. The chromite in chromitites and Cr-spinels in 
dunite have similar Cr# and TiO2 content (~0.80; ~0.20 
wt.%), whereas the Cr-spinels in harzburgite have 
significantly lower Cr# and TiO2 content (0.61; 0.11 wt.%). 
It shows that harzburgite has been formed by high 
degrees of partial melting of a fertile MORB mantle 
source and dunite has been influenced by melt-peridotite 
interaction process. The primary accessory Cr-spinel is 
richer in Fe, Mg and Al than the primary chromite in 
chromitites, due to more effective subsolidus re-
equilibration with silicates during crystallization in 
peridotites. As the products of Cr-spinel alteration, 
ferritchromite and magnetite have been formed along 
cataclastic fractures and rims. Generally, the altered 
spinels have higher abundances of Mn, Si, Zn, Ni and Co 
compared to the unaltered spinels. The significant 
increase of MnO content (up to 1.26 wt.%), especially in 
dunite, indicates Mn mobilization by hydrothermal fluids 
and its addition to ferritchromite. 
 
1 Introduction 
 
Chromian spinel [solid solution with general formula (Mg, 
Fe2+)(Cr, Al, Fe3+)2O4] is an important mineral phase both 
from scientific and industrial points of view. It commonly 
occurs in ultramafic-mafic rock sequences of various 
genesis, and its chemistry is useful in geological 
environment reconstructions (e.g. Irvine 1965; Dick and 
Bullen 1984; Barnes and Roeder 2001). Cr-spinels 
concentrate in form of chromite ores (chromitites), which 
can be used in ferrochrome production. Although they are 
highly resistant to alteration processes and 
metamorphism, their primary composition can be 
changed (e.g. González-Jiménez et al. 2009; Kapsiotis 
2014). The most common secondary phases replacing 
chromite are ferritchromite and magnetite. Ferritchromite 
(or ferrian chromite) is characterized by significant to high 
Fe3+ content, variable Cr/Al and Mg/Fe2+ ratios, and may 
be slightly to highly enriched in Cr2O3 in comparison with 
primary Cr-spinel (e.g. Mellini et al. 2005; Merlini et al. 
2009; Gervilla et al. 2011; Gervilla et al. 2012). 

This paper provides the first data on the chemistry of 

Cr-spinels widespread within the studied ultramafic 
massif located in SW Kosovo. Major (Cr, Al, Fe, Mg) and 
minor (Ti, V, Mn, Ni, Co, Zn) metal oxide contents have 
been measured to distinguish features of chromite 
composing ores and accessory Cr-spinels in peridotites. 
Based on the primary chromite composition, the tectonic 
setting and the melt type have been identified for the 
studied ophiolite. The altered spinels have been 
investigated in order to indicate general trends in 
chemical changes, caused by alteration processes. 

 
2 Geological background 
 
The study area is located in SE Kosovo, along the border 
with North Macedonia, and represents a part of the 
Middle - Late Jurassic ultramafic massif (~80 km2), so-
called the Radusha massif. It belongs to the Drenica unit, 
which is situated between two extensive ophiolite belts, 
running from N/NW to S/SE through the Balkan 
Peninsula: the Vardar Zone (on E) and the Mirdita 
Ophiolite Belt (on W). Elezaj and Kodra (2012) suggest 
that the origin of this ultramafic complex is related to the 
Mirdita-Gjakova oceanic basin closure during Late 
Jurassic period, and constitutes the detached and 
tectonically emplaced part of the W ophiolite belt. 

Harzburgite is dominating in the area and hosts 
numerous irregularly shaped dunite bodies. Serpentinite 
occurs mostly along borders of the ultramafic complex. 
Chromitite have been documented within dunite. 
Massive, semi-massive and disseminated ores as well as 
textures specific for ophiolitic chromitites, such as 
breccia, schlieren, banded and vein types, have been 
observed in the field. The area is known from Cr deposits 
exploitation in Radusha, Orasje and Gorance, which 
started before WWI and was over in 1970’s. 
 
3 Samples and analytical methods 
 
In order to study the diversity of Cr-spinel composition, 
different types of samples have been collected in the 
study area. Panned-concentrates have been obtained 
from alluvium (containing mix of various spinel grains) 
and diluvium (weathering cover containing soil material) 
developed on dunite and harzburgite, separately. Chip 
samples of massive, disseminated and vein type 
chromite ores have been taken from the outcrops and 
excavations. After microscopic observation in reflected 
light, representative samples (5 polished grain mounts 
prepared for both sample types) have been selected for 
electron microprobe analyses. 

The analyses were carried out using a JEOL 
SuperProbe JXA-8230 electron microprobe (EPMA) at 
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the Laboratory of Critical Elements at the AGH-University 
of Science and Technology in Krakow (Poland). The 
EPMA was operated in the wavelength-dispersion mode 
at an accelerating voltage of 15 kV, a probe current of 20 
nA, focused beam with a diameter of <1 μm. The counting 
times on peak and on both (+) and (-) backgrounds were 
20 and 10 seconds, respectively. Data were corrected to 
the ZAF procedure using an original software. 286 
analyses have been obtained for unaltered parts of Cr-
spinels and 60 within their altered parts (rims and veins). 
FeO and Fe2O3 concentrations were determined 
assuming ideal spinel stoichiometry (AB3O4; cations 
calculated to 4 oxygens). 

 
4 Results 

 
4.1 Textural observations 
 
Cataclastic fractures within spinels occur in all studied 
samples. Crosscutting cracks are usually filled with 
secondary silicates (both in the ores and the detrital Cr-
spinels) and/or magnetite (only in the detrital Cr-spinels) 
(Fig. 1A, B, D). In the massive ore, brittle deformation is 
preserved as very intense fracturing and also 
microbrecciation. Alteration effects within the chromitite 
display only in the form of brighter and porous phase 
formation along crystal borders and cracks, whereas the 
studied panned-concentrates contain unaltered 
(homogeneous, without pores) spinels, as well as spinels 
showing different patterns of changes/zoning (Fig. 1C, F, 
G, H). The most abundant alteration effect, observed in 
the detrital Cr-spinels, is magnetite veins or/and rims 
development (Fig. 1D). Microscopic observations have 
revealed also formation of magnetite-hematite or 
hematite rims. The replacement by ferritchromite takes 
place from grain boundaries or micro-cracks inwards, 
giving rise to zoned grains, which consist of unaltered 
chromite enveloped by ferritchromite rims, and 
sometimes also magnetite on the edges (Fig. 1E, F). 
Some grains have been totally replaced by porous phase 
or/and magnetite, other have unaltered core or contain 
small relicts of primary spinel (Fig. 1C, G). 
 
4.2 Primary composition of Cr-spinels 
 
The unaltered Cr-spinels in the massive chromite ore can 
be classified as magnesiochromite, having average 
Cr#[Cr/(Cr+Al] = 0.80 and Mg#[Mg/(Mg+Fe2+)] = 0.60, 
whereas in the disseminated and vein type ores as 
chromite, having average Cr# = 0.78 and Mg# = 0.48. The 
primary composition of Cr-spinels in dunite show wider 
ranges of Cr# and Mg# values than it is observed for the 
ores, still representing the same mineral phases (Fig. 
2A). Some grains in harzburgite and from alluvium show 
Cr# < 0.50 and Mg# > 0.50 and can be classified as spinel 
(Fig. 2A). The Cr2O3 content in the chromite composing 
ores varies from 54.83 to 63.15 wt.%. The range of Cr2O3 
content in dunite is from 36.73 to 59.72 wt.%, whereas in 
harzburgite from 32.87 to 60.26 wt.%. Chromite in 
chromitites contains significantly less FeO than the 
accessory chromite in peridotites (av. in wt.%: 17.24 for 

the ores; 19.13 for dunite; 18.46 for harzburgite). Ranges 
of Fe2O3 content are 0.74 – 4.86, 1.81 – 8.16, 0.52 – 
10.09 wt.%, respectively in the ores, dunite and 
harzburgite. Among the analyzed spinels, the highest 
average contents of Al2O3 has been noted in harzburgite 
(20.70 wt.%), and the highest average MgO content in the 
massive ore (11.99 wt.%). The spinels in the studied 
chromitites and the accessory spinels in dunite 
characterize similar average content of Al2O3. The ranges 
of MgO content are more than two times wider for 
accessory spinels in the studied peridotites than in the 
ores. 

 
Figure 1. Backscattered electron images of the different types of Cr-
spinel grains affected by alterations (explanations: Cr – Cr-spinel, 
Fcr – ferritchromite, Mg – magnetite; image F is a close-up of the 
grain shown on the image E; for points 1 – 4 see Fig. 3) 
 

The TiO2 content in chromite making up the ores 
includes in the range characteristic for accessory Cr-
spinels in dunite (Fig. 2B). The Cr-spinels in harzburgite 
are characterized by the lowest contents of TiO2, which 
are rarely similar to those observed in the studied 
chromitites (Fig. 2B). The ranges of NiO content both in 
the ores and rocks are similar (Fig. 2D). In contrary to the 
other studied spinels, the spinel grains from harzburgite 
are Co-free (Fig. 2F). The primary Cr-spinels from 
peridotites show remarkably wider ranges of ZnO content 
than chromite in the ores (Fig. 2E). The ranges of V2O3 
content are different for the ores and peridotites (ores: 
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0.06 – 0.29, dunite: 0.06 – 0.23, harzburgite: 0.10 – 0.29 
wt.%). The highest MnO content in the studied unaltered 
Cr-spinels has been measured in dunite (Fig. 2C). PbO 
and CuO in almost all analyses have not been detected 
(or <0.1 wt.%). 

 

 
Figure 3. Profiles of major (A) and minor (B) elements distribution 
across zones in the altered Cr-spinel from the study area (see 
analytical points on Fig. 1F). 
 
4.3 Alteration effects in Cr-spinels 
 
The Cr# for the altered chromite composing the studied 
ores and for the accessory Cr-spinels noticeably 
increased (av. 0.88 for both), whereas the Mg# value are 
significantly lower (av. 0.51 and 0.26, respectively) (Fig. 
2). The enrichment in Cr2O3 is simultaneous with both 
Fe2O3 and FeO increase, and depletion of Al2O3 and 
MgO, indicating the ferritchromite formation during 
serpentinization process. This alteration effect has been 
observed for Cr-spinels in the ores as well as for the 
detrital spinels. Ferritchromite from the studied samples 
is characterized by following average values of major 

oxides contents (in wt.%): 62.82 Cr2O3, 6.07 Al2O3, 3.14 
Fe2O3, 17.05 FeO, 10.05 MgO (chromitites) and 52.25 
Cr2O3, 4.96 Al2O3, 12.18 Fe2O3, 24.29 FeO, 4.92 MgO 
(peridotites). The removal of Al2O3 and MgO from Cr-
spinels during alteration has caused mass loss and 
porous texture development (Fig. 1C, E, F). Magnetite 
crystallization was possible thanks to the continuous 
supply of iron to the porous ferritchromite in the next 
stage of compositional modification, which took place 
under oxidizing conditions (Fig. 1F, 3). It has been 
observed only within detrital spinels, not within the 
chromitite samples so far. The studied magnetite veins 
and rims contain up to 1.50 wt.% of Cr2O3. They are 
usually slightly contaminated by SiO2 (up to 1.57 wt.%) 
and may be also enriched in Mn (up to 1.58 wt.%). 

The alteration processes have caused generally slight 
variations in Ni, Co, Zn, V and Ti content. Only single 
analyses have shown anomalous enrichment in Ni, Co, 
Zn, Ti and V in accessory spinels (Fig. 2). Intriguingly, 
elevated abundance of Ti (up to 0.71 wt.%) has been 
detected. The most profound chemical change in minor 
elements concentration concerns the increase of Mn 
content (Fig. 2C). The Mn enrichment trend is prominent 
for accessory Cr-spinels in dunite. No enrichment in Pb 
or Cu in spinels has been noticed due to alteration. 

The point analyses within alteration rim of 
magnesiochromite have revealed chemical tendencies 
during formation of ferritchromite and magnetite (Fig. 3). 
Both mineral phases display higher concentration of Ni 
and Mn in relation to unaltered magnesiochromite. 
Ferritchromite has also higher contents of Zn, Co and Ti 
than both primary spinel and magnetite. 

 
5 Discussion and conclusions 
 
High #Cr for the studied chromitites enables to classify 

Figure 2. Composition changes caused by alteration processes in Cr-spinels from the study area, expressed in: Mg# vs. Cr# (atomic ratios), 
TiO2 vs. Cr#, MnO vs. Cr#, NiO vs. Cr#, ZnO vs. Cr# and CoO vs. Cr# diagrams. 



576 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

them as Cr-rich chromitites, which crystallized from melts 
of boninitic affinity. Many authors assumed that such 
magmas are formed solely in arc-forearc terrains and 
represent the magmatic products of subduction initiation 
(e.g. Stern and Bloomer 1992; Reagan and Meijer 1984; 
Hawkins and Castillo 1998). González-Jiménez et al. 
(2014) indicate that in the high-Cr chromitites, chromite 
has identical (or higher) Cr# as accessory chromite in the 
host dunite, whereas this value is lower for the chromite 
in the enclosing harzburgite. Our results confirm such 
pattern of chemical behaviour, which have been also 
observed for other ophiolitic chromitites in the region (e.g. 
Troodos, Cyprus; Vourinos, Greece; Mirdita Ophiolite, 
Albania) (González-Jiménez et al. 2011). Based on the 
Cr# and Mg# ranges for the studied Cr-spinels in dunite 
and harzburgite, they show much resemblance with 
spinels from forearc peridotites. The studied accessory 
Cr-spinels in harzburgite have been found to contain 
significantly less TiO2 than the Cr-spinels in the ores and 
dunite (Fig. 2B). It has been suggested that Cr# increases 
and Ti content rapidly decreases along with melting and 
thus Cr# in residual spinel is a sensitive indicator for the 
extent of melting of their host peridotite (e.g. Dick and 
Bullen 1984, Pearce et al. 2000). A part of the analyses 
of Cr-spinels from the studied massif (with Cr# from 0.39 
to 0.60) indicates that harzburgite is consistent with its 
residual nature after ~20% melting (estimated based on 
Pearce et al. 2000) of a fertile mid-ocean ridge basalt 
(MORB) mantle source. The rest of analyses shows an 
increase of Ti content, thus these peridotites have been 
formed rather by melt-rock interaction process than 
melting alone. The accessory chromite in peridotites is 
significantly richer in Fe, Mg and Al than the chromite in 
chromitites. The subsolidus re-equilibration with silicates 
(olivines and pyroxenes) during cooling, which is easier 
and more effective for chromite crystallizing in peridotites 
compared to chromitites, may explain observed 
differences (e.g. Irvine 1967; Roeder and Campbell 
1985). The same process could be responsible for slight 
enrichment in Zn, Mn, Ni and Co, that also has been 
noticed in pristine composition of the accessory spinels. 

Textural and compositional changes indicate that the 
studied spinels have been obscured by post-magmatic 
processes. The formation of ferritchromite and magnetite 
can be explained as the result of the ions exchange 
process, limited to fractures and edges of primary 
chromite crystals. During fluid migration in peridotites, 
Al2O3 and MgO were expelled from Cr-spinel boundaries 
and introduced in secondary silicates, whereas FeOt was 
incorporated into ferritchromite. In general, the analyzed 
primary spinels have lower abundances of Mn, Si, Zn, Ni, 
and Co compared to ferritchromite. Authors suggest that 
the significant enrichment in Mn is a direct indication for 
its mobilization by infiltrating hydrothermal fluids and 
incorporation into ferritchromite. However, both magmatic 
and hydrothermal processes have been considered as 
responsible for Mn enrichment in chromite (e.g. 
Economou-Eliopoulos 2003; Grieco and Merlini 2011). 
The observed anomalous TiO2 content may be related to 
remobilization of Ti in spinel lattice after the magmatic 
stage, as it was proposed by Kapsiotis (2014) for well-
studied magnesiochromite from Vourinos ophiolite. 
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Abstract. The Bushveld Igneous Complex (BIC) is 
known for its laterally extensive PGE-bearing layers, the 
most famous being the Merensky Reef and the UG-2 
chromitite in the Eastern and Western limbs of the BIC. 
In the Northern Limb, the Platreef and a thick chromitite 
seam below (henceforth the “UG-2 equivalent” or UG-2E) 
have been proposed to be the extensions of the 
Merensky Reef and UG-2, respectively. Using chromite 
as a petrogenetic tool, chromite compositions from the 
UG-2E are compared to a UG-2 reference suite (from the 
Western Limb) and literature data. The results show that 
UG-2E chromite have a distinct compositional field, 
partially overlapping the Cr# and Mg# field that 
characterizes UG-2 chromite. Although most UG-2E 
chromite grains have lower Cr# and Mg# than UG-2 
samples, the differences are more pronounced in 
sections of the UG-2E with lower chromite modal 
abundance, consistent with UG-2E magmas having 
interacted with local footwall rocks (the Duitschland 
Formation). However, samples with at least 80% 
chromite show a match in UG-2E and UG-2 chromite 
composition. Thus, we conclude that for chromite modes 
higher than 80% the chromite composition retains 
enough information to allow correlations and that the UG-
2E is very likely the UG-2. 
 
1 Introduction 
 
The Bushveld Igneous Complex (BIC) is the largest 
known mafic-ultramafic igneous complex on Earth. The 
BIC consists of four different igneous rock suites with the 
most studied being the Rustenburg Layered Suite (RLS), 
in part because it contains the largest reserves of 
platinum-group elements (PGE) in the world (USGS 
2019). The RLS consist mainly of mafic-ultramafic 
cumulate rocks exposed mainly at three limbs: the 
Eastern, Western, and Northern limbs. These limbs host 
PGE mineralization in layers referred as ‘reefs’, namely: 
UG-2, Merensky Reef (MR), and Platreef. The Western 
and Eastern limbs host PGE ores within the UG-2 
(massive chromitite) and the MR (chromite- and sulfide-
bearing pyroxenite), whereas ores within the Northern 
Limb are associated with the Platreef (also chromite- and 
sulfide-bearing pyroxenites).  

Although there is a general consensus that the Platreef 
is stratigraphically the lateral equivalent of the Upper 
Critical Zone in the rest of the BIC, there is no consensus  

 
on whether the Platreef mineralization correlates with the 
Merensky Reef (i.e. a thickened MR with the 
corresponding UG-2 chromitite below it) or constitutes a 
different rock unit (e.g. Wagner 1929; Yudovskaya et al. 
2017). Deep drilling by Ivanplats intersected a chromitite 
seam below what has been interpreted as the Merensky 
Cyclic Unit (Grobler et al. 2019); based on this 
correlation, the chromitite seam has been interpreted as 
the UG-2 (Grobler et al. 2019) and labeled here as the 
UG-2 equivalent or UG-2E to distinguish it, provisionally, 
from the UG-2 in the Eastern and Western limbs. 

Because chromite is an early cumulate phase, a key 
mineral in all the reefs, and has relatively high closure 
temperatures (> 800°C, Van Orman & Crispin 2010), it 
likely preserves information about crystallization 
conditions in its crystal chemistry (e.g. Junge et al. 2014). 
Here we document results on major and minor element 
chemistry in chromite samples from the UG-2E and a 
reference UG-2 chromitite seam and show evidence 
supporting the interpretation of the UG-2E as the UG-2. 
However, in contrast to the UG-2, parts of the UG-2E 
interacted and equilibrated with magmas that were 
affected by crustal contamination. 
 
2 Samples and Methods 
 
Drill core from hole UMT-366, intersected a chromitite 
seam 70 meters below the main mineralization in the 
Platreef. The complete chromitite seam is 189 cm thick, 
with textures varying from massive to semi-massive and 
few intervals having only disseminated chromite. The 
entire seam was sampled as quarter core (NQ type core, 
4.7 cm diameter) and polished sections of the complete 
seam were prepared. A reference suite from a 60 cm thick 
UG-2 chromitite seam (the Waterval suite, Naldrett et al. 
2012) was also prepared and analyzed. The samples 
were characterized petrographically and analysed using 
electron probe microanalysis (EPMA) for major and minor 
elements (Mg, Fe, Cr, Al, Ti, V, Zn, Mn, Ni, Co, Mn). Ferric 
iron content was estimated from stoichiometry of EPMA 
data (Droop 1987). 

 
3 Results 
 
Petrographically, the main similarities between the UG-2 
and UG-2E are that the majority of chromite grains occur 
as discrete euhedral to subhedral crystals with 
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intercumulus pyroxene and plagioclase. The main 
differences are that sulfides are more abundant in the 
UG-2E (from roughly 1 to 5 %), whereas the reference 
UG-2 chromitite contained very little sulfides (up to ~ 1% 
in some sections). Sulfide minerals are mostly interstitial 
but sulfide inclusions inside chromite grains are also 
more abundant in the UG-2E. Modal proportions and 
grain size are also slightly different. The UG-2 reference 
suite is predominantly massive (chromite proportions 
generally > 90 %) and with smaller crystals (from 0.001 
to ~ 0.6 mm), whereas the UG-2E is more variable 
(chromite proportions range from < 10 % to > 90 %) and 
slightly larger chromite grains (from ~ 0.04 up to 1.6 mm). 
In both cases the chromite grains were homogenous in 
composition (no zoning was identified, petrographically or 
chemically). Highlights of the results are summarized in 
Figures 1 to 4. Mg# = Mg/(Mg + Fe2+), Cr# = Cr/(Cr + Al), 
and Fe3+/∑Fe= Fe3+/(Fe3++Fe2+). 
 
3.1 UG-2 chromite chemistry across the Bushveld 
 
Figure 1 shows data from the reference UG-2 chromite 
(in orange) compared to previously documented data. 

 

 
Figure 1. Compilation of chromite Mg# vs Cr# data of UG-2 from the 
Eastern (EL) and Western (WL) limbs [EL data: Mathez & Mey 
(2005), grey circles; Adetunji et al. (2013), black circles. WL data: 
Eales & Reynolds (1986), yellow circles; Junge et al. (2014), blue 
circles; Veksler et al. (2015), purple circles]. Reference samples 
analyzed in this study (WL) are shown in orange circles.  
 
Close inspection of the data revealed that chromite with 
Mg# < 0.40 correspond to chromite grains at the margins 
of chromitite seams and disseminated chromite. 
Chromite from the massive sections of the UG-2 have 
Mg# ranging from 0.40 to 0.50, and Cr# between 0.61 and 
0.67. The compositions are broadly similar but, in 
general, Eastern Limb samples seem to have slightly 
lower Cr# and Mg# compared to Western Limb samples.  

 
3.2 UG-2E compared to UG-2 
 
Figure 2 shows the data for the UG-2E compared to the 
compiled UG-2 data. There is a direct overlap for samples 
with Mg# > 0.40 (and Cr# from 0.58 to 0.64) especially 
with the Eastern Limb suite documented in Mathez & Mey 
(2005) but samples with Mg# < 0.40 deviate from the 
trend seen in BIC samples having roughly constant Cr# 
(at ~ 0.60). The UG-2E samples with composition that 

directly overlap with the UG-2 are from the base of the 
UG-2E. 

 

 
Figure 2. Comparison of chromite Mg# vs Cr# from UG-2E to UG-2 
reference samples (as shown in Figure 1).  
 
3.3 Variations in chromite chemistry with 

chromite modal proportions 
 
The UG-2 reference chromitite is predominantly massive 
(≥ 90 modal chromite) with the exception of two samples 
with 49% and 2% modal chromite proportions (a silicate 
parting). The UG-2E chromitite seam ranges from 
massive to semi-massive to disseminated chromite, with 
chromite modal proportions varying from 10 to 90%. Both 
the UG-2 and UG-2E show a decrease in Mg# with 
decreasing chromite modal proportions (Figure 3A), but 
different ‘trends’ in Cr# (Figure 3B).  
 

 
Figure 3. A) Variations in Mg# with increasing chromite modal 
proportions for the UG-2 and UG-2E samples. B) Variations in Cr# 
with increasing chromite modal proportions for the UG-2 and UG-
2E. 
 
3.4 Ferric iron content 
 
Figure 4 shows that the UG-2E chromite have a wider 
range of Fe3+/∑Fe (0.26 to 0.34), compared to the UG-2 
(0.25 to 0.29). In general, UG-2E samples with the lowest 
Mg# (corresponding to lowest chromite modal 
proportions) have the highest Fe3+/∑Fe values. Figure 4B 
shows that the UG-2E has a wider range of Cr# (0.59 - 0. 
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64) than the UG-2 (0.64 - 0.67). Although the difference 
in Cr# is very small, the Cr# of UG-2 and UG-2E can 
clearly be distinguished as two separate chromite 
populations, with no overlap.  

 

 
Figure 4. A) Variations in Mg# with Fe3+/∑Fe for the UG-2 and UG-
2E. B) Variations in Cr# with Fe3+/∑Fe for the UG-2 and UG-2E.  
 
4 Discussion 
 
Correlation between Northern Limb mineralized units 
(Platreef and associated lithologies) and the rest of the 
BIC (especially the Merensky Reef and the UG-2) is still 
controversial. Although there is general agreement that 
both sequences represent the top of the Upper Critical 
Zone, there is no agreement on the possible correlation 
between the Platreef mineralized package in the Northern 
Limb and Merensky-UG-2 in the rest of the Bushveld 
(Kinnaird 2005; McDonald et al. 2005). This is in part due 
to interaction with footwall sediments, although available 
evidence indicates that mineralization is primary 
magmatic and footwall assimilation is mostly a modifier of 
mineralization (e.g. Holwell et al. 2011).  

A significant part of the approach used here is that 
other chromitite seams from the Critical Zone (i.e. the LG 
and MG chromitites) have different and distinct Mg# and 
Cr# than the UG-2 (Naldrett et al. 2012) despite some 
minor overlaps between the MG and UG. Naldrett et al. 
(2012) identified a general trend from higher Cr# and Mg# 
towards lower Mg# and Cr# from the LG to the UG 
chromitites, interpreted to indicate an increase in the 
activity of Al2O3 in the silicate melt. 

One potential problem for correlation is that the 
chromite chemistry may not preserve the initial chromite 
composition because of re-equilibration with interstitial 
melt during cooling (i.e. the trapped-liquid shift effect, 
Barnes 1986). However, the compiled data for UG-2 
(Figure 1) show that except for chromite grains at the 
edges of the chromitite seams, the Cr# and Mg# are very 
consistent across the entire BIC. This is likely the result 
of two factors: first, lower amounts of trapped or interstitial 

melt results in very small compositional changes with 
respect to the initial composition of the cumulate grains 
(Barnes 1986); second, in a closed system the 
compositional change should be similar in samples with 
roughly the same modal proportions. Although most of 
the UG-2E samples analyzed do not seem to match the 
UG-2 compositions (Figure 2), this is mostly the result of 
the variable modal proportion of chromite in the UG-2E 
(Figure 3). When accounting for only chromite in sections 
with higher modal proportion of chromite (> 80%) the 
match is reasonably good except for a minor discrepancy 
in Cr#. However, close inspection of Figure 1 shows that 
there are small differences in Cr# in UG-2 chromite from 
the Western Limb compared to the Eastern Limb, and 
that Cr# in the UG-2E match the range documented in 
Mathez and Mey (2005) for the UG-2 in the Eastern Limb.  

Major differences between the UG-2E and the UG-2 
are summarized in Figures 2 to 4. Although Figure 3A 
shows that variations in Mg# are directly linked to 
chromite modal proportions, the Cr# remains roughly 
constant (Figure 2, Figure 3B), which is inconsistent with 
the trend of increasing Cr# with decreasing Mg# 
displayed by the data compilation (Figure 1). The most 
significant difference is in Fe3+/∑Fe (Figure 4), which 
indicates oxidizing conditions likely related to magma 
contamination. According to Evans (2017), a wide spread 
of Mg# and Fe3+/∑Fe values indicate modification of 
chromite composition via reaction with interstitial liquid. 
This implies that some of the UG-2E chromites 
underwent reaction with surrounding liquid whereas the 
more tightly clustered and massive UG-2 (and some UG-
2E sections) did not. If the relationship between chromite 
modal proportions and Fe3+/∑Fe is purely linked to the 
trapped-liquid shift effect, then Fe3+/∑Fe values are not a 
primary feature. However, Mössbauer analyses are 
needed to properly assess Fe3+/∑Fe because of know 
disparities with calculated Fe3+/∑Fe from EPMA (Adetunji 
et al. 2013; Evans 2017). Constant Cr# of samples with 
low chromite abundance likely result from an increase in 
the substitution of Fe3+ into chromite, with the Cr-Al ratio 
represented by Cr# remaining in relatively equal 
proportions. The most likely scenario to explain the 
differences between UG-2E and UG-2 is that the 
Northern Limb magmas were influenced by assimilation 
of footwall rocks affecting the Fe content (as both Fe2+ 
and Fe3+) as well as Mg and Al content (due to 
assimilation of banded iron formation, dolomites, pelites, 
shales of the Transvaal Supergroup). The results are 
consistent with the UG-2E chromitite being a UG-2 layer 
that has been disrupted and affected by magmas that 
have interacted with local footwall sedimentary rocks. 

 
5 Conclusions 
 
The Cr# and Mg# of UG-2 chromite samples from the 
Eastern and Western limbs of the BIC define a relatively 
narrow field. Chromite grains at the edge of the UG-2 
have Mg# < 0.4 and show a dispersion pattern towards 
higher Cr# which is interpreted to reflect re-equilibration 
with the silicate melt during cooling (Barnes 1986).  

Chromite Cr# and Mg# from the UG-2E show only a 
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partial match with reference values from UG-2 samples 
but deviate from the UG-2 trend by having decreasing 
Mg# at roughly constant Cr#. However, UG-2E samples 
with more than 80% chromite modal proportion have Mg# 
≥ 0.40 and match with the reference UG-2. 

The similarity in Cr# and Mg# between the UG-2E and 
the UG-2 for samples with more than 80% chromite 
indicate that the UG-2E crystallized from a magma of the 
same composition as the UG-2, hence the UG-2E is likely 
the UG-2. The discrepancies between UG-2E and UG-2 
composition have likely two reasons: (a) more variations 
in chromite modal abundance in the UG-2E, resulting in 
re-equilibration with variable amounts of silicate/trapped 
liquid; (b) re-equilibration in an open system (i.e. with a 
magma that assimilated metasedimentary footwall 
rocks). However, the fact that some compositions match 
indicates that the magma either crystallized chromite 
prior to interaction with meta-sedimentary rocks or 
trapped liquid effect is minimal for modal abundance > 
80% chromite. 

Regardless of whether the trapped-liquid shift effect 
has affected the samples, major element chemistry (Cr# 
vs. Mg#) should be a helpful correlation tool in chromite 
samples with more than 80% chromite. Ongoing work 
aims to complement major element data with trace 
element data obtained by LA-ICP-MS and Mössbauer 
spectroscopy. 
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Abstract. All major sources of economically important 
platinum-group elements (PGE) are associated with 
sulfides and chromite in mafic-ultramafic rocks. The 
Bushveld Complex in South Africa is the largest PGE 
deposit worldwide. Chromitites of the Lower Group (LG) 
and Middle Group (MG) of the Bushveld Complex hold 
PGE contents of a few ppm. However, these chromitites 
are mainly mined for Cr only and extraction of PGE as a 
by-product is limited. Surface weathering in the area of 
the Bushveld Complex is up to 50 m down from surface. 
Attempts to recover Pt and Pd from these weathered ores 
lead to recoveries of <30 %, despite that Pt and Pd 
concentrations are similar in pristine and weathered ores. 
A comparison of pristine and weathered LG and MG 
chromitites of the Thaba Mine, in the northwestern 
Bushveld Complex, showed higher Pt/Pd ratios in the 
weathered chromitites compared to the pristine ores, as 
well as elevated concentrations of Pt and Pd in the 
hanging and footwall. Only relict platinum-group minerals 
exist in the weathered chromitites (mainly PGE-
sulfarsenides and newly formed PGE-
oxides//hydroxides). The higher Pt/Pd ratios in the 
weathered chromitites indicate that Pd is more mobile 
than Pt. Mobilization of Pd takes also place on a small 
scale into the hanging walls and footwalls of the 
chromitite seams. Primary PGM grains are largely 
destroyed and only relict grains occur. The newly formed 
PGM phases in the weathered ores are mainly 
associated with secondary minerals such as Fe-silicates 
and Fe-oxy/hydroxides. In the weathered chromitites, 
PGE are dissolved from PGM and very locally 
reprecipitated, indicated by the neoformation of PGM-
oxides/hydroxides.  
 
1 Introduction 
 
The world’s largest layered mafic-ultramafic intrusion is 
the 2050 Ma old (Scoates and Friedmann 2008) 
Bushveld Complex in South Africa, which contains vast 
resources of chromite, PGE and vanadium. Currently, the 
Merensky Reef and the Platreef and the UG-2 chromitite 
seam are the major mining targets for PGE, although 
chromitites of the Lower Group (LG) and Middle Group 
(MG) may also contain concentrations up to several ppm 
PGE (e.g. Bachmann et al. 2019a,b). Nowadays, the 
chromitites of the LG and MG are predominantly mined  
 

for Cr, but extracting PGE as a by-product could 
significantly increase the resource efficiency of these 
mines. At present, only two mining companies produce 
PGE-concentrates from active LG- and MG-mining 
operations and old mine dumps: Sylvania Platinum 
(Junge et al. 2016; Oberthür et al. 2016) and Tharisa 
Mine. 

In unweathered ores, the PGE are bimodally 
distributed, occurring both as discrete platinum-group 
minerals (PGM) and hosted by sulfides. Especially, 
pentlandite [(Fe,Ni)9S8] contains elevated concentrations 
of Pd and Rh (e.g. Godel et al. 2007; Junge et al. 2014). 
Pt/Pd ratios in the LG-6 and MG chromitites usually range 
from 1 to 3 (Bachmann et al. 2019a). Platinum-group 
minerals are usually associated with sulfides and occur 
either enclosed or at grain boundaries of sulfides and 
chromite (e.g. Bachmann et al. 2018).  

The weathering zone in southern Africa reaches up to 
50 m in depth, having an enormous effect on PGE 
recovery of near-surface PGE ores which are weathered 
and PGE-bearing sulfide minerals are partially to 
completely replaced by Fe-oxy/hydroxides (Oberthür et 
al. 2013; Junge et al. 2018).  

In this study, the differences between pristine and 
weathered LG and MG chromitites of the Thaba Mine, 
located in the northwestern Bushveld Complex, are 
studied. The variations in mineralogy between near-
surface weathered ores are compared to published data 
of pristine ores in order to unravel the effects of 
weathering on the PGE distribution. The results are 
essential for the development of novel PGE extraction 
methods for these ores.  
 
2 Samples and Methods 
 
2.1 Origin of samples 
 
The Thaba Mine is located in the northwestern Bushveld 
Complex, approximately 25 km SW of Thabazimbi and 
85 km NW of Rustenburg. The LG-6, -6A and several MG 
chromitite seams are mined for chromite by Cronimet 
Chrome Mining SA (Pty). Chromitite ore complemented 
by hanging and footwall samples were collected in the 
active pits and within exploration trenches (n=62). 
Mineral liberation analysis (MLA) was conducted on drill 
core intersections from near-surface ores (<30 m) of the 
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LG-6, MG-1, MG-2, MG-3 and MG-4 chromitite seams 
(n=36).  
2.2 Whole-rock analysis 
 
Whole-rock analysis was carried out by Activation 
Laboratories Ltd. (Actlabs), Canada. Major and trace 
elements were analyzed by inductively coupled plasma-
optical emission spectrometry (ICP-OES) and inductively 
coupled plasma-mass spectrometry (ICP-MS) following a 
four-acid digestion (HF, HClO4, HNO3, HCl). Gold, Pd and 
Pt concentrations of all samples were determined by ICP-
MS following a fire-assay procedure. Chromitite ore 
samples were analyzed by X-ray fluorescence (XRF) of 
fusion disks to determine the oxide composition.  
 
2.3 Mineral Liberation Analysis  

 
From the drill cores which are intersecting chromitite 
seams close to surface (<30 m), 36 polished thin sections 
were prepared. Quantitative mineralogical analysis using 
the MLA software was carried out using a FEI-Quanta 
650 F field emission scanning electron microscope (FE-
SEM) equipped with two Bruker Quantax X-Flash 5030 
energy dispersive X-ray spectroscopy (EDX) detectors 
and FEI’s MLA suite 3.1.4 software for data acquisition at 
both BGR and Helmholtz-Institute Freiberg for Resource 
Technology (HIF). In-depth information on the MLA 
system and PGM identification can be found in Fandrich 
et al. (2007), and Osbahr et al. (2015). In the present 
study, the sparse phase liberation (SPL)-Lite 
measurement mode was applied for identification of PGM 
grains with high spatial resolution and accuracy (Fandrich 
et al. 2007). In this mode, a series of BSE images is 
collected and only mineral grains matching defined grey 
scale ranges are analyzed by EDX. Polished sections of 
the concentrates were analyzed in a first run, then re-
ground and re-polished and analyzed again in a second 
run.  

 

3 Results 
 

3.1 Whole-rock 
 

Platinum concentrations in weathered chromitite seams 
(LG-6 to MG-4) generally exceed those of Pd (Table 1,2). 
However, differences are observed by comparing 
individual chromitite seams as total PGE concentrations 
of weathered chromitites from the LG-6 to MG-4 in the 
pits range between 760 and 1300 ppb. Pt/Pd ratios 
increase stratigraphically upwards, while the IPGE/ 
PPGE ratio decreases (Table 2).  
 

Table 1. Median Pt and Pd concentrations (all in ppb) and Pt/Pd 
ratios of merged LG and MG-chromitites of the pits (n=6), trenches 
(n=30), hanging and footwall (n=15) and carbonate veins (n=11).  
 

 Pt/Pd Pt Pd 
chromitites - pits 4.7 270 57 
chromitite - trenches 6.5 315 48 
hanging/footwall 7.9 333 42 
carbonate veins 1.5 77 49 

 

Elevated concentrations of Pt and Pd are also present in 
hanging and footwalls of chromitite seams (median 333 
ppb Pt). In the MG-1 chromitite, Pt/Pd ratios are partly 
lower in the hanging and footwall compared to the 
associated chromitite seams (Figure 1). 

 

Figure 1. Whole-rock geochemistry of Pt and Pd from the MG-1 
chromitite in trench 1, as well as hanging wall and footwall of the the 
same location of the MG-1 chromitites.  
 

Within the chromitite seams in the trenches, green and 
white carbonate veins crosscut the chromitite seams. 
These alteration veins were selectively sampled and 
have variable concentrations of up to 1900 ppb Pt and 
120 ppb Pd. 
 
Table 2. Individual whole-rock PGE concentrations (all in ppb) of 
chromitites from the pits analyzed by nickel sulfide fire assay and 
instrumental neutron activation analysis (INAA). Additionally, Pt/Pd 
and IPGE/PPGE ratios are given. IPGE: Os,Ir,Ru; PPGE: Rh,Pt,Pd.  

seam IPGE Rh Pt Pd Pt/Pd IPGE/ 
PPGE 

MG-4  165 8 716 54 13.3 0.2 

MG-3  736 86 395 80 4.9 1.3 

MG-2  752 69 157 41 3.8 2.8 

MG-1  567 46 109 42 2.6 3.0 

LG-6 779 28 91 57 1.6 4.4 

Figure 2 shows chondrite-normalized PGE patterns of 
weathered MG-2 chromitite sampled from the pits and 
trenches, as well as from pristine drill cores. From the 
MG-2 chromitite in the weathered and near-surface ores 
Pt and Pd (n=7; green in Figure 2) were analyzed and 
only in one sample IPGE (blue in Figure 2). The PPGE 
(Rh, Pt, Pd) contents of weathered ores (blue and green 
in Figure 2) are generally lower than those of the pristine 
ores (red in Figure 2). The IPGE (Os, Ir, Ru) are very 
similar in both pristine and weathered ores. Particularly, 
Ru concentration are in the same range as the pristine 
ores.  
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Figure 2. Chondrite-normalized PGE concentrations of the MG-2 
chromitite seam sampled in the mining pits of the Thaba Mine (n=1), 
median values of MG-2 chromitites sampled in the trenches (n=7) 
and pristine MG-2 chromities from drill cores of the Thaba Mine 
(Cronimet). Normalized after McDonough and Sun (1995). Upper 
right corner shows laurite [RuS2] inclusion in chromite as an 
explanation for the similar Ru concentrations in weathered and 
pristine MG-2 chromitite. 

 
3.2 PGE mineralogy in weathered ores 
 
The MLA study of weathered ores identified the following 
major PGM groups: PGE-sulfarsenides (hollingworthite 
[RhAsS], irarsite [IrAsS], platarsite [PtAsS]), laurite 
[RuS2], Pt-Fe alloys, and cooperite-braggite [(Pt,Pd)S]. 
Laurite [RuS2] is often present as inclusions in chromite 
(Figure 2). Relicts of PGM at different degrees of 
breakdown typically show  PGE halos around them 
(Figure 3). Furthermore, PGE-minerals stoichiometrically 
resembling PGE-oxides were analysed by SEM/EDX 
(Figure 3). 

 

 
Figure 3. BSE images of weathered platinum-group minerals within 
secondary Fe-silicates in the near-surface ores. A: Intergrowth of 
laurite [RuS2], platarsite [PtAsS], and stibiopalladinite [Pd5Sb2]. B: 
Pt-Rh-Ir mineral. C.,D.: Pt-(Fe)-oxides. 
 
4 Discussion 
 
4.1 Geochemical behavior of PGE during 

weathering 
 

Platinum concentrations increase from LG-6 to MG-4, 
whereas Pd remains at near-constant levels, resulting in 
a strong increase of the Pt/Pd ratio from 2.2 to 15.3 (Table 
1). In pristine ores, Pt and Pd concentrations increase 

from the LG to the UG chromitites. Bachmann et al. 
(2019a) presented median Pt and Pd concentrations of 
the LG and MG chromitite seams at Thaba Mine (LG-6: 
330 ppb Pt, 60 ppb Pd; MG-1: 680 ppb Pt, 160 ppb Pd; 
MG-2: 1270 ppb Pt, 270 ppb Pd; MG-3: 1280 ppb Pt, 496 
ppb Pd; MG-4: 1230 ppb Pt, 200 ppb Pd). Platinum, 
therefore largely remains within the chromitite seams and 
is only locally mobilized within the chromitites and their 
surrounding hanging and footwalls, whereas a large 
proportion of the Pd is leached out (Table 2). Oppermann 
et al. (2017) also showed for the soils at Thaba Mine, that 
Pt is transported in small quantities only over short 
distances away from chromitite horizons. Palladium is 
mobilized and the concentrations in the near-surface 
chromitites are lower than in pristine, unweathered ores 
and therefore the Pd concentrations do not show the 
same primary orthomagmatic trend as Pt (cf. Table 1, 2). 

Weathering causes mobilization of Pt and Pd out of the 
chromitites, locally into the hanging and footwall. The 
general decrease (in particular of Pd) can also be 
observed by comparing with the average Pt/Pd ratio of 
pristine chromitites from the Thaba Mine (Bachmann et 
al. 2019a). Carbonate veins which intersected chromitite 
seams near surface show elevated concentrations of Pt 
and Pd. Therefore, Pt and Pd are to some extent locally 
transported along these veins and may be precipitated 
within the hanging and footwall due to changes in the 
physio-chemical conditions within the hanging and 
footwall.  

Stratigraphically upwards, Pd probably has a similar 
fate as Pt. However, due to the impact of weathering and 
the strong mobilization of Pd, the effect cannot be shown 
here. The dominance of IPGE and Pt (+Pd) dominated 
processes evolved upwards during the primary magmatic 
formation of the chromitite seams. The highest 
concentrations are for Ru (maximum value in the LG-6 
chromitite is 640 ppb) and Pt (maximum value in the MG-
4 chromitite is 715 ppb), also indicated by the 
concomitant decrease of the IPGE/PPGE ratio from 4.4 
to 0.2 from the LG-6 to the MG-4 chromitites (Table 2). 
The IPGE are generally less affected by weathering 
processes which may be explained by the fact that laurite 
[(Ru,Os,Ir)S2] commonly occurs as inclusions in chromite 
(Figure 2), and  PGM incorporated in chromite are largely 
unaffected by weathering processes. In addition to 
discrete PGM, it was shown that Ru is incorporated in the 
chromite lattice (Pagé and Barnes 2016), underlining that 
Ru (both as inclusion of laurite and within the crystal 
lattice) is not affected by weathering processes. 
Originally, Ru-rich PGM associated with sulfides, 
however, can be affected by weathering as only relict 
laurite grains are associated with silicates in the 
weathered ores.  

 

4.2 Mineralogical behavior of PGE-phases during 
weathering 

 
Only relict PGM grains are present in the near-surface 
ores and they are moderately to completely destroyed. 
Analysis by EPMA and LA-ICP-MS revealed good 
correlations between Pt, Pd with Ni and Cu in secondary 
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silicates, indicating the breakdown of sulfides such as 
pentlandite and chalcopyrite and incorporation of the 
liberated metals into secondary silicates and 
oxy/hydroxides (Junge et al. 2018).  
Platinum-group elements transport is local in character, 
and precipitation occurs with secondary silicates, Fe-
oxy/hydroxides or in the form of secondary PGM (e.g. Pt-
oxides). In particular, Pt is only distributed on a very local 
scale. By changing the physicochemical conditions, Pt is 
associated with secondary silicates and Fe-
oxy/hydroxides. These processes are also the reason for 
neoformation of PGM under supergene conditions and 
the formation of PGE-oxides as shown in Figure 3. These 
grains are intergrown with various types of secondary 
minerals (e.g. clay minerals). Palladium can be 
transported further away from the system, evidenced by 
the high Pt/Pd ratios of the most weathered ores, which 
is also in agreement with experimental studies on the 
transport of Pt and Pd in hydrothermal fluids (Barnes and 
Liu 2012).  

 
5 Conclusions 
 
The higher Pt/Pd ratios in the pervasively weathered 
chromitites indicate that Pd is more mobile during 
weathering processes than Pt. Elevated concentrations 
of Pt and Pd in the hanging walls and footwalls of the 
chromitite seams indicate that Pt and Pd redistribution 
occurs on a small scale. Weathering processes cause 
local redistribution of the Pt and Pd. The newly formed 
PGM phases in the weathered ores are mainly 
associated with secondary minerals such as Fe-silicates 
and Fe-oxy/hydroxides. Primary PGM grains are largely 
destroyed and only relict grains occur. Platinum-group 
elements are dissolved from these PGM and very locally 
reprecipitated, indicated by the neoformation of PGM-
oxides/hydroxides.  
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Abstract. The Platreef is generally characterized by 
interaction of Bushveld magmas with underlying 
metasedimentary rocks or granitoids and it is of interest 
because of the PGE-Ni-Cu mineralization it contains. One 
puzzling aspect is the lack of correlation between PGE-
Ni-Cu contents and sulfide abundance, which is relevant 
because of the role of sulfide saturation on ore formation. 
Clearly, a better understanding of how sulfide abundance 
relates to PGE-Ni-Cu mineralization is essential to 
understand ore formation and distribution. This study 
focuses on samples showing at least two different 
populations (from whole rock data): One with relatively 
low S/Ni values; the other with higher S/Ni (and 
stratigraphically associated with footwall assimilation). 
Mineral chemistry of major sulfides (by EPMA and LA-
ICP-MS) was used to determine how the differences 
identified in whole rock chemistry were preserved in the 
sulfides. The results show that selenium contents in 
sulfides spatially associated with PGE-Ni-Cu 
mineralization is higher than in sulfide minerals 
associated with footwall assimilation and also that other 
trace elements (e.g. Co contents in pyrrhotite and 
pentlandite, Cd contents in chalcopyrite) are useful to 
distinguish between different types of sulfides. This 
approach could be useful to distinguish the degree of 
footwall assimilation elsewhere. 

 
1 Introduction 
 
The PGE mineralization in the Platreef is relatively in the 
same stratigraphic position as the Merensky Reef in the 
Eastern and the Western limbs of the Bushveld Igneous 
Complex (BIC) and is reported to contain more base 
metal sulfides than the latter (Kinnaird et al. 2005). 
Previous studies (e.g. Harris and Chaumba 2001) 
suggested that footwall assimilation may have been 
involved in the mineralization process, whereas other 
studies indicated that PGE mineralization is mostly 
magmatic and subsequently affected by footwall 
assimilation (e.g. Holwell and McDonald 2007; 
Hutchinson and McDonald 2008).  

One of the reasons there has not been better 
constraints is because it is commonly difficult to have 
independent assessments of the primary vs. secondary 

process in the samples analyzed. Deep drilling by 
Ivanplats intersected sequences that allowed isotopic (S 
and Sr) and trace element studies that confirm that the 
PGE-Ni-Cu mineralization is magmatic (Mayer 2008; 
Mayer et al. 2018) and that the footwall assimilation zone 
contains S derived from metasedimentary rocks (Keir-
Sage et al. 2018). The Sr and S isotopic data, combined 
with litho-chemostratigraphy (Grobler et al. 2019) is 
strong evidence to conclude that the Platreef is, in 
essence, the expression of the Merensky Reef in the 
Northern Limb of the Bushveld Igneous Complex. The 
goal of this study is to complement those studies by 
documenting systematic differences in the mineral 
chemistry of major sulfide minerals associated with PGE-
Ni-Cu mineralization compared to those associated with 
the footwall assimilation zone (and with lower grades).  

 
2 Background, samples used, and working 

hypothesis  
 
Work was done on samples from drill hole UMT094 
(Turfspruit locality), which was selected because it shows 
a relatively clear separation between PGE-Ni-Cu 
mineralization (with no visible evidence of assimilation) 
and a zone of footwall assimilation. Sulfides, mostly 
pyrrhotite (Po), pentlandite (Pn), and chalcopyrite (Ccp) 
are visible through mineralization and through the 
footwall assimilation zone without any significant changes 
in mode of type. Previous work on samples from the same 
drill core (Sr isotopic stratigraphy, Mayer et al. 2018; 
sulfur isotopes and whole rock geochemistry, Keir-Sage 
et al. 2018) showed that although there is contribution of 
footwall S into the footwall assimilation zone, the PGE-Ni-
Cu mineralization is mostly magmatic and not 
significantly affected by footwall assimilation.  

Inspection of S vs. Ni contents from whole rock data 
(Fig. 1) show that there are at least two populations: one 
with relatively low S/Ni, the other with relatively high S/Ni. 
A third trend (labeled as ‘intermediate’) seems to branch 
off the low S/Ni trend. Similar trends (not shown) are 
observed for S vs. Cu and S vs. PGE.  
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The working hypothesis is that if the differences 
identified in figure 1 are a consequence of different 
geochemical processes then the composition of major 
sulfides is likely to keep record of such differences.  
 

 
Figure 1. Whole rock S vs Ni content showing three distinct 
populations of sulfides: (a) high S, low Ni; (b) low S, high Ni; (c) an 
inferred 'intermediate population’. The lines shown are approximate 
ratios (S/Ni) that can be used to define each group (solid line S/Ni = 
4.5; dashed line S/Ni = 3.0. The three populations converge and are 
difficult to distinguish when S content is less than 0.3 wt% and Ni 
content is less than 0.1 wt%. 

 
Figure 2 shows that the group with low S/Ni is 

stratigraphically higher and includes the interval 
associated with PGE mineralization, whereas most of the 
samples in the group with high S/Ni group are lower in the 
stratigraphy. Core logging and previous work (Keir-Sage 
et al. 2018) show that most of the samples characterized 
by high S/Ni are associated with footwall assimilation. 
The intermediate group overlap the stratigraphic range of 
the low S/Ni group but seem restricted to what appears 
to be a break between the high S/Ni group (~ 1365 m) 
and the sharp increase in PGE content (~ 1300 m).  
 
 

 
 
Figure 2. Stratigraphic variations in S, 3PGE and Ni content from 
whole rock geochemistry. Except for four samples with high S/Ni 
there is a clear separation in the depths of each group (with a 
significant overlap between the ‘intermediate’ and the low S/Ni 
groups. 
 
 

3 Methods  
 
Core logging and sampling for geochemical analysis of 
sulfides was done on drill core UMT094. Selected 
samples were sectioned and prepared as thick polished 
sections (~ 100 µm thick). Major sulfides were identified 
in the polished sections using reflected light microscopy 
and secondary electron microscopy (SEM) at Laurentian 
University. Grains of major sulfides (Po, Pn, Ccp) 
representative of each population were analysed for 
major and minor elements using a Cameca SX100 
electron probe microanalyzer (EPMA) at the Ontario 
GeoLabs. Trace elements data were obtained by LA-ICP-
MS using a Resonetics RESOlution M50 laser probe 
coupled to a Thermo-Fisher XSeriesII ICP-MS. 
 
4 Results  
 
The most significant results are summarized in figures 3 
and 4. A diagram of Co content in Pn vs. Se content in Pn 
(Fig. 3) shows that Pn in sulfide assemblages within the 
mineralized interval contain higher Se but lower Co 
contents than Pn in sulfide assemblages that are 
stratigraphically lower and associated with footwall 
assimilation.  

 

 
Figure 3. Pentlandite from the low S/Ni group have a large range in 
Se content (0.007<Se<0.033 wt%) whereas Pn from the high S/Ni 
group have Se < 0.003 wt% (with some outliers ranging to up to 
0.008 wt%). The Co contents are less than 0.9 wt% in Pn from the 
low S/Ni group and range from 1.7 to 3.0 wt% in Pn from the high 
S/Ni group (but with some outliers having Co content as low as 0.3 
wt%). 
 

Figure 3 shows that in general the Se content is one of 
the most useful discriminants and that combined with Co 
content demonstrates that the differences in whole rock 
data correspond to differences in sulfide compositions. 
There is however, some overlap in Co contents and some 
samples with low Se have the lowest Co contents 
documented.  

Figure 4 shows that mineral chemistry is also distinct 
for Po and Ccp and can be used to discriminate the 
different populations. It complements figure 3 because it 
provides evidence to consider the ‘intermediate’ 
population as a distinct group that can be distinguished 
from the other two, having Se/Co in Po > 1 and a range 
in Se/Cd in Ccp that spans the range of both of the other 
populations.  
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Figure 4. Se/Co in Po against Se/Cd in Ccp. This is an example of 
how data from two different sulfides can be used to discriminate 
among the different sulfide assemblages. Sulfide assemblages 
associated with footwall assimilation have Se/Co in Po < 1 and 
variable Se/Cd content in Ccp. In contrast, sulfide assemblages 
associated with mineralization have Se/Co in Po 1 and restricted 
Se/Cd in Ccp (< 0.15). 
 
5 Discussions and conclusions  
 
Our understanding of the role of footwall-magma 
interaction on PGE mineralization in the Northern Limb 
has changed over time. For example, Harris and 
Chaumba (2001) suggested that footwall assimilation 
occurred prior to emplacement, inducing sulfide 
saturation and PGE mineralization of the Platreef. Later 
studies reached different conclusions. For example, 
Holwell and McDonald (2007) concluded that the PGE 
mineralization was primarily orthomagmatic and that 
sulfides formed in a deep staging chamber but were later 
affected by hydrothermal activity. Hutchinson and 
McDonald (2008) suggested that melting and 
devolatilization of the local floor rocks resulted in the 
introduction of S and metalloids (As, Sb, Te and Bi) and 
that addition of footwall-derived S diluted the PGE tenors.  

Although all the assemblages contain the same 
minerals (Po, Pn, Ccp), the results of this work 
demonstrate the existence of three distinct sulfide 
assemblages, which can be distinguished based on trace 
element content. When combined with S isotope 
stratigraphy (Keir-Sage et al. 2018) and Sr isotopic 
stratigraphy (Mayer 2018; Mayer et al. 2018) it leads to 
the conclusion that the high S/Ni group belongs to the 
footwall assimilation zone and the low S/Ni group, which 
includes the interval with PGE-Ni-Cu mineralization, is 
magmatic. If mineralization in drill core from UMT094 is 
representative of the Platreef in general, then the results 
of this study provide solid evidence that Platreef PGE-Ni-
Cu mineralization is essentially magmatic and that 
footwall assimilation likely has a detrimental effect on 
PGE-Ni-Cu mineralization, even if it contributes S and 
other valuable metals (such as Co) to the system. On-
going work aims to apply this approach to other Platreef 
drill core samples in which the separation between 
magmatic units and footwall assimilation is not as clear 
as in UMT094. The approach could be useful elsewhere 
to evaluate the role of primary vs. secondary processes 
in PGE-Ni-Cu mineralization.  
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Abstract. Previous studies in the Eastern and Western 
Limbs of the Bushveld Igneous Complex (BIC) have 
documented variations in the 87Sr/86Sri values across the 
Upper Critical Zone (UCZ) that mark the stratigraphic 
position of PGE-Ni-Cu mineralization at the Merensky 
Reef, as well as δ34S values that do not match mantle 
estimates but can be considered characteristic of BIC 
mineralization. Understanding mineralization in the 
Northern Limb has been more challenging because the 
UCZ was emplaced directly into a footwall of 
metasedimentary rocks and granitoids, creating a wide 
interval of magma-footwall interaction (the Platreef) 
containing PGE-Ni-Cu mineralization and making it 
difficult to separate magmatic from footwall contributions 
to the isotopic data. Drill core samples collected away 
from the outcropping Platreef show a clear separation 
between mineralization and footwall assimilation. Isotopic 
data show that 87Sr/86Sri and δ34S values across 
mineralization in the Northern Limb match the 
characteristics documented for the Eastern and Western 
limbs, providing strong evidence that the Platreef and the 
Merensky Reef were produced by the same magmas.  
 
1 Introduction 
 
The Bushveld Igneous Complex (BIC) is the largest 
known igneous intrusion on Earth and the largest 
repository of PGE. Historically, mineral exploration 
focused on the Eastern and Western Limbs but over the 
last two decades there has been a stronger focus on 
exploration for PGE mineralization in the Northern Limb. 
The Rustenburg Layered Suite of the BIC is roughly 8 km 
thick and mineralization is contained within a few hundred 
meters near the top of the Upper Critical Zone (UCZ) 
almost immediately below the base of the Main Zone 
(Zientek et al. 2014). In the Eastern and Western Limbs, 
PGE extraction is focused on two distinct layers: the 
Merensky Reef (a mining term used to describe the 
roughly 1 m thick interval that is extracted for PGE 
recovery; Cawthorn et al. 2002) and the UG-2 chromitite 
(the uppermost massive chromitite seam within the UCZ). 
In the Northern Limb PGE mineralization is also located 
stratigraphically near the top of the UCZ, right below 
anorthosites and gabbronorites considered to represent 
the base of the Main Zone. However, in the Northern Limb  

 
the PGE mineralization has been widely described as 
being completely different from that in the Merensky Reef 
and the UG-2 mostly because proximity to footwall 
resulted in a wide interval of complex interaction between 
footwall rocks and magmas. Thus, PGE mineralization in 
the Northern Limb has been considered by some authors 
to have formed due to contamination of the magma by 
country rocks (e.g. Von Gruenewaldt et al. 1985). 
Because of these differences the term Platreef was 
coined to describe the rocks in the Northern Limb that are 
below the Main Zone, have complex magma-footwall 
interaction and include intervals containing PGE 
mineralization. One of the best definitions of the Platreef 
was provided by Gain and Mostert (1982, p. 1396): “The 
Platreef is composed of a complex sequence of medium- 
to coarse-grained pyroxenites, melanorites, and norites, 
in places pegmatoidal and serpentinized, containing 
metasedimentary xenoliths of the floor rocks. It contains 
sporadic enrichments of Ni, Cu, and platinum-group 
element mineralization which locally make it of economic 
significance”. Further work (e.g. McDonald et al. 2005) 
concluded that the Platreef was generated by a different 
magma and is not genetically linked to the Merensky 
Reef. However, compilation of δ34S data (e.g. Magalhaes 
et al. 2018) show that the isotopic composition of the 
mineralization in the Platreef is undistinguishable from 
that in the main limbs of the BIC, a fact documented also 
by other workers (e.g. McDonald and Holwell 2011) who 
concluded that PGE mineralization in the Platreef is 
primarily magmatic and that external S (from country 
rocks) was mostly an ore-modifying process. More 
recently, Grobler et al. (2019) used stratigraphic, 
lithological and compositional evidence to conclude that 
the Platreef sequence (including a chromitite seam below 
it) correlates with the interval between the UG-2 
chromitite and the top of the UCZ (the Bastard Reef) in 
the main limbs of the BIC.  

To further elucidate the links between the Northern 
Limb and the Eastern and Western Limbs of the BIC, the 
Sr isotopic stratigraphy across the Platreef was 
determined by Mayer (2018) on Platreef samples where 
footwall assimilation was minimal (as documented by 
core logging and confirmed by δ34S). Numerous studies 
(e.g. Kruger and Marsh 1982; Seabrook et al. 2005) have 
shown a distinctive variation in 87Sr/86Sri across the upper 
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part of the UCZ in the Eastern and Western Limbs from 
87Sr/86Sri = 0.706 to 87Sr/86Sri = 0.708. Such variations are 
distinct enough to be useful for correlation between the 
Northern Limb and the Eastern and Western Limbs. 
Mangwegape et al. (2016) documented 87Sr/86Sri values 
in plagioclase in drill core samples from the Upper Zone 
and the Main Zone but not across the Platreef. However, 
Yudovskaya et al. (2018) documented 87Sr/86Sri in three 
samples from uncontaminated Platreef and concluded 
that “plagioclase in the reef sequence at the top of the 
Platreef has a more radiogenic Sr isotope composition 
that is identical to that of the Merensky reef, and the 
persistence of this signature over the entire Bushveld 
does not allow derivation from local contamination. This 
similarity supports the previously interpreted correlation 
between the Turfspruit reef and the Merensky reef” 
(Yudovskaya et al. 2018; p. 203). Here we show 
combined 87Sr/86Sri and δ34S data that further 
demonstrates a clear correlation between the PGE-Ni-Cu 
mineralization in the upper part of the Platreef and the 
Merensky sequences in the Eastern and Western Limb of 
the BIC.  

 
2 Methods 
 
Sulfur and strontium isotopic data were collected at the 
Queen’s Facility for Isotope Research (QFIR), Queen’s 
University. Sulfur isotope analyses were completed using 
whole rock powders and by microdrilling sulfide minerals 
from drillcore. Samples for S isotope analyses were 
weighed into tin capsules and analyzed using a Finnigan 
MAT 253 stable isotope ratio mass spectrometer system 
coupled to a Costech ECS 4010 elemental analyzer. The 
δ34S values were calculated by normalizing the measured 
34S/32S values in the sample to that in the Vienna Canyon 
Diablo Troilite (VCDT). Values are reported using the 
delta (δ) notation in permil units (‰). Sample duplicate 
analyses were reproducible within 0.2 ‰. The certified 
reference material (CRM) used was NBS-127 (calibrated 
back through 4 analyses to 20.2, 20.3, 20.3 and 20.4 ‰) 
as well as an in-house standard from QFIR (M6801). 

The analytical protocol used for in-situ 87Sr/86Sri in 
plagioclase was based on the procedures documented in 
Yang et al. (2013), Mangwegape et al. (2016), and Wilson 
et al. (2017). Polished petrographic sections (100 µm 
thick) were prepared from thirty-seven samples covering 
the magmatic stratigraphy including the base of the Main 
Zone, through the Platreef and towards the footwall 
assimilation zone. Some samples contained slightly 
altered plagioclase grains but only fresh plagioclase 
grains were selected for analysis. Analyses were 
performed by laser ablation multi-collector inductively 
coupled plasma mass spectrometry using a 193 nm 
excimer laser (Elemental Scientific NWR193) coupled 
with a Thermo-Finnigan Neptune MC-ICP-MS. A laser 
beam of circular section and 150 µm diameter was used 
with a repetition rate of 10 Hz, a beam energy density of 
~2.3 J/cm2 and a duration of 120 s per analysis preceded 
by a 60 s blank analysis. The masses analyzed were 82Kr, 
83Kr, 84Sr, 85Rb, 86Sr, 87Sr, 88Sr, 44CaPO, as well as double 
charged REE (163Dy++, 167Er++, 171Yb++, 173Yb++ and 

175Lu++). Five to ten spot analyses (including core and rim) 
were completed per sample with one reference material 
(BHVO-2G, BIR-1G or TB-1G) analyzed after every two 
spot analyses on plagioclase. In total, 131 analyses of 
BHVO-2G, 55 analyses of BIR-1G, and 56 analyses of 
TB-1G were completed. The 87Sr/86Sr obtained were 
within error of the certified values for those standards. 
Additional details are described in Mayer (2018). 

 
3 Results 
 
The results are summarized in Fig. 1, which shows 
variations in δ34S and 87Sr/86Sri values with depth 
obtained on samples from drillcore UMT094.  
 

 
Figure 1. Combined 87Sr/86Sri in plagioclase (red circles) and δ34S 
(blue rhombs) in samples from UMT094. The sharp break in 
87Sr/86Sri at 1290 m coincides with what was previously defined at 
the base of the Merensky Cyclic Unit (MCU) based on core logging, 
litho- and chemostratigraphy (following the units defined in Grobler 
et al. 2019). The δ34S values above 1290 m are consistently below 
δ34S  = +4‰ and mostly within the range established for the entire 
BIC (Magalhaes et al. 2018) . Data sources: 87Sr/86Sri from Mayer 
(2018), δ34S from Keir-Sage (2019). 
 

The δ34S data (Keir-Sage 2019) show a progressive 
decrease up section in δ34S values from δ34S = +8.0 ‰ in 
the footwall assimilation zone towards to δ34S = +4.0 ‰ 
in the mineralized interval (the bulk of the PGE-Ni-Cu 
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mineralization is located roughly between 1240 and 1290 
m). The 87Sr/86Sri values (Mayer 2018) are nearly 
constant at 0.706 below 1290 m and then increase up 
section to 0.709 and then decrease again to fluctuate 
between 0.707 and 0.708 on the top of the UCZ and into 
the Main Zone (the contact with the Main Zone is located 
at approximately 1210 m). 

 
4 Discussion and Conclusions 
 
As shown in Fig.1, the variations in δ34S indicate an 
increasing influence of footwall assimilation with depth, 
which matches the observed increase in abundance of 
footwall xenoliths in drill core. However, at the level of 
PGE mineralization (where evidence of footwall 
assimilation is absent in drill core) the δ34S values are 
within the δ34S range that has been documented in the 
Eastern and Western Limbs of the BIC (-1.2 ‰ < δ34S < 
+3.5 ‰; e.g. Buchanan et al. 1981 and data compilation 
in Magalhaes et al. 2018). This is consistent with 
interpretations of PGE-Ni-Cu mineralization in the 
Platreef as being essentially magmatic, with crustal 
contamination being mostly an ore-modifying process (as 
suggested, for example, by McDonald and Holwell, 
2011). In addition, the trend defined by 87Sr/86Sri values, 
with a sharp increase from 0.706 (below mineralization) 
to up to 87Sr/86Sri = 0.709 (across PGE-Ni-Cu 
mineralization) is essentially identical to the 87Sr/86Sri 

patterns documented in the Eastern and Western Limbs 
of the BIC (e.g. Seabrook et al. 2005). We interpret the 
87Sr/86Sri pattern as strong evidence that PGE-Ni-Cu 
mineralization in the Upper Critical Zone of the Northern 
Limb correlates with the Merensky Reef sequence in the 
Eastern and Western Limbs of the BIC as suggested, for 
example by Wagner (1929) and most recently by Grobler 
et al. (2019).  
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Abstract. Palladium and platinum tellurides and 
selenides were experimentally investigated at 400 °C. We 
have synthesized the binary and ternary phases in the 
systems Pd/Pt-Se-Te and evaluated them by means of X-
ray powder-diffraction analysis, reflected light and 
electron microscopy. The experiments were performed 
using the evacuated silica-glass tube method. The phase 
relations were assessed in the system Pd-Se-Te at 
400 °C. Miessite (Pd11Te2Se2) forms stable associations 
with Pd13Te3 and keithconnite (Pd20Te7), keithconnite and 
palladseite (Pd17Se15). Miessite also coexists with Pd4Se, 
Pd7Se2, Pd34Se11 and Pd7Se4. Telluropalladinite coexists 
with Pd3Te2 and palladseite. Palladseite coexists with 
Pd3Te2 and kotulskite ss. Preliminarily experimental 
results in the Pt-Se-Te system have shown the complete 
solid solution sudovikovite (PtSe2) – moncheite (PtTe2). A 
new ternary phase PtSeTe was observed in the system 
and is being further investigated. Assessed stable 
associations should be sought in assemblages with other 
PGM and known Pd/Pt selenides and tellurides, likely in 
magmatic Cu-Ni-PGE mineral deposits, associated with 
mafic and ultramafic igneous rocks, but also at low 
temperatures formations like selenide vein-type 
mineralization. 
 
1 Introduction 
 
Among palladium tellurides and selenides there are the 
following minerals known: merenskyite (PdTe2), 
kotulskite (PdTe), palladotelluride (Pd9Te4), keitconnite 
(Pd20Te7), palladseite (Pd17Se15) and verbeekite (PdSe2). 
Futhermore, among palladium selenides there are 
additional five synthetic binary phases known, revised in 
Vymazalová et al. (2014) and three palladium tellurides 
recetly re-investigated by Vymazalová et al. (2015). In the 
Pd-Te-Se system there is also one ternary mineral - 
miessite (Pd11Te2Se2) found in a heavy minerals placer 
concentrate from the Miessi River in Finland (Kojonen et 
al. 2007). Nevertheless, the phase relations of the Pd-Te-
Se system have not been studied so far.  

Among platinum selenides and tellurides there are the 
following binary minerals known: sudovikovite (PtSe2), 
luberoite, (Pt5Se4), moncheite (PtTe2) and the recently 
discovered mineral mitrofanovite (Pt3Te4) from low-
sulphide disseminated ore in the eastern Chuarvy deposit, 
Fedorovo-Pana intrusion in Russia (Subbotin et al. in 
press). The thernary system itself has not been 
experimentaly studied yet.  

Selenides are formed from hydrothermal fluids at 
conditions of high fugacity of fSe/fS ratio and are closely 

associated with chalcogenides and native elements in a 
variety of mineral assemblages. They are known to occur  
 
in low-temperature selenide mineralization, Au-Ag 
epithermal deposits, unconformity-related uranium 
deposits, sandstone-hosted uranium deposits or in 
mineralized black shales. Whereas palladium-platinum 
tellurides are generaly observed in Cu-Ni-PGE mineral 
deposits associated with mafic and ultramafic igneous 
rocks. 

We have experimentally investigated platinum and 
palladium selenides and tellurides at 400 °C. We have 
studied the ternary Pt/Pd selenide-tellurides and 
assessed their stable assemblages in the corresponding 
ternary systems. The evacuated silica tube method was 
applied for the purpose of this study. The experimental 
products were examined with X-ray powder diffraction, 
differential thermal analyses and in polished sections by 
means of reflected light and electron microscopy.  
 
2 Techniques and methods 
 
2.1 Experimental 
 
Experiments were performed in evacuated and sealed 
silica glass tubes in horizontal tube furnaces. Charges of 
about 200-300 mg were carefully weighed out from the 
native elements (palladium powder, 99.95% purity; 
platinum powder, 99.999% purity, selenium pebbles, 
99.999% purity and tellurium ingot, 99.999% purity). The 
starting mixtures were first melted at 1000°C for two 
days. Then, the run products were ground in an agate 
mortar under acetone and reheated to 400°C (for 50-70 
days). After heating, quenching occurred by dropping the 
capsules in cold water. Phases in the run products were 
characterized by X-ray powder diffraction, in polished 
sections examined in reflected light, and with electron-
microprobe techniques (EPMA). 

 
2.2 Electron probe microanalyses 
 
EPMA were performed with a CAMECA SX-100 electron 
probe microanalyser in a wavelength-dispersion mode 
using an electron beam focussed to 1-2 μm. Pure 
elements were used as standards. Concentrations were 
quantified on the PdLα, PtLα , SeLα and TeLα with an 
accelerating voltage of 15 keV, and a beam current of 10 
nA. In a sample, compositional data were collected from 
several grains within a polished section. 
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2.3 X-ray diffraction analyses 
 
The X-ray diffraction patterns (XRD) were collected in 
Bragg-Brentano geometry on Bruker D8 Advance 
diffractometer equipped with the Lynx Eye XE detector 
and CuKα radiation source. The data were collected in 
the angular range from 10 to 140° 2Θ°. 
 
3 Results and Discussion 
 
3.1 Pt-Se-Te 

 
The following binary platinum selenides and tellurides 
Pt5Se4, PtSe2 PtTe, Pt3Te4, Pt2Te3, PtTe2 are stable in the 
system at 400 ºC. The plot of minerals and phases 
belonging to the Pt-Se-Te system is depicted in Fig. 1. 
 
 

 
 
Figure 1. Plot of minerals and phases in the ternary Pt-Se-Te 
system.  
 
According to the experimental results there is a new 
ternary phase PtTeSe in the system (Fig. 2). Preliminarily 
experimental results have shown that sudovikovite and 
moncheite form a complete solid solution. 

 
 

 

Figure 2. BSE image showing association of sudovikovite-
moncheite ss (dark grey) with ternary phase (PtSeTe) (light grey) 
and native Pt (white). Run No7, heated four months, T = 400 °C.  

 
3.2 Pd-Se-Te 
 
The following binary Pd-selenides are stable at 400 ºC: 
Pd4Se, Pd7Se2, Pd34Se11 (stable up to 430 ºC), Pd7Se4 
(stable up to 415 ºC), Pd5Se4, Pd17Se15, PdSe, and PdSe2. 
The phase diagram of the Pd-Se-Te system at 400 ºC in 
shown in Fig. 3. Palladseite (Pd17Se15) dissolves up to 3 
at. % Te. Among binary Pd-tellurides, the following 
phases are stable at 400 ºC: Pd13Te3, Pd20Te7, Pd7Te3, 
Pd9Te4, Pd3Te2, PdTe, and PdTe2. Keithconnite (Pd20Te7) 
dissolves up to 6 at.% Se, telluropalladinite (Pd9Te4)  
dissolves up to 5 at.% Se, kotulskite (PdTe) dissolves up 
to 10 at. % Se.  The part Se-PdSe2-PdTe2-Te of the 
ternary diagram has been studied preliminarily so far 
therefore the tie-lines are depicted tentatively as dash-
lines in Fig.1.  
 

 
 
Figure 3. Isothermal section of the phase diagram of the ternary Pd-
Se-Te system at 400 ºC.  
 
 
 
 

In the system, there is only one ternary phase, an 
analogue of mineral miessite (Pd11Te2Se2). Miessite 
forms stable associations with Pd13Te3 and keithconnite 
(Pd20Te7), keithconnite and palladseite (Fig. 4). Also, it 
coexists with Pd4Se, Pd7Se2, Pd34Se11 and Pd7Se4. 
Telluropalladinite coexists with Pd3Te2 and palladseite. 
Palladseite coexists with Pd3Te2 and kotulskite ss. 
Assessed stable phase associations are depicted in Fig. 
3. Such associations are expected to be observed under 
natural conditions. 
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Figure 4. BSE image of stable association of palladseite (dark) and 
keithconnite (light). Run No9, heated four months, T = 400 °C.  
 
4 Conclusions 
 
The phase relations in the systems Pd/Pt-Se-Te have 
been studied at 400 ºC. The synthetic analogue of 
mineral miessite was synthetized and stable association 
were assessed. Phase relations determined the mineral 
assemblages that can be expected to occur in nature. 
Such assemblages should be sought in association with 
other PGM and known palladium/platinum selenides and 
tellurides, likely in magmatic Cu-Ni-PGE mineral 
deposits, associated with mafic and ultramafic igneous 
rocks, involving Se-rich fluids, but also at low 
temperatures formations like selenide vein-type 
mineralization. 
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Abstract. Pyrrhotite (Fe1-xS) is a typical mineral carrier of 
Pt in many types of deposits, including ores of magmatic, 
metamorphic, hydrothermal, and supergene origin. In 
order to reveal the likely state of Pt disseminated in 
natural minerals we synthesized Pt-bearing pyrrhotite via 
salt flux technique at 650°C and 720°C (temperature of 
crystals growth). EPMA and LA-ICP-MS examination of 
the crystals showed that pyrrhotite can contain up to 0.5 
wt% of homogeneously distributed Pt. The state of Pt was 
determined using X-ray absorption spectroscopy (XAS). 
In all samples the “formal” oxidation state of Pt is close to 
+4. Pt is coordinated by ~6 S atoms at 2.36-2.39Å. 
 
1 Introduction 
 
In ore deposits of magmatic origin Pt occurs commonly 
as a discrete Pt accessory minerals (e.g., compounds 
with other PGE, base metals, or metalloids collectively 
known as platinum-group minerals (PGM)), 
micro/nanoscale inclusions or isomorphous solid solution 
in sulfide mineral associations, which almost ubiquitously 
consist of chalcopyrite CuFeS2, pentlandite (Fe,Ni)9S8, 
pyrite FeS2, and pyrrhotite Fe1-xS. LA-ICP-MS studies 
report the relatively high concentrations of PGE in 
pyrrhotite (e.g, Barnes et al. 2006). In order to reveal the 
state of Pt (the oxidation state and parameters of the local 
atomic environment) in pyrrhotite, we studied synthesized 
Pt-bearing pyrrhotite crystals by means of X-ray 
absorption spectroscopy. 
 
2 Synthesis of pyrrhotite in Fe-Pt-S system 
 
A salt flux technique was employed to synthesize 
pyrrhotite in Pt-saturated system. Starting chemicals 
were: ~0.5 g of FeS2+S, or Fe0.9S+S, or Fe0.8S+FeS2. 
These reagents were loaded into silica glass ampoules 
together with a Pt wire, which controlled the activity of Pt 
in the experimental system, and СsCl/NaCl/KCl, or 
NaCl/KCl, or RbCl/NaBr/KI eutectic salt mixtures. The 
composition of every mixture was chosen in accordance 
with Chareev (2016). The ampoules were evacuated, 
sealed with an oxygen gas torch and placed into 
horizontal tube furnaces. The temperatures were 710°C 

hot end/ 650°C cold end (samples Nos. 5590, 5592, 
5601), and 795°C hot end/ 720°C cold end (sample No. 
5602), the duration of the experiment was about 2 weeks. 
At the end of the experiment the ampoules were 
extracted from the furnaces and quenched in cold water. 
 
3 Analytical methods 
 
The morphology of the obtained synthetic phases was 
checked by means of scanning electron microscopy 
(SEM/ EDS) using the JSM-5610LV microscope 
equipped with INCA-450 energy dispersive spectrometer. 
Chemical composition was determined via electron probe 
microanalysis (EPMA), and laser ablation inductively 
coupled mass spectrometry (LA-ICP-MS). EPMA 
analyses were performed using JEOL JXA-8200 WD/ED 
combined electron probe microanalyzer equipped with 5 
wavelength dispersive X-ray spectrometers. LA-ICP-MS 
analysis was performed using the New Wave 213 laser 
coupled with the Thermo X Series2 quadrupole ICP-MS 
to determine the concentration of 195Pt. MASS-1 and 
UQAC-FeS-1 sulfide reference materials were employed 
as the external standards, the 57Fe isotope was used as 
internal standard.  

X-ray absorption experiment was performed at the 
Rossendorf Beamline BM20 of the ESRF (Grenoble, 
France). The Pt L3-edge X-ray absorption spectra were 
recorded in total fluorescence yield (TFY) mode using 13-
element high-throughput Ge-detector. The fits were 
performed using IFEFFIT software package (Ravel and 
Newville 2005). 
 
4 Results 
 
According to EPMA and LA-ICP-MS analyses the 
pyrrhotite samples contained up to 0.5 wt% of Pt. The 
observed absence of zoning within pyrrhotite grains on 
the SEM images, combined with the smooth character of 
LA-ICP-MS time-resolved spectra, proved the 
homogenous distribution of Pt within the pyrrhotite 
crystals (Fig. 1). 

Fe1-xS (0.11<x<0.13) was found to be in equilibrium 
with other Pt-bearing phases: FeS2+Fe1-xS (Nos. 5590, 
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5592, 5601), or Fe1-xS+PtS2 (No. 5602). Despite the 
absence of PtS(cr) in equilibrium with Fe1-xS, the 
calculated values of sulfur fugacity fell within the PtS 
stability field. 

 

 
Figure 1. a. Backscattered electron image of grain of synthetic Pt-
bearing pyrrhotite sample No. 5592. b. LA-ICP-MS spectra of 57Fe 
and 195Pt. Note the similarity in the shape of the spectra of the signal 
of Fe (major element) and Pt (dopant element). 

 
X-ray absorption spectroscopy (XAS) was applied in 

order to determine the local atomic environment and 
oxidation state of Pt in the synthesized samples. 

According to Pt L3-edge XANES spectra treatment the 
“formal” oxidation state of Pt is close to +4 (Fig. 2). The 
edge jump (e.j.) and the most intense feature (white line 
(WL)) positions, and intensities of the spectral features of 
Pt in pyrrhotite are significantly different from those of 
Pt(cr) and PtS(cr), indicating the increase in number of 
unoccupied 5d states on the Pt atoms in pyrrhotite 
structure. At the same time the position of the e.j. and the 
WL of Pt-bearing pyrrhotites and PtS2(cr) are similar within 
the measurement error of ±0.5 eV. 

 
Figure 2. Normalised Pt L3-edge XANES spectra of model 
substances (Pt, PtS, PtS2) and Pt-bearing pyrrhotites. Vertical solid 
lines indicate position of white lines (WLs).  

 
Preliminary fits of the EXAFS spectra were performed 

with calculation of the coordination numbers of atoms and 
interatomic distances only for the 1st coordination shell, 
which consists of ~4.7-6.2 S atoms. Considering the large 
ionic radius of Pt in comparison with Fe (0.625 Å of Pt4+ 
vs. 0.61 Å of Fe2+, Shannon 1976), we could expect the 
increase of Me-S distance when Pt substitutes for Fe in 
pyrrhotite lattice. However, the distance RPt-S ~ 2.36-2.39 
Å (Fig. 3) in the first coordination shell decreased by 
~0.07 Å relative to the Fe-S distance in pyrrhotite (pure 
Fe1-xS: RFe-S ~ 2.43 Å, NS ~ 6). This fact can take place 
due to the presence of nano/microinclusions of PtS or 
PtS2 (PtS: RPt-S ~ 2.31 Å, NS = 4; PtS2: RPt-S ~ 2.39 Å, NS 
= 6). Besides, the nonstoichiometry of pyrrhotite 
composition could result in the reduction of number of S 
atoms in the 1st coordination shell of Pt. 

We did not observe any contribution from the heavy Pt 
atom at the distance of 2.77 Å, which corresponds to Pt-
Pt interatomic distance in pure Pt(cr). The Fourier 
transforms of EXAFS spectra in the region of distant 
coordination shells (R>3 Å) are different from those of 
pure PtS and PtS2. We suppose that the distant 
coordination shells of Pt are of disordered character due 
to the nonstoichiometry of pyrrhotite structure, or due to 
the mix of the signals from more than one forms of Pt in 
Fe1-xS (e.g., Pt-bearing nanoinclusions and Pt 
incorporated in the pyrrhotite lattice). 

Results of our study provide an insight into the 
important role of pyrrhotite as a potential carrier of Pt. 
Further EXAFS spectra fitting will provide the information 
about the 2nd coordination shell and help to explain 
whether Pt substitutes for Fe and/ or disseminated in 
pyrrhotite lattice in form of micro/nanoinclusions.  
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Figure 3. Results of Pt L3-edge EXAFS spectra fitting performed by 
means of ARTEMIS program. Fourier transforms (FT) of the k2-
weighted background-subtracted EXAFS spectra (not corrected for 
phase shift). Dotted black lines – model substances, thin black lines – 
experiment, dotted red lines – fit results. Vertical lines indicate 
individual contributions of the 1st coordination shells to FTs of model 
substances. 
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Abstract. The Yaman-Sadra gold placer also contains 
native platinum with grains size of up to few millimeters. 
The Malyi Atalyk mafic-ultramafic layered intrusion is 
considered as the only possible source of the platinum 
due to its proximity to the placer and absence of other 
mafic-ultramafic rocks within the region. However, 
morphology and composition of the platinum grains 
suggest a complex history of their formation, evolution 
and relocation from the source to the placer. The present 
study provides results of a first investigation of the 
typomorphic features of native platinum from the 

Yaman-Sadra river alluvial placer. 
 

1 Introduction 
 
The study focuses on the platinum mineralization found 
in the gold-placer deposit of the Yaman-Sadra river. The 
Yaman-Sadra river headwaters are in the northern slope 
of the Malyi Atalyk mafic-ultramafic intrusion and flowing 
into the Sadra river in the Lebed basin in the northern part 
of the Altai Republic (Fig. 1) 

 
 

 

 
Fig. 1 Geological scheme of the Yaman-Sadra river area (modified from the map of gold mineralization of the Altai Republic, Bedarev et al. 
2005) 

 
 



598 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

The Malyi Atalyk mafic-ultramafic intrusion is a slightly 
elongated (5.5 x 2 km) body striking towards northeast. 
This is a steeply dipping plate-like intrusive, with its base 
composed of dunite and similar rocks mostly altered to 
serpentinite.  Dunite is overlain by wehrlite and olivine-
pyroxenite, and locally by magnetite-bearing dunite and 
olivine-gabbro. These rocks form a rhythmically layered 
series with gradual transitions. The Malyi Atalyk intrusion 
is hosted by Early-Cambrian volcanic-sedimentary mafic 
rocks (basaltic lavas and associated tuffs) bordering the 
Sadrynsky granite intrusion (Bognibov and Polyakov, 
1995). Variously altered and mineralized gabbro, as well 
as felsic and serpentinized ultramafic rocks are exposed 
in the Yaman-Sadra river valley. The only known outcrop 
with anomalous platinum content (0.02-0.7 ppm) is 
located within clinopyroxenite, gabbro and microgabbro 
at the Maliy Atalyk mafic-ultramafic intrusion.  

The studied samples were collected from heavy 
mineral concentrate obtained by LTE “Altaigeoresourse” 
from the gold placer in the upper stream of the Yaman-
Sadra river.   

 
2 Study methods  
 
Platinum-group minerals were studied by various 
techniques. Optical research of PGM grains and polished 
sections and IR spectroscopy (Nicolet 380 IR 
spectrometer with Centaurus microscope from THERMO 
Scientific) were carried out at TsNIGRI 

(Moscow). The composition of grains was investigated by 
electron probe microanalysis using JEOL JXA-8100 with 
energy-dispersive spectrometer Link Pentafet at FSBI 
"VIMS" (Moscow). In addition, scanning electron 
microscopy (JSM-6510LV (Jeol Ltd) with AZTEC Energy 
XMax-80 microanalysis system) was carried out at IGM 
SB RAS (Novosibirsk). 

 
3 Main results  

 
Grains of platinum are characterized by dull light-grey 
color, small size from 0.25 to 0.5 mm (53%), occasionally 
up to 1 mm (31%). The majority of these grains occurs in 
the electromagnetic fraction, whereas insignificant 
amounts are found in the magnetic fraction. The shape of 
the platinum grains is mostly isometric or plate-like 
crystals and their aggregates are of irregular, elongated 
or rounded shape. Crystal faces are often clearly visible 
on grains (Fig. 2a, 2c).  

There are two different types of aggregates. The first 
type consists of massive aggregates of isometric 
particles, occasionally showing traces of growth textures 
(striae, rungs). Their surface is smooth, sporadically 
lumpy, with rare imprints of other minerals (Fig. 2d). The 
second type of aggregates is found only in the 
electromagnetic fraction. These are complex aggregates 
of crystals of various sizes, often with rounded crystal 
heads (Fig. 2a). Surface of these aggregates is pitted, 
rarely porous, sometimes smooth. 

 

Fig. 2. Morphology of platinum grains. Rounded crystals and their aggregates with smooth surface (a, c, d); irregular platinum aggregates(b). 
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Platinum grains of irregular shape with single clear 
ledges (Fig. 2 d) are present in small amounts. Also, there 
are single grains of rounded plate-like morphology.  

The composition of analyzed platinum grains is 
represented by isoferroplatinum-tetraferroplatinum 
series. Within a single grain the composition is not 
homogeneous: tetraferroplatinum and tulaminite form 

rims around isoferroplatinum (Fig. 3f, 3g, 3h) and native 
osmium (Fig. 3g). Isoferroplatinum contains inclusions of 
ferrorodsite (Fig. 3a) and native gold (Fig. 3c). A few 
grains host multiple inclusions, the composition of which 
was determined by EMPA (Table 3) as (Pd,Rh)2(Sb,As) 
(Fig. 3i).  

 

 
Fig. 3. SEM images of platinum grains: a – irregular grain of isoferroplatinum Fe1.04Pt2.96 (5) with ferrorodsite inclusions 
(Fe0.06Cu0.86)(Rh0.22Ir0.8Pt0.85)S4.22 (2) integrowing with tulaminite Fe1.25Ni0.11Cu0.65Pt2 (1), Fe1.21Ni0.07Cu0.67Pt2.05 (3) and tetraferroplatinum 
Fe0.66Ni0.06Cu0.26Pt1.03 (6); b – isoferroplatinum (2, 5) with tulaminite (1, 3) and tetraferхroplatinum (4); c – isoferroplatinum (1) with native gold 
(2); d – isoferroplatinum (4) with tulaminite (1, 2, 3); e – isoferroplatinum (1) with tulaminite (2, 3); f – isoferroplatinum (1) with tetraferroplatinum 
rim (2, 3) and  ferronickelplatinum (4); g – isoferroplatinum (1) with tetraferroplatinum rim (4), tulaminite (2), native osmium Pt0.02Os0.8Ir0.14Pd0.04 
(3); h – isoferroplatinum (1) with erlichmanite Os0.51Ru0.42Rh0.06S2 (3) and tetraferroplatinum rim (2); i – isoferroplatinum (1) with rim enriched in 
Os and Ru (3) and inclusions of (Pd,Rh)2(Sb,As) composition (1). 

 
 Table 1. Calculated composition of PGE minerals (based on SEM quantitate data)  

№ Point Total Fe Ni Cu Pt Pd Os Ru Ir Rh S O 

a 

1 98,44 13,5 1,2 7,98 75,77  -   -   -   -   -   -   -  

2 101,17 0,62  -  10,31 31,34  -   -   -  29,1 4,21 25,58  -  

3 97,75 12,81 0,79 8,12 76,03  -   -   -   -   -   -   -  

4 96,3 8,77  -   -  86,01  -   -   -  1,52  -   -   -  

6 96,19 13,77 1,29 6,08 75,05  -   -   -   -   -   -   -  

7 95,59 8,85  -   -  86,74  -   -   -   -   -   -   -  
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Table 1. continuation 

№ Point Total Fe Ni Cu Pt Pd Os Ru Ir Rh S O 

b 

1 96,07 11,83  -  9,7 73,85  -   -   -   -   -   -  0,68 

2 95,69 8,85  -   -  86,39 0,44  -   -   -   -   -   -  

3 97,04 13,19 0,89 7,43 74,94  -   -   -   -   -   -  0,59 

c 1 96,49 8,34  -   -  88,15  -   -   -   -   -   -   -  

  2 95,22 12,32  -  9,54 73,36  -   -   -   -   -   -   -  

e 1 94,2 8,14  -  0,44 85,11 0,51  -   -   -   -   -   -  

f 

1 98,48 8,87 0,28  -  87,33 1,34  -   -   -  0,66  -   -  

2 100,49 15,25 5 1,4 78,2  -   -   -   -  0,63  -   -  

3 95,57 14,7 4,88 0,87 73,82 0,45  -   -   -  0,86  -   -  

4 96,54 12,82 5,92 1,39 75,46  -   -   -   -  0,46  -  0,49 

g 

1 102,15 8,88  -  0,63 89,44  -   -   -  1,78 1,42  -   -  

2 100,52 13,53 2,34 6,47 75,35  -   -   -  1,63 1,2  -   -  

3 100,8  -   -   -  2,16  -  82,11  -  14,2 2,38  -   -  

4 96,88 14,95 2,33 4,15 74,47  -   -   -   -  0,97  -   -  

h 

1 99,11 8,9  -   -  89,32 0,88  -   -   -   -   -   -  

2 100,62 15,91 0,54 5,69 76,96 0,52  -   -   -  1,01  -   -  

3 99,22  -   -   -   -   -  45,97 20,1  -  3,01 30,14  -  

i 
1 100,00 9,53 0,20 0,34 87,99  -  0,77 0,10  -  0,54  -   -  

3 100,00 9,58 0,11 0,60 87,58 0,07 0,82  -   -  0,73  -   -  

4 Discussion  
 

The complex structure and composition of platinum 
grains may imply that the primary set of PGMs and Pt-
bearing sulfides have been destroyed and/or dissolved 
with the extraction of PGE and their redistribution being 
increased during later metasomatic-hydrothermal 
process (Bowles et al, 2018, Mochalov 2013). Moreover, 
the known state of metasomatic alteration of the Malyi 
Ataluk mafic-ultramafic layered intrusion is in agreement 
with a proposed model of hydrothermal overprinting of the 
primary PGM mineralization. The presence of rims on 
platinum grains and their state of development, clearly 
indicates not only the role of hydrothermal overprinting in 
their formation but also the proximity of the placer to its 
source (Zhmodik et al, 2016). In addition, crystal faces 
clearly visible on many nuggets imply that the grains were 
not transported far from their parental rocks. 

 
5 Conclusions  
 
Thus, the data herein presented suggest a multistage 
history of formation, evolution and relocation of PGMs in 
the Yaman-Sadra placer. The rocks of Malyi Atalyk 
intrusion are prospective for PGE mineralization, which 
may be the source of the placer deposit. However, these 
complex platinum grains should be studied in more detail 
in order to obtain information about their origin and ore-
bearing potential of the Malyi Atalyk intrusion.  
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Abstract. The Devonian Rudniy intrusion located on the 
Tsagaan-Shuvuut ridge (NW Mongoliaiss) is the only one 
of the numerous small gabbroid intrusions surrounding 
the Tuva depression known to contain magmatic sulfide 
Ni-Cu-PGE mineralization. The sulfide mineralization is 
confined to a prolonged narrow ultramafic horizon as 
disseminated blebs, which are zoned and composed of 
pyrrhotite, pentlandite, chalcopyrite and cubanite. The 
intrusion is of interest because it is a small body that 
solidified quickly and therefore the sulfide blebs are 
interpreted to keep a record of the geochemical 
behaviour of chalcophile elements from the crystallization 
of a sulfide melt in a closed system. Using LA-ICP-MS 
and ICP-MS analyses the concentrations of chalcophile 
and platinum group elements in the base metal sulfides 
(BMS) were measured. This allowed us to calculate 
partition coefficients and mass balances of PGEs in base 
metal sulfides. 
 
1 Introduction 
 
The Devonian Rudniy ultramafic-mafic intrusion is 
located in the Tsagaan-Shuvuut Range, NW Mongolia. 
Ni-Cu-PGE mineralization is represented by 
disseminated sulfide blebs, ranging from 3 mm to 30 mm 
in size. Sulfide blebs are settled in a narrow horizon at the 
base of a melanogabbro unit in the Rudniy ultramafic-
mafic intrusion. These blebs are suitable to investigate 
the behaviour of PGE during the crystallization of a 
sulfide melt because the system can be considered as 
relatively closed. Firstly, the presence of rounded or 
ellipsoid sulfide droplets can be considered as an 
evidence of quick crystallization because otherwise 
disseminated interstitial or massive sulfides would have 
formed. In addition, there are several petrographic 
evidences of rapid crystallization of the silicate matrix: a) 
dendritic crystals of olivine, Cr-spinel, and plagioclase, b) 
metasomatic rims (1-2 mm thick) around sulfide blebs 
characterized by absence of olivine, decrease in the An-
content of plagioclase, and the presence of volatile-rich 
minerals (biotite, chlorite, apatite, magnesian 
hornblende, potassic chlorohastingsite). These rims are 
also interpreted as segregation vesicles (Barnes et al. 
2019). There are no changes in the paragenesis of the 
melanocratic olivine gabbro outside of these silicate caps. 
All these features indicate that the crystallization of the  
 

 
 
sulfide melt occurred in an almost closed system and that 
hydrous fluids associated with the sulfide melt affected 
only the silicates immediately surrounding the blebs. We 
aimed to reveal how platinum group elements behave 
during the crystallization of natural sulfide melts (i.e. 
which sulfide phase is preferred for each particular 
element) and through the comparison of obtained data 
with data from giant intrusions and experimental data, 
construct a distribution model, which can be applied for 
every deposit of the same type. 

 
2 Materials and Method 

 
In total 17 polished epoxy pucks containing 80 sulfide 
blebs were prepared. Firstly, all polished sections were 
studied using reflected-light microscopy, PGM and 
silicate mineral compositions were examined by Tescan 
Mira 3 scanning electron microscope with an Oxford X-
Max 80 high-resolution energy-dispersive X-Ray 
spectrometer (EDS) at the Sobolev’s Institute of Geology 
and Mineralogy, Russian Academy of Sciences. The 
analyses were carried out with an accelerating voltage of 
20 kV, beam current of 1 nA, counting time of 25 sec. The 
EDS spectra were optimized for quantification using 
INCA Energy software. 

Three samples with different types of blebs were 
crushed and pulverized in a mill in order to examine whole 
rock compositions. Analyses were carried out in the 
Intertek Genalysis Lab (Australia). PGE contents were 
analyzed using Ni fire assay with ICP-MS, other elements 
were analyzed by XRF except sulfur, which was analyzed 
by IR spectroscopy.  

Polished sections of three relatively large blebs were 
chosen to examine the distribution of PGE and other 
chalcophile elements in detail. The concentrations of 
25Mg, 33S, 47Ti, 55Mn, 57Fe (used as internal standard), 
59Co, 60Ni, 61Ni, 63Cu, 65Cu, 68Zn, 75As, 77Se, 99Ru, 101Ru, 
103Rh, 105Pd, 108Pd, 107Ag, 111Cd, 118Sn, 121Sb, 130Te, 185Re, 
189Os, 193Ir, 195Pt, 197Au, 208Pb and 209Bi were determined 
by laser ablation inductively coupled plasma mass 
spectrometry at Laurentian University (Sudbury, 
Canada). The analyses were carried out using 
Resonetics, RESOlution M50 ArF excimer 193 nm laser 
coupled to a Thermo-Fisher XSeriesII ICP-MS with beam 
diameter set at 66 µm, ablation time of 40 s, and blank 
time of 30 s, laser frequency of 8 Hz. Dwell time was 15 
ms on Fe, PGE and metalloid, 5ms on other elements. 
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The carrier gas consists of mixture of 0.65 l/min helium 
and 1.06 l/min argon. Po725 sulfide (from Memorial 
University) was the standard reference material used for 
99Ru, 101Ru, 103Rh, 189Os, 193Ir, 195Pt, whereas NIST610 
glass was used for all other elements. Iolite software was 
used for signal quantification using 57Fe as internal 
standard with Fe content determined by probe 
microanalysis. Element concentration in sulfides, 
metalloid-rich parts of the spectra were integrated, as 
described in Cafagna and Jugo (2016). Moreover, three 
distribution maps were conducted using the method 
described in Ulrich et al. (2009). The dimension of the 
mapped area is ca. 2 mm × 1.2 mm.  

 
3 Ore horizon 
 
3.1 Sulfide blebs 
 
The construction of ore horizon was described in 
Vishnevskiy and Cherdantseva (2016) and will be briefly 
summarized here. The abundance of sulfides is about 
10 %-15 %. Three types of sulfide globules, which differ 
in size, shape, PGM mineralization and host rock, were 
distinguished. The first outcrop (‘1’ in Fig. 1) has two 
different layers: the Lower Layer (LL) is a melanocratic 
olivine gabbro with spherical and slightly vertically 
elongated blebs (MSB-medium size blebs: average 4-10 
mm); and the Upper Layer (UL) is a melanocratic gabbro 
with large (7-30 mm) horizontally elongated sulfide 
globules (LB – large blebs). The Lower Layer is 
characterized by abundance of dendritic olivine crystals 
of different orientation, which sometimes are assembled 
in groups with parallel direction, as those described in 
O’Driscoll et al. (2006). Similar skeletal olivine crystals 
were described in the Kharaerlakh intrusion in the Norilsk 
region (Barnes et al. 2019). Down the slope there is a 
second outcrop (‘2’ in Fig. 1) with small (1-4 mm) 
spherical and ellipsoidal blebs (SSB – small size blebs) 
hosted by leucocratic gabbro with skeletal plagioclase 
(“chicken-feet” structure, Fig. 1). We suggest that the 
second outcrop is a continuation of the same ore horizon, 
and the difference with the first outcrop can be explained 
by lateral variability.  

All types of sulfide blebs are clearly vertically 
differentiated and consist of chalcopyrite and cubanite in 
the top, coarse-grained pentlandite in the center and 
pyrrhotite in the bottom (the predominant phase). The 
structure of the droplets is complicated by second-order 
structures. Cubanite forms thin or wide lamellae that 
intersect at an angle of 120 degrees in chalcopyrite (but 
are almost absent in SSB-type blebs). Pentlandite is 
present as a coarse-grained, fine-grained veins and 
flame-like lamellae. Chalcopyrite forms similar exsolution 
lamellae as pentlandite. They are mostly confined to the 
cleavage, and surround inclusions of other minerals (e.g. 
apatite) as well as forming small rounded inclusions 
surrounded by pyrrhotite with flame exsolutions of 
pentlandite. In some cases, small individual grains of 
pyrrhotite are enclosed in chalcopyrite or around them. 
Moreover, relatively large areas of complex fine-grained 
sulfides occur in many sulfide blebs. Those zones are 

represented by small-size randomly mixed chalcopyrite, 
pyrrhotite, pentlandite and cubanite intergrowth. Oxide 
mineralization is represented by ilmenite and 
titanomagnetite. The ilmenite usually forms elongated 
dendritic crystals, up to 10 × 0.3 mm, piercing or partially 
surrounding blebs. Large titanomagnetite crystals located 
on the bleb margin have a reticulated texture formed by 
the preserved lamellae of ilmenite and partially replaced 
by pyrrhotite and chalcopyrite. 
 

 
Figure 1. The outcrop of the Rudniy intrusion. The dotted line shows 
the position of the ore horizon with outcrops of the two segments 
with sulfide mineralization. Pictures of three polished sections 
represents the three types of sulfide blebs: LB – large blebs, MSB – 
medium size blebs, SSB – small size blebs. 

 
3.2 PGE Mineralization 

 
Platinum-group minerals (PGM) occur in all BMS but are 
only rarely found outside the sulfide blebs (only close to 
the sulfide bleb margin). A total of 240 grains of PGMs in 
three types of blebs were investigated. Among them 190 
representative analyses were selected. The size of each 
PGM grain was measured to evaluate which phases are 
predominant in each BMS and to estimate the allocation 
of PGM between different sulfide bleb types. The results 
of estimations are depicted on pie diagrams (Fig. 2). 
Summarizing all analyzed grains from the ore horizon in 
the Rudniy intrusion the main host minerals for PGM are 
pentlandite (51%) and chalcopyrite-cubanite intergrowth 
(37%); only 9% of PGM were found in pyrrhotite, 2% in 
complex fine-grained sulfide inergrowths and 1% in 
silicates on the border with sulfide blebs. It can be noticed 
that the similar tendency of PGM distribution persist in all 
types of blebs, with one small exception of horizon with 
small blebs, where chalcopyrite is the main host for 
PGMs.  

Regarding the mineralogy of PGM, the dominant 
phases are Ni-Pt-Pd bismuthotellurides (moncheite 
PdTe2 - merenskyite PtTe2 - melonite NiTe2), which are 
characterized by wide variations in composition due to 
isomorphic substitution. Together, those three minerals 
compose 77 area percentage of the studied PGM grains. 
These phases are common in all three types of sulfide 
blebs, with the exception of melonite, which was not 
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found in the horizon with small sulfide blebs. Sperrylite 
(1.2%) was only identified in blebs from LL. Several Ag-
bearing phases are present including hessite Ag2Te 
(13.3%), sopcheite Ag4Pd3Te4 (3,7%), electrum (Au,Ag) 
(3.4%), empressite AgTe (0.6%), telargpalite  
(Pd,Ag)3(Te,Bi) (0.03%), as well as Sn-bearing phases 
such as stannopalladinite (Pd,Cu)3Sn2 (0.09%), taimyrite 
(Pd,Cu,Pt)3Sn (0.02%), paolovite Pd2Sn (0.2%) and an 
unknown phase A, which formula was calculated as 
Pt3SnTe4 (0.6%) were found solely in the Upper Layer. 
The predominant host mineral for bismuthotellurides and 
arsenides of Pt, Pd or Ni is pentlandite, followed by 
chalcopyrite with only a small percentage in pyrrhotite, 
sulfide intergrowths and in silicates. The Ag-bearing 
phases are hosted in almost equivalent quantity in 
chalcopyrite and pentlandite, whereas Sn-bearing 
phases were found solely in chalcopyrite. 

 
 

 
Figure 2. Pie charts summarizing the area percentage of PGM (a) 
in host minerals in all horizons; (b) in the Upper Layer with large 
blebs (LB); (c) in the Lower Layer with medium sized blebs (MSB); 
(d) in the discrete leucocratic horizon with small sized blebs (SSB). 
Po – pyrrhotite, Pn – pentlandite, Cp – chalcopyrite, Cbn – cubanite, 
Sil – silicates, Mix – small-size randomly mixed chalcopyrite, 
pyrrhotite, pentlandite and cubanite intergrowth. 
 
4 ICP-MS and LA-ICP-MS study 
 
The combination of ICP-MS and LA-ICP-MS data allowed 
calculation of mass balance using the equations 
documented in Godel et al. (2007) and Chen et al. (2015) 
and recalculating the partition coefficients between the 
monosulfide solid solution (mss) and the residual liquid 
using the equation of Barnes et al. (2006). Mass balance 
recalculation data showed that only about 55% of all 
cobalt is concentrated in the base metal sulfides. Small 
blebs concentrate a much larger amount of Os, whereas 
in medium globules, about 40% of Os probably forms 
discrete PGE minerals. Also in medium size globules 
(LL), the percentage of Ir, Pt, Pd and Au is lower, most 
likely for the same reason. Conversely, the proportions of 

Ag, Ru, Sn and Zn are higher in medium-size sulfide 
globules than in small sulfide globules. This may be 
explained by different proportions of each sulfide type in 
different types of globules. Most likely, in the medium-size 
sulfide blebs, the volume of the residual sulfide liquid was 
larger. In addition, the lower concentrations of Ag in small 
sulfide globules may be explained by the lack of cubanite 
lamellae, which, in our observations, is the main silver 
host. In general, the recalculation of the mass balance 
also makes it possible to estimate the distribution of 
elements between BMS. For example, the difference in 
the distribution of Os between pyrrhotite and pentlandite 
in medium-size and small sulfide blebs is more 
noticeable. In medium sulfide globules, a greater 
percentage of Os is concentrated in pyrrhotite, which 
corresponds to normal understanding of the distribution 
of this element, and in small sulfide globules a larger 
percentage of Os concentrates in pentlandite (Fig. 3). 
 

 

 
Figure 3. Histograms summarizing the mass balance calculations 
of the PGE and chalcophile elements in BMS from SSB and MSB. 
Po – pyrrhotite, Pn – pentlandite, Cp – chalcopyrite, Cub – Cubanite. 
 
5 Conclusions 

 
Based on the obtained data - distribution maps, 
concentration of PGE minerals, and concentrations of 
precious elements in BMS, mass-balance calculation and 
recalculated partition coefficients the distribution scheme 
for trace elements was refined (Fig. 4), using as a basis 
the scheme constructed by Holwell and McDonald 
(2010). 

The results of the study show that Ni and Co, are 
compatible with the monosulfide solid solution and, as 
expected are concentrated in pyrrhotite and pentlandite. 
The opposite distribution is characteristic for Cu, Cd, Zn, 
and Sn, which are concentrated in intermediate solid 
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solution (eventually in chalcopyrite and cubanite). The 
patterns of PGE distribution are more complicated. Pt, Ir 
and to a lesser extent Pd tend to form small individual 
grains in association with Bi and Te. These Pt-bearing 
nuggets are mostly concentrated in chalcopyrite. 
Chalcopyrite also contains small amounts of Os, Ir, Ru 
and Au. Concentrations of the platinum-group and 
chalcophile elements in the base metal sulfides (BMS) 
from the Rudniy intrusion and mass balance calculations 
reveal that pentlandite hosts a large proportion of Co, Ni, 
Pd, Os, Ir and Au. High concentrations of Pd in 
pentlandite confirm the idea that it was formed via 
peritectic reaction between MSS and the fractionated sulfide 
liquid (Mansur et al. 2019). Pyrrhotite accommodates 
significant proportions of Os, Ru and Rh. At relatively high 
temperatures, silver accumulates in pentlandite, and 
when the temperature decreases it concentrates in 
residual sulfide liquid. When the intermediate solid 
solution exsolves, Ag has low solubility in chalcopyrite 
and concentrates in cubanite. Gold at low initial 
concentrations is redistributed to pentlandite.  

 

 
Figure 4. Distribution scheme for trace elements during cooling of a 
sulfide melt, refined from the scheme constructed by Holwell and 
McDonald (2010). 
 
It also can be concluded that the rate of crystallization of 
small sulfide globules was higher than the rate of 
crystallization of medium sulfide globules, since the 
dissolved form of their sulfides contained higher 
concentrations of Os, Ir, Pt and Au, which did not manage 
to form their own PGE phases due to the high 
crystallization rate. As a confirmation, only 5% of all 
PGMs were found in small sulfide globules. In addition, 
lower concentrations of Ag and Pd in chalcopyrite 
indicate that no prolonged accumulation of residual Ag 
and Pd occurred in the residual sulfide liquid. 
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Abstract. Quartz diorite dykes resulting from impact 
melts, locally referred to as Offset Dykes, occur 
concentrically and radially around the 1.85 Ga Sudbury 
Igneous Complex (SIC), and are a principal host to world 
class Ni-Cu-PGE-sulfide deposits. Here we report on a 
new discovery of such an Offset Dyke at Rathbun Lake, 
15 km east of the SIC, at a location known for its high 
grade Pd-Pt-Cu mineralization at the intrusive contact 
between gabbro of the 2.2 Ga Nipissing Suite and wacke. 
Amphibole-quartz diorite occurs in direct vicinity to the 
mineralization and contains abundant mafic inclusions of 
locally derived country rock, the latter being a diagnostic 
feature of mineralized Offset Dykes. Preliminary bulk 
geochemical analyses support its correlation to the SIC. 
PGM-, sulfide- and silicate assemblages, ore textures 
and Pd/Ir of >50,000 are consistent with a hydrothermal 
modification and re-mobilization of magmatic sulfide. This 
massive and high-grade (>30 ppm PGE) sulfide 
concentration is unique within the large area over which 
Nipissing Suite diabase is exposed and, therefore, 
genetically presumably not related to this suite. The local 
presence of inclusion-bearing quartz diorite rather points 
to an impact origin of the Rathbun Lake Pd-Pt-Cu 
occurrence, analogous to known Offset Dyke-hosted 
deposits in the SIC. 
  
1 Introduction 
 
The 1.85 Ga Sudbury Igneous Complex (SIC) around 
Greater Sudbury, Ontario (Fig. 1), the deformed and 
eroded core of the second largest preserved impact 
structure on Earth, is one of the richest known ore 
provinces as it hosts numerous world-class Ni-Cu-PGE-
sulfide deposits. Consensus exists on a genetic link 
between mineralization and impact-induced crustal melts 
through separation of sulfidic melt droplets and 
gravitational accumulation thereof at the base of sloping 
sides of the impact crater (see review by Lightfoot 2016). 
As much as 50% of the total metal resources of the 
Sudbury mining district are, however, not hosted by the 
central igneous complex, but by surrounding impact-melt 
dykes. The so called “Offset Dykes”, 17 of which are 
known to date, are narrow (10s to 100s metres wide) 
igneous bodies of quartz (monzo-)dioritic composition 
that disect the footwall rocks either radially to, or 
concentrically around, the SIC and can be traced for 
several kilometers along strike (Grant and Bite 1984;  

 
Lightfoot 2016). Formed at an early stage of the impact 
cratering process (e.g. Ostermann et al. 1996), maybe 
during crater collapse, they are thought to preserve the 
undifferentiated composition of the impact melt, although 
their exact mode of emplacement is not yet fully 
understood. 

 

 
 
Figure 1. Geological sketch map of the Sudbury Igneous Complex 
and surrounding dykes related to impact melts. 
 
The recognition of similar, yet unmineralized, Offset 
Dykes as much as 50 km east of the SIC (Kawohl et al. 
2019) has prompted exploration activities which also 
include re-mapping and re-visiting of known intrusive 
rocks and ore occurrences in the area. One such 
prospect is the frequently cited Rathbun Lake showing 
(Fig. 1), where anomalously high Pd (up to 53 ppm) and 
Pt concentrations (up to 33 ppm) have been reported for 
massive Cu-Fe-sulfide within a hydrothermally altered 
diabase of the regional 2.2 Ga Nipissing Suite (Rowell 
and Edgar 1986; Lightfoot et al. 1993). Here, we report 
on a hitherto unrecognized lithology in the direct vicinity 
of the mineralization and provide first evidence of this 
quartz diorite being related to the Sudbury impact event, 
likely another impact melt-related dyke, with some 
implications for future exploration regarding the Nipissing 
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Suite, distal Offset Dykes and the eastern periphery of the 
SIC. 
 
2 Geological background 
 
2.1 Nipissing Diabase 
 
The 2.2 Ga Nipissing Diabase is a voluminous suite of 
mafic intrusive rocks in the Southern Province, Ontario, 
extending over an area of 250 km, covering ~25% of the 
Huronian Basin and having an estimated volume of 105 
km3 (Lightfoot et al. 1993). The gabbroic melts intruded 
the 2.45-2.31 Ga siliciclastic Huronian Supergroup as 
undulating sills with thicknesses ranging from a few 
hundred to >1000 m. Predominant rock type is a tholeiitic 
orthopyroxene gabbro, but calc-alkaline granophyric, 
granodioritic and aplitic varieties are typically found in the 
upper parts of the intrusive bodies. All of the geochemical 
and lithological variations are explicable by in-situ 
differentiation and assimilation of Huronian country rock 
(Lightfoot and Naldrett 1996). Least differentiated rocks, 
i.e. the chilled margins, have a remarkably uniform 
composition. The parental magma had elevated SiO2 
contents (50-51.5 wt%) and was low in Ni (80-160 ppm) 
and MgO (8-9 wt%). All chills show geochemical features 
indicating an enriched, maybe subduction-modified or 
subcontinental lithospheric mantle source (Lightfoot et al. 
1993; Lightfoot and Naldrett 1996). The Nipissing 
Diabase is considered as the root of an eroded flood-
basalt province and might have been part of a larger 
radiating dyke swarm linked to an ancient mantle plume 
(Ernst 2014). 

Using the Rathbun Lake showing as an argument, 
some workers have tried to emphasize the economic 
potential of the Nipissing Suite for Cu-Ni-PGE, but over 
the past decades only one deposit was discovered 
throughout the Nipissing magmatic province (Sproule et 
al. 2007; Lightfoot 2016). If at all, disseminated sulfide (<5 
vol%) is typically found in the center of a Nipissing 
intrusive body, several hundred meters above the basal 
contact. Assimilation did not seem to have played an 
important role in the sulfide saturation of the magma, nor 
did the addition of external sulfur as the most intensely 
contaminated Nipissing bodies are generally 
unmineralized (Lightfoot and Naldrett 1996), and no S-
rich evaporates or shales are known in the Huronian 
Supergroup. Only one case is documented where 
Nipissing magma might have assimilated uraninite-pyrite-
bearing conglomerates (Sproule et al. 2007; Dasti 2014). 
Instead, Lightfoot and Naldrett (1996) proposed sulfide 
saturation was commonly achieved upon crystallization. 

 
2.2 Rathbun Lake showing 
 
The Rathbun Lake showing is located at the intrusive 
contact of an ordinary Nipissing Diabase body, referred 
to as the Wanapitei intrusion, and laminated wacke of the 
Gowganda Formation, both of which experienced 
greenschist-facies metamorphic overprint (see Dressler 
1982). Except for a higher modal proportion of 
hypersthene, the Wanapitei intrusion does not differ 

significantly from other unmineralized Nipissing 
complexes in terms of size, shape, level of emplacement, 
footwall rocks, geochemistry, degree of assimilation and 
alteration, parental magma composition or PGE- and 
base metal enrichment/depletion (Lightfoot et al. 1993; 
Lightfoot and Naldrett 1996). It is, however, the only 
known example of massive sulfide at the base of a 
Nipissing intrusive body. Much of the original ore had 
been excavated during sinking of an exploration shaft in 
the 1920s, and previous studies indicate that the massive 
sulfide (55% chalcopyrite and 40% pyrite ± millerite, 
violarite, arsenopyrite, magnetite, pyrrhotite, covelite, 
molybdenite) was a vein-like body, 12 m long and up to 
0.6 m wide, which did not follow the diabase-sediment 
contact but stroke perpendicular to it (Dressler 1982; 
Edgar 1986). The transition from massive to 
disseminated sulfide has been described as gradational 
over several meters, with all sulfide confined to the 
“diabase” (Dressler 1982). According to Dressler (1982) 
and Rowell and Edgar (1986) the mineralization is 
associated with footwall irregularities, shear zones and, 
most remarkably, an alteration zone, where the original 
mafic host was altered to biotite, chlorite, sericite, epidote 
and quartz. Several authors have reported anomalously 
high values of Pd (up to 53 ppm, on average 21 ppm) and 
Pt (up to 33 ppm, average 10 ppm) as well as ~3 ppm Au 
for the massive sulfide (up to 20 wt% Cu and 0.5 wt% Ni), 
whereas all other PGE concentrations are far below 20 
ppb (Rowell and Edgar 1986; Lightfoot et al. 1993). PGM 
are sperrylite (PtAs2), bismuthian merenskyite (PdTe2), 
subordinate kotulskite (PdTe) and temagamite 
(Pd3Hg3Te3), all of which are associated with hydrous 
silicates, chalcopyrite, or entirely enclosed in pyrite 
(Rowell and Edgar 1986). Most of the Wanapitei intrusion 
is unaltered and contains only disseminated (<1 vol%) 
magmatic sulfide. 
 
3 A Sudbury Offset Dyke at Rathbun Lake? 
 
Poor outcrop conditions and previous excavation limit in-
situ investigations to the cliffs at the southern shoreline of 
Rathbun Lake. The Offset Dyke, obscured by a gossan, 
is exposed at the entrance of the old exploration shaft, 
located at the contact between wacke and diabase 
(46°45’51’’E / 80°39’21’’N) and it is easily overlooked in 
outcrop. Additional material was found on a nearby 
stockpile. Even on freshly broken and wet surfaces, the 
rock can be easily confused with diabase, but polished 
slabs (Fig. 2) reveal the presence of abundant dark-grey 
aphantic inclusions embedded in a light-grey phaneritic 
matrix. The inclusions are spherical, between a few mm 
and 10 cm in diameter, and exhibit sharp but undulating 
contacts with the matrix. This groundmass consists of 
~45 vol% altered plagioclase, ~35 vol% quartz, ~20 vol% 
amphibole. Plagioclase is up to 0.8 mm large, 
compositionally zoned, and arranged in an interlocking 
manner. Alteration to epidote/sericite is omnipresent, 
leaving only rims of albite behind. Quartz occurs as up to 
3 mm-large, undeformed, anhedral poikilitic grains 
enclosing plagioclase. Amphibole, up to 1.5 mm in length, 
is green in thin section and has a needle-like habit. 
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Accessory minerals are ilmenite/ magnetite, chlorite after 
biotite, and sericite maybe after K-feldspar. There are two 
types of inclusions, minor arkosic wacke and 
predominantly mafic inclusions. The latter have a 
spherulitic to doleritic texture of, in places radiating, 
plagioclase/epidote, clinopyroxene and minor (~10 vol%) 
tremolite replacing hypersthene, and contain less than 1 
vol% quartz. One sample of the mafic inclusion-bearing 
quartz diorite contains disseminated chalcopyrite (5 
vol%). 

Figure 2. Polished slab of the mafic inclusion-bearing quartz diorite 
at Rathbun Lake. 
 
The petrography of the quartz diorite at Rathbun Lake is 
different to the adjacent Nipissing Diabase, Gowganda 
wacke and to any other Proterozoic rock in the area, but 
remarkably similar to the 1.85 Ga quartz dioritic Offset 
Dykes. Its major element concentrations are with 55 wt% 
SiO2, 3.5-4.5 wt% Na2O+K2O, 5 wt% MgO, 8-10 wt% 
Fe2O3t, 0.1 wt% P2O5, and 0.6 wt% TiO2, typical of a calc-
alkaline diorite and similar to those in known Offset Dykes 
(e.g. Grant and Bite 1984; Lightfoot 2016). Minor 
discrepancies are likely due to incomplete separation of 
mafic inclusions or their assimilation. The mafic 
inclusions are classified as tholeiitic gabbro and have 
geochemical features (e.g. 51.5 wt% SiO2, 8 wt% MgO) 
that match the chilled Nipissing Diabase nearby, in 
agreement with their quench textures. Their shape and 
dark reaction rims suggest they were incorporated into 
the diorite, and have likely undergone partial melting. 
Only a superheated melt, as it is discussed for the impact 
melt dykes (>1700°C, Ostermann et al. 1996), would be 
capable of this. 

Although we are not aware of any other diorite of 
similar age, petrography and geochemistry around the 
SIC, unequivocal evidence for the diorite having formed 
during the 1.85 Ga Sudbury impact event would require 
radiometric age dating. However, this will be a challenge, 
partly because of regional metamorphism and 
hydrothermal alteration. Suitable mineral grains for U-Pb 
dating will be rare, small, and in the case of zircon, most 

of them are likely to be inherited grains older than 1.85 
Ga (e.g. Ostermann et al. 1996). Alternatively, trace 
element patterns combined with whole-rock Nd-Sr-Pb 
isotopes proved to be a useful tool for discriminating SIC 
impact melt rocks from other “normal” magmatic rocks in 
the wider area (Kawohl et al. 2019), and this will be done 
in next step of the project. Field work will show whether 
the quartz diorite at Rathbun Lake is a single isolated 
occurrence or part of a larger dyke. 
 
4 Metallogenetic considerations 
 
PGE-, sulfide- and silicate mineralogy and textural 
relationships (Fig. 3) as well as extreme Pd/Ir ratios 
of >50,000 (Pd being the most fluid-mobile PGE, Ir the 
least mobile one) are consistent with a hydrothermal 
origin, modification or re-mobilization of magmatic sulfide 
(e.g. Wood 2002; Holwell et al. 2017). This could have 
taken place during Proterozoic orogenies and faulting, 
the 1850 Ma Sudbury impact itself, or the ~1700 Ma 
metasomatic event documented by Schandl et al. (1994), 
but as unclear as the timing of the sulfide formation 
remains the ultimate source of the metals.  

 

 
 
Figure 3. Microphotographs of ore textures at Rathbun Lake. a) 
Chalcopyrite (ccp) replacing chlorite (chl) along cleavage planes; b) 
chalcopyrite and epidote (ep) replacing diabase; c) decimeter-long 
vein of pyrite (py; white) and interstitial chalcopyrite (yellow) cutting 
through altered wacke (reflected light). 

 
Lightfoot and Naldrett (1996) found disseminated (<1 
vol%) globules of sulfide within the Wanapitei and other 
intrusions, which show an internal segmentation into 
lower pyrrhotite+pentlandite and upper chalcopyrite (see 
Lightfoot 2016 p. 91), as it is expected for closed-system 
fractional crystallization of a sulfide liquid. Consequently 
they related the massive sulfide at Rathbun Lake to 
gravitational settling of dense sulfide melt droplets and 
their accumulation at the base of the intrusion. This 
hypothesis fails, however, to explain (i) why settling 
occurred only there and in no other Nipissing intrusion or 
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at any other position of the Wanapitei intrusion; (ii) a lack 
of evidence of base metal depletion in the silicate rocks 
overlying the massive sulfide; (iii) a lack of enrichment of 
the parental magma in PGE (Edgar 1986; Lightfoot and 
Naldrett 1996); (iv) the close spatial relation between ore 
and hydrothermal alteration; and (v) – assuming that 
hydrothermal alteration/re-mobilization of proto-ores from 
the Nipissing Diabase did occur  – the remaining of the 
Ni-rich counterparts of the original (magmatic) pyrrhotite-
chalcopyrite-pentlandite assemblage. 

We propose an alternative explanation for the Pd-Pt-
Cu mineralization that does not invoke the Nipissing 
Diabase as the source of the metals. The mere presence 
of a Sudbury impact-related lithology right next to the 
mineralized zone already suggests a genetic relationship. 
The ores at Rathbun Lake could have formed by similar 
processes as the SIC footwall deposits, that is, either 
residual highly fractionated Cu-rich sulfide liquid 
percolated into the brecciated footwall rocks underlying 
the impact melt, and/or metal redistribution by high-T 
hypersaline fluids (exsolved from the crystallizing 
impact/sulfide melt, released by the partially molten 
footwall, or just heated groundwater) (see Péntek et al. 
2008 for a discussion). Cu-PGE-Au vein-type deposits 
can occur as far as 1500 m away from the Ni-dominated 
PGE-poor “contact” ore, i.e. the former MSS (monosulfide 
solid solution) cumulates on the crater floor. Rathbun 
Lake, for which we notice striking similarities to the 
Broken Hammer deposit (cf. Péntek et al. 2008), could 
represent the distal part of such a footwall system, with 
the overlying Ni-rich contact ore having been eroded.  

Besides, Rathbun Lake strongly resembles the 
Vermilion Deposit in terms of metal ratios, ore and 
gangue mineralogy and textures, and geological setting 
(Szentpéteri et al. 2003): There, located between 
amphibolite and Huronian sedimentary rocks, isolated 
pods of xenolith-rich quartz diorite of the Vermillion Offset 
Dyke (south of the SIC) host small veins and lenses of 
sulfide with average grades of 21 ppm Pt and 54 ppm Pd. 
Highest grades are associated with gabbroic inclusions in 
the diorite. Like at Rathbun Lake, PGM are 
bismuthotellurides and sperrylite, intergrown with 
hydrous silicates; sulfide assemblages are essentially the 
same, but with more Ni arsenides, and with a further 
advanced alteration stage (Holwell et al. 2017) marked by 
bornite replacing some chalcopyrite. Szentpéteri et al. 
(2003) referred to this as a hydrothermally modified 
Offset Dyke deposit and proposed a complex multistage 
magmatic-metamorphic-hydrothermal origin of the ores, 
with involvement of saline (NaCl-CaCl2-H2O±CO2) fluids 
at temperatures between 480°C and 150°C. Previous 
descriptions together with our own new findings imply an 
analogous origin for the Rathbun Lake Pd-Pt-Cu 
occurrence. 

 
Acknowledgements 
 
We gratefully acknowledge the logistic and financial 
support by Inventus Mining Corp. and Stefan Spears, 
respectively. Uli Schüssler (Univ. Würzburg) is thanked 
for the assistance with the XRF analyses. 

 
References 
 
Dasti IR (2014) The geochemistry and petrogenesis of the Ni-Cu-

PGE Shakespeare deposit, Ontario, Canada. Unpubl MSc 
thesis, Lakehead University, Thunder Bay Ontario, 121 pp 

Dressler BO (1982) Geology of the Wanapitei Lake Area, District of 
Sudbury. Ontario Geological Survey, Open File Report 5287, 
150 pp 

Edgar AD (1986) Petrology, geochemistry and economic potential 
of the Nipissing Diabase. Ontario Geological Survey, Open File 
Report 5573, 42 pp 

Ernst RE (2014) Large Igneous Provinces. Cambridge University 
Press  

Grant RW, Bite A (1984) Sudbury quartz diorite offset dikes. In: Pye 
EG, Naldrett AJ, Giblin PE (eds) The Geology and Ore Deposits 
of the Sudbury Structure. Ontario Geological Survey, Spec Vol 
1, pp 275-300 

Holwell DA, Adeyemi Z, Ward LA, Smith DJ, Graham SD, McDonald 
I, Smith JW (2017) Low temperature alteration of magmatic Ni-
Cu-PGE sulfides as a source for hydrothermal Ni and PGE ores: 
A quantitative approach using automated mineralogy. Ore Geol 
Rev 91:718-740 

Kawohl A, Frimmel HE, Bite A, Whymark W, Debaille V (2019) Very 
distant Sudbury impact dykes revealed by drilling the Temagami 
geophysical anomaly. Precambrian Res, in press 

Lightfoot PC (2016) Nickel Sulfide Ores and Impact Melts: Origin of 
the Sudbury Igneous Complex. Elsevier, Amsterdam 

Lightfoot PC, De Souza H, Doherty W (1993) Differentiation and 
source of the Nipissing Diabase intrusions, Ontario, Canada. 
Can J Earth Sci 30:1123-1140 

Lightfoot PC, Naldrett AJ (1996) Petrology and geochemistry of the 
Nipissing Gabbro: exploration strategies for nickel, copper, and 
platinum group elements in a large igneous province. Ontario 
Geological Survey, Study 58, 80 pp 

Ostermann M, Schärer U, Deutsch A (1996) Impact melt dikes in the 
Sudbury multi-ring basin (Canada), implications from uranium-
lead geochronology on the Foy offset dike. Meteorit Planet Sci 
31:494-501 

Péntek A, Molnár F, Watkinson DH, Jones PC (2008) Footwall-type 
Cu-Ni-PGE mineralization in the Broken Hammer area, Wisner 
Township, North Range, Sudbury Structure. Econ Geol 
103:1005-1023 

Rowell WF, Edgar AD (1986) Platinum-group element mineralization 
in a hydrothermal Cu-Ni sulfide occurrence, Rathbun Lake, 
northeastern Ontario. Econ Geol 81:1272-1277 

Schandl ES, Gorton MP, Davis DW (1994) Albitization at 1700±2 Ma 
in the Sudbury Wanapitei Lake area, Ontario: implications for 
deep-seated alkalic magmatism in the Southern province. Can 
J Earth Sci 31:597-607 

Sproule RA, Sutcliffe R, Tracanelli H, Lesher CM (2007) 
Palaeoproterozoic Ni-Cu-PGE mineralisation in the 
Shakespeare intrusion, Ontario, Canada: a new style of 
Nipissing gabbro-hosted mineralisation. Appl Earth Sci (Trans 
Inst Min Metall B) 116:188-200 

Szentpéteri K, Molnár F, Watkinson DH, Jones PC (2003) Geology 
and high grade hydrothermal PGE mineralization of the 
Vermilion quartz diorite offset dike, Sudbury, Canada. Proc 7th 
SGA Meeting, Athens, Greece 

Wood SA (2002) The aqueous geochemistry of the platinum-group 
elements with applications to ore deposits. In: Cabri LJ (ed) The 
geology, geochemistry, mineralogy and mineral beneficiation of 
platinum-group elements. Can Inst Min Metall Spec 54, pp 211-
249



Magmatic Sulfide and Oxide Systems  609 

The nature and distribution of magmatic Ni-Cu-PGE sulfide 
occurrences in the Labrador Trough, Northern Québec 
W.D. Smith, W.D. Maier 
School of Earth & Ocean Science, Cardiff University, Cardiff, CF10 3AT 
 
J.Ø. Anderson 
Camborne School of Mines, University of Exeter, Penryn, TR10 9EZ 
 
I. Bliss 
Northern Shield Resources, Ottawa, Ontario, Canada, K1P 6L5 

 
 
Abstract. Mafic-ultramafic rocks of the Montagnais Sill 
Complex (MSC) are actively being explored for magmatic 
Ni-Cu-PGE sulfide deposits. The MSC possesses several 
attributes that are key for the formation of orthomagmatic 
deposits, but exploration remains in its infancy due to a 
lack in understanding of the metallotects operating in this 
region. The Huckleberry Cu-Ni-PGE Prospect (157 
samples average 1.0% Cu, 0.2% Ni and 0.74 g/t 
PGE+Au) hosts multiple sulfide-rich intrusives, making it 
an ideal location to study the prospectivity of sills that 
comprise the MSC. Using a series of numerical models 
contrasted against measured whole-rock and mineral 
compositions, we constrain the petrogenesis of the mafic-
ultramafic rocks, highlighting its influence on the nature 
of sulfide ore.  
 
1 Introduction 
 
The MSC in the Labrador Trough (Northern Québec) is 
actively being explored as one potential host for the next 
world-class magmatic sulfide deposit. The 
Paleoproterozoic Labrador Trough represents an 800 km 
long fold-and-thrust belt that encompasses the eastern 
margin of the Archean Superior Craton (Fig. 1a; Skulski 
et al. 1993). The MSC is emplaced along the extent of the 
Labrador Trough, contemporaneously with those that 
host the Raglan and Thompson Ni-Cu-(PGE) deposits in 
the Circum-Superior Belt (Ciborowski et al. 2017). 
Occurrences of magmatic sulfide mineralization are 
observed in gabbroic and gabbronoritic sills of the MSC, 
most commonly when adjacent to sulfidic country rocks 
(Clark and Wares 2005).  

The Huckleberry Cu-Ni-PGE Prospect hosts multiple 
episodes of sulfide-laden mafic-ultramafic magmas, that 
have been emplaced into sulfidic country rock (Fig. 1b). 
Recent exploration has yielded average grades of 1.0% 
Cu, 0.2% Ni, and 0.74 g/t PGE+Au (n = 157) across four 
host rock types. In addition, > 5,000 m of diamond drilling 
has delineated four horizons enriched in chalcophile 
metals. In this paper, we explore the petrogenesis of the 
composite MSC and provide new geological perspectives 
on its prospectivity regarding magmatic sulfide deposits. 

 

2 The Huckleberry Cu-PGE Prospect 
 
2.1 Regional geology 
 

Many authors define the stratigraphy of the Labrador 
Trough through a cyclic division, where two cycles of 
passive margin sedimentation are topped by a third cycle 
of flysh deposits (Clark and Wares 2005, and references 
therein).  The MSC intrudes cycles 1 and 2, manifesting 
as (i) porphyritic gabbro suite (PGS), (ii) ophitic 
gabbronoritic sills, locally with basal ultramafic 
cumulates, referred to as the Layered Norite Suite (LNS) 
at Huckleberry, and (iii) late-stage, thin mafic sills (Clark 
and Wares 2005). The former two are most prospective 
for magmatic sulfide ores. Atop cycle 2, the 
Hellancourt/Willbob basalts are considered to be co-
magmatic with the MSC due to their compositional and 
isotopic similarities (Skulski et al. 1993). All mafic-
ultramafic rocks of the MSC are proposed as originating 
from a transitional-MORB source, generated during 
extensional rifting at ~1.88 Ga (Skulski et al. 1993). 

The mafic-ultramafic rocks at Huckleberry were 
emplaced northwards within the sulfidic Menihek 
Formation (cycle 2). Each sill strikes parallel with 
regional-scale faults (NNW-SSE) where a thick PGS sill 
is intruded, and assimilated by, a less evolved LNS sill 
that hosts a basal orthocumulate referred to as the basal 
peridotite. Within the PGS footwall are numerous discrete 
harzburgitic sills known as the lower peridotites.  
 
2.2 Nature and distribution of sulfide  
 
Four chalcophile-rich horizons have been delineated at 
Huckleberry, and are listed in order of economic 
importance (Fig. 2a): 

Lower Peridotite: This unit can host up to 10 vol.% 
net-textured-disseminated sulfide, that occurs 
interstitially to cumulate olivine. Sulfide mineralogy 
is characteristic of those hosted in serpentinized 
peridotites, with pyrrhotite (po), pentlandite (pn), and 
chalcopyrite (ccp), together with accessory 
marcasite, mackinawite, bornite (brn), chalcocite 
(cc) and Fe-Ti oxides.   
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Figure 1. a. Lithotectonic division of the Labrador Trough (Clark and Wares 2005), highlighting the occurrence of Huckleberry. b. The 
geology of Huckleberry together with borehole collars (referred to in the text with a prefix of ‘16HK-‘, or ‘17HK-‘) and attitudes.  
 

(i) Footwall PGS: Porphyritic gabbros that directly 
underlie the peridotitic units can host up to 7 vol.% 
net-textured-disseminated sulfide. The assemblage 
is dominated by ccp, with lesser po, pn together with 
trace brn and pyrite. Sulfide is typically bound by an 
amphibolitized margin and often observed molded 
around plagioclase glomerocrysts. 

(ii) Basal Peridotite: At the base of the aphyric sill is a 
coarsening-up cumulate assemblage of olivine and 
plagioclase, with interstitial net-textured-
disseminated sulfide, that can comprise up to 1 
vol.%. The sulfide mineralogy mimics that of the 
lower peridotite. 

(iii) Basal PGS: The porphyritic chilled margin at the 
base of the PGS hosts sparsely-distributed 
compartmentalized sulfide globules up to 2 cm in 
diameter. They comprise a lower po-pn margin, an 
upper ccp margin, and an amphibolitized cap. 

 
3 Results 
 
3.1 Whole-rock and mineral compositions  
 
Mafic-ultramafic rocks of the LNS form a geochemical 
continuum from high-MgO (< 28 wt.%) cumulate rocks, 
that are largely devoid of HFSEs (<  20 ppm Zr, < 5 ppm 
Hf) through to granophyric titanomagnetite gabbros at the 
top (Fig. 2b). This sequence is bound by the more 
evolved PGS (3-5 wt.% MgO), within which, Ni varies 
over an order of magnitude (400 to 4,000 ppm), peaking  

 
in the intervals directly underlying the LNS. 

Within the LNS, inter-cumulus pyroxene and 
plagioclase become more evolved with stratigraphic 
height (decreasing Mg#pyx, Crcpx-opx, and Anplg; Fig. 2b). 
Cumulus plagioclase in the lower half of the LNS, display 
normal zoning and a coarsening-up regime. 
 
3.2 Distribution of chalcophile elements 
 

Sulfur displays a positive correlation with chalcophile 
metals across all sulfide-bearing rocks. Primitive mantle-
normalized PGE profiles display the same fractionated 
trend of low Ir, Os, and Ru (< 1x), high Rh and Pt (~10 x) 
and enriched Pd (~100x), indicative of a similar origin. 
The high Pd/Pt values (~ 3) and (Pd+Pt)/(IPGE) values 
of > 10 are characteristic of derivation from a basaltic 
magma. However, Cu/Pd values exceed that of mantle 
rock (>10,000), which suggests that pre-emplacement 
sulfide saturation may have detrimentally affected the 
subsequent ore tenors. Local hydrothermal 
remobilization is evident from Pd/Ir values exceeding 
10,000 for Cu-rich ores.  

In borehole 17HK-12, chalcophile metals peak in the 
basal and lower peridotitic units, underlain by downward-
decreasing tails into the footwall PGS. These trends are 
concomitant with downward increasing S and Cu/Pd. It is 
therefore proposed that progressively fractionating 
sulfide liquid has percolated form the LNS into the PGS 
footwall. 
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3.3 Segregation and fractionation of sulfide liquid 
 
To investigate the timing of sulfur saturation in the MSC, 
we model sulfur content at sulfide saturation (SCSS) in 
the co-magmatic Hellancourt basalts (Ciborowski et al. 
2017; n = 14). Using COMAGMAT-5 (Ariskin et al. 2012), 
we estimate SCSS at different initial sulfur concentrations 
to investigate whether exogenous sulfur was responsible 
for achieving SCSS in the MSC.  

Firstly, we start with 600 ppm S in the extracted partial 
melt, which is consistent with 30% partial melting of the 
upper mantle. At this initial concentration, SCSS would 
be achieved after ~65% low-pressure fractional 
crystallization, which is inconsistent with the observed 
distribution of sulfides in the LNS. Secondly, we begin 
with 1,200 ppm S, where under the same conditions as 
the first model, SCSS would be attained after ~20% 
fractional crystallization. The texture exhibited by the 
sulfides favors downward percolation in a porous 
cumulate pile. With a starting composition of 1,200 ppm 
S, SCSS would follow the crystallization inter-cumulus 
pyroxene on the liquid line of descent, which would 
prevent the degree of observed percolation. Thirdly, we 
start with 1,590 ppm sulfur, which is the average S 
composition of the Chukotat basalts of the Raglan deposit 
(Barnes and Picard 1993). We consider this a 
combination of mantle and sulfur. From this, immiscible 

sulfide would segregate coevally with olivine 
fractionation. This model is most consistent with 
measured and calculated Ni compositions of cumulus 
olivine and the bulk sulfide assemblage. 

The degree of interaction between a silicate magma 
and a sulfide liquid is monitored by the mass ratio of 
silicate:sulfide, known as the R factor (Campbell and 
Naldrett 1979). R factors at the Raglan and Thompson 
Ni-(Cu-PGE) deposit are estimated to be in the region of 
1000 and 300, respectively. R factors were estimated 
using the averaged chalcophile concentration of the 
Hellancourt basalts (146 ppm Ni, 46 ppm Co, and 113 
ppm Cu) and D values of Barnes and Lightfoot (2005). 
We constrain the R factors to be within 500 and 1,600, 
similar to that proposed at Raglan. However, sulfide 
tenors at Huckleberry are lower than those at Raglan, due 
to an under-representation of mss caused by early onset 
sulfide saturation. 
Nickel-in-olivine far exceeds what would be expected if 
originally fractionated from a magma such as the 
Hellancourt basalts (>2,500 ppm). Thus, fractionation 
must have instigated in a more primitive melt. Using a 
picritic starting composition (498 ppm Ni; Barnes and 
Lightfoot 2005), sulfide-bearing rocks plot within R factors 
of 100 to 2,000, subjected to up to 75% sulfide 
fractionation prior to emplacement. Sulfide-bearing units  

Figure 2. a. Cross-section through the Huckleberry Prospect with photomicrographs of the sulfide-rich horizons (see boreholes to correlate 
with Fig. 1). b. Whole-rock and mineral compositional profiles through borehole 17HK-12. GPG = glomeroporphyritic gabbro, Prd = peridotite, 
Gbn = gabbronorite. 
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Figure 3. Schematic illustration of the genesis of the 
Huckleberry Prospect (see text for explanation). 
 
at the Raglan and Thompson deposits yield R factors 
stated above, with greater mss representation, consistent 
with the nature and tenor of ores observed. 

  
4 Genesis of the Huckleberry Prospect 
 
The Huckleberry Cu-Ni-PGE Prospect records multiple 
injections of mafic-ultramafic magma of the MSC and 
provides insight into the formation and distribution of 
sulfide ore. Its formation can be ascribed to two events: 

(1) Emplacement of the PGS: The PGS is periodically 
emplaced as plagioclase-rich slurries where 
sulfide globules were entrained along the base of 
the initial sill. The size and compartmentalization 
of the globules suggest entrainment from a nearby 
sulfide pool followed by in situ fractionation in an 
up-right stratigraphy.  

(2) Emplacement of the LNS: The LNS intrudes the 
PGS, entraining a crystal cargo of olivine, 
plagioclase, and fractionated sulfide liquid. The 

silicate assemblage is sorted into a coarsening-up 
regime due to thermal convection, augmented by 
residual heat from the PGS (Holness et al. 2017). 
Sulfide ultimately percolates through the cumulate 
pile and continues into the footwall rock. The 
turbulent emplacement causes bulk assimilation 
of the footwall rock, which may instigate pot-holing 
at the base of the LNS. Dense sulfide and cumulus 
olivine concentrate in these thermo-mechanical 
traps and propagate into the footwall rock as 
harzburgitic intrusions rich in sulfide. This model is 
analogous to that proposed by Latypov et al. 
(2015) to explain sulfide-rich harzburgitic 
undercuttings in the Merensky Reef, Bushveld 
Complex. 

 
In situ crustal contamination does not trigger sulfide 

saturation in the MSC, where assimilation of lower 
continental crust during extraction is a favorable 
mechanism for raising the S concentration of the parental 
magma. Thick sills (> 100 m) with basal cumulate 
assemblages become prospective when cooling rates are 
sufficiently slowed for the efficient accumulation of sulfide 
liquid at the floor of the intrusion. Thermo-mechanical 
traps may represent a fruitful new endeavor for magmatic 
sulfides in the Labrador Trough. 
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Abstract. In the Coastal Cordillera of the Andes, 
magnetite-(apatite) (MtAp) mineralization forms a distinct 
group of ore deposits having late Jurassic to early 
Cretaceous ages and that are geologically different from 
the sometimes proximal IOCG mineralization. The MtAp 
mineralization commonly infills open spaces in tensional 
structures within the Atacama Fault System (AFS) and 
are characterized by the presence of a massive core of 
magnetite, apatite and/or actinolite. These deposits 
extend for more than 10 km in vertical extent, crosscutting 
different types of plutonic and volcanic rocks. The 
individual MtAp deposits occur as large dyke-like lenses 
having a well-marked zonation with a lower zone of 
apatite-poor massive magnetite capped or enclosed in a 
halo of magnetite-actinolite-apatite pegmatite and an 
overlying zone of massive fluor-apatite with minor 
actinolite, ilmenite and hematite, occurring either as veins 
or as magmatic-hydrothermal breccias. Melt inclusion, 
Sr-Nd isotopes, and stable isotope data show that these 
MtAp systems are derived from the crystallization of 
unusual iron-rich melts which were likely generated in the 
mantle wedge due to the influence of aqueous fluids 
separating from the subducting slab. They have Sr-Nd 
signatures markedly different than the associated calc-
alkaline igneous host rocks, tracing different sources and 
magmatic evolution.  
 
1 Magnetite-(apatite) deposits of the Andean 

Coast 
 
The MtAp deposits of the Coastal Cordillera of Chile and 
Peru host the largest iron resources (>10 Gt of iron ore) 
of the whole American Cordillera (Naslund et al. 2002; 
Sillitoe 2003). They extend for more than 1500 km in a 
narrow belt strictly controlled by the large and trans-
crustal AFS and its northern prolongation. The 
mineralization is hosted by late Jurassic to early 
Cretaceous mafic to intermediate juvenile volcanic and 
plutonic rocks belonging to the first and westernmost 
magmatic arc formed in relationship with the Andean 
subduction, synchronously with major crustal extension 
and transpression. Locally they can in some locations be  

 
traced into the underlying basement. 

A comparison between individual deposits shows that 
they form sub-vertical lens-shaped bodies occurring from 
mid-crustal to sub-aerial environments in a vertical extent 
in excess of 10 km.  

 

 
 

Figure 1. Pegmatite-like mineralization capping massive magnetite 
at Carmen de Fierro mine. Large crystals of apatite with associated 
actinolite and with interstitial magnetite are interpreted as formed 
from an evolved iron-rich melt coeval with the separation of an 
immiscible water-rich fluid. Width photo: 40 cm 

 
MtAp deposits formed in mesozonal to epizonal 

environments are always discordant to the host rocks, 
infill open spaces and are enclosed in a zone of alkali-
calcic alteration. Individual orebodies, up to 100 m thick 
and up to 1.5 km long, show a marked vertical zonation 
with a lower zone dominated by massive, poorly 
vesicular, magnetite with only small amounts of fluor-
apatite and actinolite, which occur in irregular pods or 
large crystals. They are usually enclosed by a halo of 
coarse grained actinolite – magnetite – fluor-apatite ± 
scapolite ± anhydrite showing irregular contacts with the 
massive magnetite but sharp contacts with the 
hydrothermally altered host rock. This rock is texturally 
identical to pegmatites in in felsic systems and likely 
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reflects crystallization from a melt with fluctuating 
exsolution of an aqueous phase. At Carmen de Fierro, 
over only some tens of metres, massive magnetite 
grades upwards into another pegmatite characterized by 
the predominance of fluor-apatite (Fig. 1) and, above that, 
at the California Mine, for example, into bodies of 
massive fluor-apatite with variable amounts of actinolite 
and traces of ilmenite and hematite occurring as veins or 
large breccia bodies, with the apatite supporting large 
fragments of the host rocks (Fig. 2). Only a few of these 
systems reach the surface and here the magnetite occurs 
as subaerial and submarine vesicle-rich lava flows and 
pyroclastic vents similar to those described at El Laco by 
Tornos et al. (2017a; 2017b). The amount of sulphides is 
very scarce and when they occur they replace the 
massive magnetite. 

 

 
 

Figure 2. Discordant vein of actinolite-apatite with only small 
amounts of magnetite (California Mine) capping the large massive 
magnetite-(apatite) mineralization of Pleito-Melón. Width of the vein: 
20 cm. 

 
Hydrothermal alteration enveloping the mineralization 

includes the pervasive replacement of the host rocks by 
actinolite, K feldspar (adularia) or albite, magnetite, 
scapolite, anhydrite and small amounts of apatite; locally 
there are some zones of skarn-like alteration with 
grandite and diopside. These zones can host large 
bodies of barren massive magnetite or hematite which 
are sometimes the traps for later copper mineralization.  

 
2 Geochemistry of the parental iron-rich 

melts 
 
Discordant dikes of microgabbro host large blebs of 
magnetite that are interpreted as evidences of the 
existence of an immiscible iron-rich melt (Aguirre 2001; 
Tornos et al. submitted). Furthermore, the fluor-apatite 
has abundant melt inclusions which coexist with fluid 
inclusions, confirming that these minerals crystallized 
from a melt coexisting with an exsolving fluid (Velasco 
and Tornos 2009). Further evidence supporting that 
these rocks are the product of the crystallization of iron-
rich melts similar to those that form nelsonite but injected 
high into the crust include the geologic features (Naslund 

et al. 2002; Tornos et al. 2017b), abundant experimental 
work (Hou et al. 2018) and the presence of melt 
inclusions (Kamenetsky et al. 2013) showing unequivocal 
evidences of melt separation with one endmember 
having a composition identical to that observed in the 
MtAp systems.  

Sr-Nd geochemistry of the ores shows that they have 
a geochemistry different to that of the broadly coeval calc-
alkaline igneous host rocks. The andesite and diorite of 
the Coastal Cordillera have signatures consistent with 
that of a variably depleted mantle with εNdi values 
between 0 and +7 and 87Sr/86Sri values of 0.7030-0.7050. 
Whereas the MtAp rocks have a characteristic signature 
with higher εNdi values (+4 to +9) but a wide range of 
87Sr/86Sri initial values from 0.7035 to 0.7097, suggesting 
an input of radiogenic Sr that is not observed in the host 
rocks (Fig. 3).  

 
3 Discussion and Conclusions 

 
Geology and geochemistry supports that the MtAp 
deposits of the Coastal Cordillera of Chile are the product 
of the crystallization of iron-rich melts that separated from 
a parental silicate melt and that during crystallization 
formed magmatic-hydrothermal systems equivalent to 
those in several other ore-forming environments. 

The Sr-Nd isotope geochemistry shows that the MtAp 
rocks have a different origin to that of the associated calc-
alkaline igneous host rocks, something incompatible with 
models proposing that the formation of these rocks is 
related with fluids exsolving from a crystallizing andesite 
(Sillitoe and Burrows 2002; Simon et al. 2018).  

 

 
Figure 3. εNdi vs 87Sr-86Sri at 130 Ma showing the compositions of 
the plutonic and volcanic rocks of the Coastal Cordillera of the 
Andes and the magnetite-(apatite) deposits. 

 
These data suggests that the MtAp deposits reflect 

mixing between two sources, one represented by the 
most primitive mantle beneath the arc, represented by 
some of the plutonic rocks such as the Copiapó, Illapel or 
Las Tazas intrusive complexes (Parada et al. 1999; 
Wilson and Grocott 1999; Marschik et al. 2003). The 
other endmember has even more depleted εNdi values 
and is significantly enriched in radiogenic Sr. This 
enrichment could be attributed to the input of seawater 
that would disturb the original Sr isotope values due to its 
high mobility. However, the fact that these deposits occur 
in a subaerial magmatic arc, that the most 87Sr-rich rocks 
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are the deepest ones and that the rocks having the most 
intense sodic alteration do not show an enrichment in 
87Sr/86Sr suggest that the input of external fluids was not 
the ultimate cause of such an enrichment, which is also 
seen in submarine volcanic rocks of the area (Rossel et 
al. 2013). Our interpretation is that this signature is 
inherited from the dewatering of the subducted slab 
beneath the mantle wedge during prograde 
metamorphism. There is abundant evidence that the 
subducted slab has, on average, εNd values with MORB-
like compositions but Sr isotope ratios inherited from the 
interaction with seawater (Staudigel et al. 1995; Debret 
and Sverjensky 2017). This origin would also explain the 
highly oxidized nature of these melts and their high 
content in fluxing elements such as P and F. 

Interaction of deep fluids with the mantle wedge would 
promote melting (see Richards et al. 2017) due to the 
drop in the solidus and separation and ascent of the 
oxidized iron-rich melts along transcrustal structures 
similar to the AFS. The strike slip component of this 
structure promoted the shallow emplacement of these 
high density, but low viscosity iron-rich melts not by 
buoyancy but by lateral compression with the preferential 
pathways being small extensional structures such as pull-
apart or bending zones. Gradual crystallization of 
magnetite would promote an increase of the other 
components present in the iron-rich melts (see 
Kamenetsky et al. 2013) until attaining saturation in 
actinolite and apatite. The final proportion of these 
minerals in the overall system would be controlled by the 
DSiO2 and DP2O5 between the silicate and iron-rich melts 
and their contents of the parental source. 

Upflow and gradual crystallization of the iron-rich melt 
would produce a magnetite mush and, at some stage, the 
gradual separation of an aqueous fluid due to primary and 
secondary boiling saturation (Burnham 1979). Even at 
very low original H2O contents, these processes always 
lead to fluid saturation and separation. 

At fluid pressures above ca. 0.2 GPa the exsolved fluid 
would be of an intermediate salinity but when cutting the 
L-V surface it will separate as two immiscible, high and 
low density, fluids with the proportion of the brine and the 
solubility of iron dramatically decreasing towards the 
surface. In a subaerial environment, where except at 
temperatures above ca. 800°C and below 100°C, the fluid 
phase would be composed of vapor – transporting only 
negligible amounts of Fe as chloride complexes – and 
solid chlorides (Tornos et al. 2016). 

Reaction of the exsolved fluids with the host rocks 
would produce a zone of alkali-calcic alteration and 
related stratabound magnetite bodies, these late ones 
clearly crystallized from high temperature magmatic-
hydrothermal brines. However, we have not found any 
evidence that the assemblage within the mineralized 
structures have been formed by direct hydrothermal 
precipitation despite the fact that there is abundant for the 
replacement of fluorapatite to chloro- and hydroxyl-
apatite (Treloar and Colley 1996; Velasco and Tornos 
2009) and of magnetite to hematite. 
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Abstract. Several mafic-ultramafic layered intrusions 
were emplaced in the Fennoscandian shield during a 
widespread magmatic event at 2.5–2.4 Ga. The 
intrusions host several orthomagmatic Ni-Cu-PGE and 
Cr-V-Ti-Fe deposits. We update the magmatic 
stratigraphy of the 2.44 Ga Näränkävaara mafic-
ultramafic body based on new drilling by Geological 
Survey of Finland and Outokumpu Oy. The body consists 
of a basal dunite (1700 m), and a layered series 
comprising an ultramafic (600 m) and a mafic zone (700 
m). Two reversals are found in the layered series, one in 
the ultramafic and one in the mafic zone. The composition 
of the layered series parental magma was approximated 
using a previously unidentified marginal series 
gabbronorite. The Cu/Pd ratio below primitive mantle 
suggests that the parental magma was PGE-fertile. 
Location of the marginal series indicates that the basal 
dunite represents an older wall-rock for the layered 
intrusion. A 25 m thick reef-type PGE-enriched zone with 
150‒250 ppb Pt+Pd+Au is found in the border between 
the ultramafic and mafic zones. The PGE reef-forming 
process may have been interrupted by influx of magma 
related to the first reversal. PGE-depleted metal ratios 
suggest that this replenishing magma had already 
undergone a sulfide saturation event. 
 
1 Introduction 
 
Approximately twenty Paleoproterozoic mafic-ultramafic 
layered intrusions have been found in the NW region of 
the Fennoscandian shield. The intrusions were emplaced 
during widespread mantle-driven igneous activity at 
2.53–2.39 Ga (Bayanova et al. 2009). The mafic-
ultramafic Näränkävaara layered intrusion, northern 
Finland, is the easternmost member of the Tornio-
Näränkävaara belt (TNB) comprising six mafic-ultramafic 
layered intrusions dated at 2440 Ma (Iljina & Hanski 
2005).  

The intrusions of the TNB are typical mafic layered 
intrusions with marginal and layered magmatic series. 
They have been shown to host reef-, contact- and offset-
type PGE(±Ni-Cu) deposits and Cr-Fe-Ti-V deposits 
(Iljina et al. 2015). However, the mineral potential of the 
Näränkävaara intrusion remains relatively poorly known. 
The discovery of a ~2 km thick dunitic unit along the 
southern contact of the Näränkävaara layered series 
highlights the need to re-evaluate the structure, 
composition, and exploration potential of the 
Näränkävaara body. 

In this study, we refine the magmatic stratigraphy of 
the Näränkävaara mafic-ultramafic body (Alapieti 1982). 
We also determine the parental magma composition of 

the intrusion as inferred from a newly found marginal 
series gabbronorite. We also describe a new uneconomic 
reef-type PGE-enriched zone, located in the border zone 
between the ultramafic and mafic zones of the 
Näränkävaara layered series, and present a model for the 
low grade of the PGE mineralization. 

 

 
Figure 1. Geological map of the Näränkävaara mafic-ultramafic 
body. Four drill core intersecting the reef-type PGE-enriched zone 
(SL reef) marked with white circles. Drilling cross-section that the 
magmatic stratigraphy in Fig. 2 is based on marked with A–A’. 
Marginal series melagabbronorite intersected in drill hole R1. 
 
2 Geological setting 
 
The Näränkävaara mafic-ultramafic body is about 30 km 
long and 5 km wide and extends to a depth of 5–10 km. 
The body has been interpreted to represent a 2436±5 Ma 
mafic-ultramafic layered series, composed of a 
peridotitic-pyroxenitic ultramafic zone, and a gabbroic-
dioritic mafic zone (Fig. 1) (Alapieti 1982). Later studies 
have shown that the Näränkävaara body includes two 
other distinct ultramafic cumulate units. Firstly, an 
extensive, up to 2 km thick basal dunite borders the 
layered series along its southern contact (Lahtinen 2005). 
Secondly, a series of isolated poikilitic harzburgitic 
intrusions crosscut the basement complex along the 
northern contact of the layered series. The petrogenetic 
relationship between these two units and
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Figure 2. Left, magmatic stratigraphic column of the NW block of 
the Näränkävaara mafic-ultramafic body (BD = basal dunite; PER = 
peridotite; PX = pyroxenite; MGBNOR = melagabbronorite; GBNOR 
= gabbronorite; DIOR = diorite) On the right, whole-rock 
geochemical variation for selected elements. The reef-type PGE-
enriched zone (SL reef) highlighted in gray. The basal dunite 
includes a stratigraphic gap of 1300 m because of lack of sampling 
and drilling. 
 
the layered series remains to be determined. 

The strike of the igneous layering in the pyroxenites of 
the Näränkävaara layered series is generally parallel to 
the long axis of the intrusion. A large SW-NE fault 
separates the intrusion into two main blocks, with the NW 
block dipping about 25° to the NE, and the SE block 
dipping 5–15° to the SW (Alapieti 1982). The 
Näränkävaara body is surrounded on all sides by 
Neoarchean granite-gneiss basement complex. 
 
3 Samples and analytical techniques 
 
This study is based on historical data compilation 
(Lahtinen 2005) and new drilling, comprising 23 drill holes 
in total (KSM/MUV-1–22; M4523–67R2, –72R5, –
96R304; S5322017R1). Whole-rock compositions were 
determined by XRF from pressed powder pellets at 
Labtium Oy laboratories, and at the University of Oulu, 
Finland. Precious metal analyses were made with 
GFAAS and ICP-OES following Pb-fire assay fusion at 
Labtium Oy. Some PGE analyses were made by ICP-MS 
following NiS-fire assay fusion at Labtium Oy, and at 
Intertek Laboratories in Australia. 
 
3 Magmatic stratigraphy 
 
A cross section (A–A’ in Fig.1) was constructed based on 

compilation and interpretation of previously unpublished 
drill core logs, new thin section studies, and whole rock 
geochemical correlations. The basal dunite includes 
stratigraphic gaps due to lack of drill holes, but the 
layered series is intersected completely, except for the 
northern contact. A new magmatic stratigraphic column 
based on this cross section is presented in Fig. 2. 

The basal dunite is about 1700 m thick. It is composed 
of strongly serpentinized olivine ad- and mesocumulate 
with pseudomorphs after olivine and pyroxene usually 
found. The layered series is mostly undeformed and 
unaltered. It consists of a 600 m thick peridotitic-
pyroxenitic ultramafic zone, and a 700 m thick 
gabbronoritic-dioritic mafic zone, marked by appearance 
of cumulus plagioclase. Two reversals to more primitive 
lherzolitic compositions are found, one in the ultramafic 
and one in the mafic zone (units PER-2 and PER-3 in Fig. 
2). In the SE block of the Näränkävaara body, a 10 m 
thick melagabbronoritic marginal series is intersected in 
the contact of the basal dunite and the layered series, on 
the side of the layered series (R1 in Fig. 1).  

 
3.1 Whole-rock geochemical variations 

 
Geochemical variation along stratigraphy is presented in 
Fig. 2. Variations in whole-rock compositions correlate 
well with mineral abundances determined by thin section 
petrography. 

Composition of the marginal series melagabbronorite 
is characterized by high SiO2 (54–55 wt%) relative to 
MgO (14–15 wt%), and low CaO (6.5–7.5 wt%) and TiO2 
(0.4 wt%). Mg# is 77 (FeO=FeOtot*0.9). The metal content 
includes 1.8 ppb Au, 6.1 ppb Pd, 8.2 ppb Pt, 50 ppm Cu, 
505 ppm Ni, and 1750 ppm Cr. 
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4 Reef-type PGE-enriched zone 
 
Four drill holes intersect a PGE-enriched zone 
(KSM/MUV-6, -16, -19, -22) along the border zone 
between the ultramafic and the mafic units, at a 
stratigraphic height of about 2350–2400 m (Fig. 2), with a 
strike of at least 5 km (Fig. 1). The four intersections have 
continuous anomalous Au+Pd+Pt concentrations in the 
200–300 ppb range with an average thickness of 25 m 
(maximum 85 m) (Fig. 3). We will refer to the PGE-
enriched zone as the Salmilammit reef (SL reef). 

  
 
Figure 3. Intersection through the reef-type PGE-enriched zone (SL 
reef) in the transition zone between the ultramafic and mafic zones. 
Geochemistry is characterized by a Pd-peak, with highest Cu values 
offset approximately 10 m higher  (drill hole KSM/MUV-6 from the A-
A’ profile in Fig. 1). 

 
The PGE-enrichment is typically confined to the upper 

half of the unit PX-2 (Figs. 2 and 3), beginning 10–20 m 
after the disappearance of olivine (i.e. end of unit PER-
2). The footwall is composed of olivine-websterite and 
plagioclase-websterite with approximately 25 vol% of 
sparse coarse subspherical poikilitic Cpx. The PGE-
hosting plagioclase-websterite is marked by an increase 
in the amount of intercumulus Cpx to 40–50 vol%. Tabular 
Opx grains define lamination in some samples. 
Intercumulus Pl increases towards the top of unit PX-2 to 
10–30 vol%. Melagabbronorite and minor anorthosite 
form the roof-wall. Typically <0.5 vol% of sulfides are 
found (Po with minor Ccp and Pn) as small, usually less 
than 0.5 mm anhedral grains interstitial to silicates, 
typically in contact with plagioclase or augite. PGM were 
found as distinct sub-µm scale grains (largest 5 µm) on 
sulfide grain boundaries and within silicates. The small 
PGM could not be reliably identified, but appear to be 
composed of Pd and Pt sulfides and sulfarsenides. 

 

4.1 PGE and chalcophile geochemistry 
 

In intersections through the SL reef there is a 10 m thick 
Pd-peak (highest 423 ppb), with Pd values tailing off to 
background values above and below. The PGE-
enrichment is Pd-dominated, with Pd/Pt ratio varying 
between 0.5–8 (average 2.9). The highest Pt content is 
200 ppb, whereas Au concentrations are low (average 15 
ppb). Highest Cu and S concentrations are typically offset 
above the Pd-peak (Fig. 3). The SL reef is S poor with 
480 ppm S on average (highest 1870 ppm). Average Cu 
is 105 ppm (highest 262 ppm) and average Ni is 370 ppm 
(highest 573 ppm); Ni/Cu is between 2–13 (average 3.2). 

The PM-normalized metal pattern is bell-shaped as is 
typical for PGE reefs (not pictured), with Ru, Ir, and Os 
slightly below PM, and enrichment in Pd, Pt, and Rh, with 
a distinct Pd-peak. Pd/Ir ratios range between 20–160 
(average 99). Cu/Pd ratios are 5000–8000 in the 
ultramafic zone, between 100–500 in the SL reef, and 
increase to 10 000–100 000 immediately above the reef. 

 
5 Discussion and conclusions 
 
5.1 Implications of the marginal series 
 
The whole-rock composition of the marginal series 
melagabbronorite was found to be very similar to the 
calculated weighted average composition of the layered 
series (Järvinen et al. submitted). In addition, a fractional 
crystallization model was performed using the marginal 
series composition, resulting in the same crystallization 
sequence as observed in the layered series (Ol–Opx–
Cpx–Pl). This suggests that the marginal series 
represents a reasonable approximation of the parental 
magma composition of the Näränkävaara layered series. 
Location of the marginal series against the basal dunite 
indicates that basal dunite is older than the layered 
series. 
 
5.2 Reef-type PGE-enriched zone (SL reef) 

 
The SL reef is found at the border of mafic and 

ultramafic zones about 5–20 m below the first 
appearance of cumulus plagioclase, and shares similar 
lithology with PGE reefs found in the Great Dyke (Wilson 
1996) and the Munni Munni complex (Hoatson & Keays 
1989). No PGE reefs in similar stratigraphic position are 
found in the other intrusions of the TNB (Iljina et al. 2015 
and references therein). 

The SL reef is associated with a major change in 
Cu/Pd (Fig. 2). The sulfides exhibit textures typical for 
primary magmatic sulfides formed through cooling and 
fractionation of sulfide solid solutions. No petrographic 
evidence of xenoliths or addition of external S has been 
identified. No evidence of significant remobilization of 
PGEs has been found. The mineralization seems to 
represent an offset-type PGE reef probably formed 
through passive sulfide saturation caused by fractional 
crystallization of mafic magma (Mungall 2002).  
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Figure 4. Whole-rock compositions of units plotted on a Cu/Pd vs. 
Pd diagram. Samples after the PER-2 reversal (green) are Pd-
depleted compared to samples before the reversal (red). 
Comparisons to other PGE reefs in the TNB in marked with two letter 
abbreviations (SJ, PV, etc., see Iljina et al. 2015). 
 

 
Figure 5. Whole rock compositions of samples from the PGE-
enriched zone (SL reef, in red) and from unit PER-2. Samples from 
PER-2 are displaced along a sulfide extraction vector (Barnes & 
Lightfoot 2005). Two letter abbreviations explained in Fig. 4. 

 
The history of sulfide saturation has been estimated 

using metal ratios. Cu/Pd vs. Pd values from the SL reef 
imply high R-factors between 10 000 to 100 000 similar 
to other reefs of the TNB (Fig. 4); the low availability of 
immiscible sulfides at the time of reef forming may have 
been a limiting factor for the formation of a high grade 
PGE reef (Barnes & Lightfoot 2005).  

The Cu/Pd ratios of the marginal series (~8000) and 
the weighted average of the layered series (~5000) are 
below PM, implying a PGE-fertile parental magma 
(Barnes & Lightfoot 2005). Evidence suggests that the 
magma associated with the PER-2 reversal was relatively 
PGE-depleted at the time of its emplacement in the 
layered series. Excluding samples with >20 ppb Pd, 
peridotites and pyroxenites below PER-2 have an 
average Cu/Pd of ~5000, whereas from PER-2 upwards 
peridotitic and pyroxenitic samples have an average of 
~10 000 (Fig. 4). In addition, all sulfide-bearing samples 
associated with unit PER-2 (0.1–1 vol% sulfides) plot 

along the PGM and sulfide extraction vectors in the Ni/Pd 
vs. Cu/Ir diagram in Fig. 5. These evidence suggest that 
the magma associated with the PER-2 reversal had 
already undergone one sulfur-saturation event (resulting 
in PGE-depletion) before emplacement in the 
Näränkävaara layered series.  

Three PGE-enriched samples analyzed from unit PX-
1B (Fig. 2) share similar petrography and geochemistry 
as the SL reef samples, meaning that the PGE-
enrichment may have begun to develop already before 
the PER-2 reversal. It is possible that influx of the PGE-
depleted PER-2 magma halted the PGE reef forming 
process and, once resumed, resulted in dilution of the 
PGE grades for rest of the mineralization found in unit PX-
2.  
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Abstract. The Kemi chromite deposit is located nearby 
the towns of Kemi and Tornio (northern Finland). The 
mineralization is hosted within the mafic-ultramafic Kemi 
intrusion (~2.4 Ga) that is part of the Tornio – 
Näränkävaara belt. The main chromite units are located 
in the basal part of the intrusion and are enveloped by 
peridotites and bronzites. Hydrothermal alteration has 
pervasively affected the ultramafic sequence mainly in 
the lower and upper segments, leaving the middle partly 
unaltered. These lithologies can still be identified due to 
the preservation of their primary textures. The altered 
ultramafic lithologies had been previously catalogued as 
cumulate, chlorite, amphibole, serpentine and pyroxene 
peridotites, amphibole and talc pyroxenites, and 
serpentinites (Grönholm 1994). Further petrographic 
observations suggest that the ultramafic rocks 
experienced at least six events of hydrothermal alteration 
that lead to the replacement of primary minerals by 
assemblages of serpentine, chlorite, amphibole, 
carbonate and talc.  
 
1 Introduction 
 
The 2.44 to 2.5 Ga mafic layered intrusions in the Tornio-
Näränkävaara belt are located at the contact between the 
Archean basement rocks and the Proterozoic volcano-
sedimentary, supracrustal schist belts (Peräpohja and 
Kuusamo belts). The origin of these magmatic intrusions 
is assigned to a mantle plume flare up in a failed 
continental rifting environment (Iljina and Hanski 2005; 
Yang et al. 2016). 

The mafic-ultramafic magmatic complexes of the 
Tornio-Näränkävaara belt contain variable styles of 
mineralization including chromite, base metal sulfides, 
PGE and vanadium bearing magnetite. Currently, only 
the chromitite deposit in the Kemi intrusion is exploited 
(Iljina and Hanski 2005). The Kemi intrusion is 
characterized by peridotitic layers in its basal portion 
grading stratigraphically upwards to pyroxenitic, gabbroic 
and anorthositic compositions (Alapieti et al. 1989; 
Alapieti and Huhtelin 2005; Huhtelin, 2015). Extensive 
alteration is found in the lower and upper portions of the 
intrusion. 

Previous research on the Kemi intrusion and the 
chromitite deposit has focused on questions related to the 

magmatic processes responsible for the mineralization 
and genesis of the intrusion (Alapieti et al. 1989; Yang et 
al. 2016; Vasilopanagos 2016). However, a substantial 
portion of the host rocks are altered to serpentinites, 
chlorite-rich peridotites, amphibole-rich pyroxenites and 
talc (carbonate) rocks, indicating substantial 
hydrothermal alteration. Detailed petrographical 
descriptions of the alteration sequences remain 
unconstrained. Therefore, this study aims to present data 
to address the afore-mentioned alteration events. 
 
2 Regional geology 
 
The Tornio – Näränkävaara belt is distributed from the 
west to the east into the Tornio-Kemi-Penikat, Portimo 
and Koillismaa Complexes (Iljina and Hanski 2005). The 
footwall and hanging wall of the Kemi Intrusion are the 
Pudasjärvi Complex (3.5 to 2.7 Ga; Lauri et al. 2011; 
Muttanen and Huhma 2003; Vaasjoki et al. 2005) and the 
Peräpohja Schist Belt (~2.3 Ga; Laajoki 2005; Perttunen 
and Vaasjoki 2001; Lauri et al. 2011), respectively. 
Initially the layered intrusion was tilted from its primary 
position. Further deformation led to the metamorphism 
(greenschist to amphibolite facies) and hydrothermal 
alteration (Alapieti and Huhtelin 2005; Iljina and Hanski 
2005). 

Kemi layered intrusion is formed from bottom to top by 
a 10 to 40 m basal sequence of mylonitic talc-chlorite-
carbonate schist, followed by a layer of about 40 – 100 m 
of altered rocks (bronzite – chromite and olivine – 
chromite ± bronzite cumulates with interlayers of 
chromitites). This layer is overlain by the main chromitite 
unit (chromite-olivine cumulates with intercumulate 
poikilitic bronzite ± augite) which has an average 
thickness of around 40 m in the mining area (Alapieti et 
al. 1989; Alapieti and Huhtelin, 2005). 

A 550 m thick layer of peridotite cumulate rests on the 
top of the main chromitite layer. This layer is 
characterized by olivine – chromite ± bronzite as the 
cumulate minerals. 1000 m above the basal contact, 
plagioclase becomes the main cumulate mineral with 
minor bronzite and augite. This layer extends for about 
800 m until the contact with the hanging wall. (Alapieti et 
al. 1989; Alapieti and Huhtelin 2005). 

The lower and upper parts of the Kemi intrusion have 
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been affected by extensive alterations being stronger in 
the silicate phases (Alapieti et al. 1989; Alapieti and 
Huhtelin 2005). Alteration of chromite has affected the 
edges and cracks of the grains. Some of those grains also 
show the development of magnetite rims and corrosion 
produced by serpentinization. 

 
3 Petrography 
 
The petrographic description was done in 49 thin section 
samples from Grönholm (1994), belonging to the 
surrounding areas of the mineralization. The majority of 
the studied samples are either cumulate peridotites or 
pyroxenites of the orthocumulate type (in the sense of 
Wager et al. 1960). In peridotites, olivine is enveloped by 
anhedral orthopyroxene and clinopyroxene. In 
pyroxenites, orthopyroxene is the cumulate mineral (with 
occasional presence of olivine) and is surrounded by 
clinopyroxene. 

For the present work, Grönholm (1994) classification 
was used since it takes into special consideration the host 
rocks of the ore of Kemi mine. Criteria of classification for 
the studied lithologies can be found in table 1. Peridotites 
are grouped in cumulate peridotites and altered 
peridotites (chlorite, amphibole, serpentine and pyroxene 
peridotites). Pyroxenites in Kemi intrusion are bronzites, 
websterites and diallagites (Alapieti et al. 1989). 
Pyroxenite thin sections in this study only include altered 
bronzites – olivine bronzites (amphibole pyroxenites and 
talc pyroxenites). Only two thin sections of chromitites 
and five thin sections of serpentinites were described in 
this work. 

 
Table 1. Lithologies and criteria for their classification. Modified from 
Grönholm (1994). 
 

 
 

3.1 Cumulate peridotites 
These rocks have extensive hydrothermal alteration, 
although relict primary minerals and textures are easily 
recognized, unlike in the other peridotites. Chromite is 
only affected by minor fracturing and recrystallization at 
the grain margins. Phlogopite is recognized in the 
cumulate peridotites as an intercumulate mineral, slightly 
altered to magnetite and chlorite. Olivine relicts are 

altered and intensely fractured, displaying the 
development of mesh – ribbon textures (in the sense of 
Wicks and Whittaker 1977; Wicks and O’Hanley 1988). 
Olivine grains are frequently rimmed by amphibole and 
serpentine flakes.  

Most of the intercumulate pyroxene has been 
pervasively altered leaving few relict occurrences. 
Recognized orthopyroxenes are partially altered to 
bastite. Veins of fine-grained amphibole are observed in 
orthopyroxenes. Some clinopyroxene relicts remain 
almost unaltered, crosscut by fractures and seldom, 
amphibole veins. 

Pervasively altered intercumulate occurs in two types; 
either as chlorite-altered intercumulate or the “alteration 
products (px)” (Grönholm 1994). The chlorite-altered 
intercumulate is colorless to bluish-greenish in plane 
polarized light and gray, greenish-bluish (abnormal 
colors) to isotropic in crossed polarized light. It is formed 
by fine grained disseminated flakes of chlorite with minor 
presence of serpentine.  

The alteration products (px) are characterized by very 
fine grained aggregates of different minerals in varying 
proportions, hard to distinguish by use of the optical 
microscope only. Therefore the specific minerals were 
not taken into account for volumetric percentages but 
counted as a whole group. “Alteration products (px)” in 
the cumulate peridotites is scarce compared to other 
peridotites, it is observed mostly as aggregates of flaky 
amphibole and serpentine. 

Later serpentine veins are observed crosscutting the 
samples. 
3.2 Altered peridotites 
Relict minerals are rarely observed in altered peridotites, 
as these lithologies are pervasively altered to almost 
100%. Identification of primary cumulate texture is 
possible since the alteration minerals usually preserve 
the primary shape of the grains. 

Phlogopite and chromite are observed in a similar 
fashion as in the cumulate peridotites. Relict pyroxene is 
scarce, only a few clinopyroxene crystals were identified. 
Apatite is identified as a cumulate accessory mineral, 
being only recognized in one sample as an elongated 
euhedral prismatic crystal. 

Olivine relicts are only recognized in a few samples. In 
altered peridotites olivine is almost entirely replaced by 
different types of serpentine. Unlike cumulate peridotites, 
flaky and fibrous aggregates (in interpenetrating textures) 
are the dominant types of serpentine. Frequently, 
serpentine-altered olivine crystals are rimmed by flaky 
and acicular amphibole (Fig. 1A). Flakes of amphibole 
are also observed masking the serpentine-recrystallized 
mesh centers. Amphibole flakes are sporadically 
overprinted by talc alteration, showing higher order 
interference colors. 

Amphibole alteration is also common in pyroxenes. 
Alteration occurs either as mantling of pyroxenes or as 
aggregates of parallel to unoriented subhedral elongated 
amphibole flakes with a matrix of serpentine (varying 
amounts) and as intergrowths of bastite (replacement 
along cleavage) with amphibole.  

Serpentine alteration over pyroxene is observed in 
different proportions (~2% to 100%), either as bastite 
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(patchy, pervasive or along cleavage; featureless or 
fibrous) or serpentine flakes. 

Although “Alteration products (px)” and chlorite – 
altered intercumulate (Fig. 1A) are more abundant in the 
altered peridotites, their description is closely similar to 
the one in the cumulate peridotites. Most common 
alteration minerals of the “alteration products (px)” in the 
altered peridotites are amphibole (Fig. 1A), magnetite 
and serpentine, followed by carbonate, talc and chlorite.  

Pyroxene is also altered by magnetite, occurring in 
different proportions. It’s observed usually as speckles all 
over the pyroxene crystal, forming along cleavage, 
fractures and masking the crystals.  

Carbonate is observed as rims surrounding former 
olivine and pyroxene crystals, usually as a second rim 
with an inner rim of amphibole and filling spaces along 
the former serpentine ribbons (Fig. 1A). Carbonate is also 
found as disseminated aggregates within serpentine-
altered olivine and the chlorite-altered intercumulate, and 
as a replacement mineral in the “alteration products (px)”. 
3.3   Pyroxenites  
Apparent cumulate crystals are mainly altered to 
amphibole of different textures. Amphibole is observed as 
parallel – subhedral elongated prismatic needles (Fig. 
1B), perpendicular needles to crosscutting fractures, 
subparallel to randomly oriented amphibole in flame 
texture and as aggregates of amphibole and bastite in a 
“chessboard” appearance. Amphibole aggregates are 
often rimmed by finer – grained amphibole and/or 
contained in a matrix of serpentine (Fig. 1B), opaques, 
talc, carbonate and finer – grained amphibole flakes in 
different proportions.  

Scarce subrounded, serpentine – altered olivine grains 
are also observed. Further alteration over these grains is 
observed as the mantling of serpentine flakes by 
amphibole. Observed phlogopite and chlorite – altered 
intercumulate (Fig. 1B) share similar features with their 
counterparts in peridotites. Carbonate is recognized as 
very fine-grained aggregates, occurring randomly, either 
at crystal borders, matrix, or altering the core of 
amphibole-rimmed grains. 

Talc pyroxenites are fairly similar to amphibole 
pyroxenites, suggesting a similar alteration process. 
Differences lie in a marked higher abundance of very fine-
grained aggregates, smaller sized amphibole flakes and 
more plentiful matrix (mainly formed by talc). 
3.4 Serpentinites  
A common feature in all of the serpentinites is the 
abundant corrosion of chromite grains as well as 
recrystallization along their margins. Peridotite-derived 
serpentinite still preserve features of the orthocumulate 
structures, relatively easy to recognize thanks to 
magnetite alteration (disseminations in the intercumulate 
minerals or along former olivine cracks and margins) and 
differences in grainsize of the alteration products of 
cumulate and intercumulate minerals.  

Serpentine is the most common mineral in the 
serpentinites, followed by chromite, magnetite, carbonate 
and talc. Serpentine is usually observed as fibrous and 
flaky aggregates, occasionally preserving former textures 
(e.g. mesh – rim texture in the altered adcumulate 
dunite). Banded serpentine veins are also observed. 

3.5 Chromitite 
Orthocumulate texture is observed in the samples with 
disseminated euhedral chromite (~240 μm) as the 
cumulate grains. Intercumulate grains are altered up to 
100%. Percentage of the mineral volumetric composition 
was not calculated due to the fine grained nature of the 
matrix (~10 μm). The matrix is formed by different 
proportions of talc, serpentine (flakes), phlogopite, 
amphibole and carbonate.  
 

 
 
Figure 1. a. Photomicrograph in crossed Nicols of a pyroxene 
peridotite sample (altered peridotites). Serpentine altered olivine 
grain with recrystallized mesh texture. The same grained has 
amphibole rims and carbonates along fractures. The grain is in 
contact with chromite, chlorite intercumulate and “alteration 
products (px)” (mainly amphibole). b. Photomicrograph in crossed 
Nicols of an amphibole pyroxenite sample (pyroxenites). Altered 
pyroxene grain formed by an aggregate of amphibole needles and 
serpentine, surrounded by chlorite intercumulate. Alt px = alteration 
products (px), Amp = amphibole, Chl = chlorite, Chr = chromite, Srp 
= serpentine. Width of the photo = 1.6 mm. 

 
4 Discussion 
 
All of the studied samples show strong signs 
hydrothermal activity. Even though alteration is observed 
with different intensities, the same alteration minerals are 
recognized throughout almost all of the lithologies. The 
dominant alteration minerals are serpentine for the 
peridotites and amphibole and talc for the pyroxenites. 
Both lithologies share similar percentages of chlorite. 
Silicate phases in chromitites are altered in a similar 



624 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

fashion to pyroxenites, while chromite grains are less 
altered in chromitites than in peridotites. 

An alteration sequence is defined for the Kemi deposit 
host rocks based on the petrographic observations. A 
main stage of serpentinization is proposed as the first 
alteration event, where pseudomorphic textures of 
serpentine were developed. This was followed by a 
second stage of serpentinization that produced non-
pseudomorphic textures of serpentine (flake and fibrous 
aggregates). Consequently, serpentine was overprinted 
by chlorite alteration, seen in the mantling of 
pseudomorphic textures and by the occurrences of 
chlorite aggregates in the “chlorite intercumulate” 
resembling serpentine interpenetrating and interlocking 
textures (presumably chlorite masking serpentine). 
Chlorite alteration is followed by amphibole alteration. 
Amphibole is recognized as serpentine flakes in olivine 
and pyroxene, replacing pyroxene and recrystallized 
bastite, and is found disseminated in the chlorite 
intercumulate. Chlorite alteration over amphibole was not 
recognized in any of the samples, therefore a later timing 
for amphibole alteration is proposed. A third episode of 
serpentinization could be related to later, unaltered 
crosscutting veins of serpentine (with interpenetrating 
and banded textures).  

Carbonate veins show a later crosscutting relation with 
amphibole and serpentine veins. Furthermore, carbonate 
is commonly accompanied by Talc. A relation between 
talc and carbonate can also be recognized in Elijärvi’s 
main chromitite layer (Alapieti 1989). Hence, carbonate 
and talc alteration presumably postdate both amphibole 
alteration and the later episode of serpentinization.  

No timing relation for magnetite was defined. 
Nonetheless, magnetite is a common product during 
serpentine alteration (Wicks and Whittaker 1977; Paulick 
et al. 2006).  
 
5 Conclusions 
 
Six alteration events were identified in the studied 
samples consisting of; serpentine alteration 
(development of pseudomorphic textures), a second 
episode of serpentine alteration (development of non-
pseudomorphic textures), chlorite alteration, amphibole 
alteration, a third episode of serpentine alteration and at 
last, an episode of talc-carbonate alteration. This 
sequence could indicate the evolution of a fluid towards 
more silica rich compositions. 
 
Acknowledgements 
 
This project was funded by K. H. Renlund foundation, 
Finland. Holger Paulick, Sari Grönholm and Timo 
Huhtelin are acknowledged for providing material and 
information which were crucial for the development of this 
work. This project was also greatly benefited from the 
unconditional support and critics from friends and 
colleagues at the University of Oulu. To Simon and Aisha 
 
 

References 
 
Alapieti TT, Kujanpaa J, Lahtinen JJ, Papunen H (1989) The Kemi 

stratiform chromitite deposit, northern Finland. Econ Geol 
84:1057-1077T. 

Alapieti TT, Huhtelin TA (2005) The Kemi intrusion and associated 
chromitite deposit. In Alapieti TT, Kärki AJ (eds) Early 
Palaeoproterozoic (2.5–2.4 Ga) Tornio–Näränkävaara layered 
intrusion belt and related chrome and platinum-group element 
mineralization, Northern Finland. Geol Surv Finl, Guide 51a:13–
32. 

Grönholm S (1994) Influence of mineral composition and 
microstructures on the mechanical properties of host rocks of 
the Kemi (Elijärvi) chromite deposit, Finland. Geol Surv Finl, 
Report 126, 36 pp. 

Huhtelin T (2015) The Kemi chromite deposit. In: Maier WD, O’Brien 
H, Lahtinen R (eds) Mineral deposits of Finland. Elsevier, 
Amsterdam, pp. 133–162. 

Iljina M, Hanski E (2005) Layered mafic intrusions of the Tornio-
Näränkävaara belt. In: Lehtinen M, Nurmi PA, Rämö OT (eds) 
Precambrian geology of Finland—key to the evolution of the 
Fennoscandian Shield. Developments in Precambrian geology 
14. Elsevier Science B.V, Amsterdam, pp. 101-138. 

Laajoki K (2005) Karelian supracrustal rocks. In: Lehtinen M, Nurmi 
PA, Rämö OT (eds) Precambrian geology of Finland—key to the 
evolution of the Fennoscandian Shield. Developments in 
Precambrian geology 14. Elsevier Science B.V, Amsterdam, pp. 
279–342. 

Lauri LS, Andersen T, Hölttä P, Huhma H, Graham S (2011) 
Evolution of the Archaean Karelian Province in the 
Fennoscandian Shield in the light of U–Pb zircon ages and Sm–
Nd and Lu–Hf isotope systematics. J Geol Soc, 
doi:10.1144/0016-76492009-159. 

Mutanen T and Huhma H (2003) The 3.5 Ga Siurua trondhjemite 
gneiss in the Archean Pudasjärvi Granulite Belt, northern 
Finland. B Geol Soc Fin, 75:55-68. 

Paulick H, Bach W, Godard M, De Hoog JCM, Suhr G, Harvey J 
(2006) Geochemistry of abyssal peridotites (Mid-Atlantic Ridge, 
15_20’N, ODP Leg 209): Implications for fluid/rock interaction in 
slow spreading environments. Chem Geol 234:179–210. 

Perttunen V, Vaasjoki M (2001) U–Pb geochronology of the 
Peräpohja Schist Belt, northwestern Finland. Geol Surv Fin 
Spec Pap 33:45-84. 

Vaasjoki M, Korsman K, Koistinen T (2005) Overview. In: Lehtinen 
M, Nurmi PA, Rämö OT (eds) Precambrian geology of Finland—
key to the evolution of the Fennoscandian Shield. Developments 
in Precambrian geology 14. Elsevier Science B.V, Amsterdam, 
pp. 1–18.  

Vasilopanagos C (2016) Magma replenishment in the Kemi 
intrusion: evidence from silicate mineral chemistry. M.Sc., 
thesis, University of Oulu. p. 55.   

Wager LR, Brown GM, Wadsworth WJ (1960) Types of igneous 
cumulates. J Petrol 1:73–85 . 

Wicks FJ, Whittaker EJW (1977) Serpentine textures and 
serpentinization. Can Mineral 15:459–488.  

Wicks FJ, O’Hanley DS (1988) Serpentine minerals: structure and 
petrology. In: Bailey SW (Ed) Hydrous Phyllosilicates (other than 
mica). Reviews in Mineralogy, 19, Mineralogical Society of 
America, Washington, DC, pp. 91–168. 

Yang SH, Hanski E, Li C, Maier WD, Huhma H, Mokrushin AV, 
Latypov R, Lahaye Y, O’Brian H, Qu WJ (2016) Mantle source 
of the 2.44-2.50-Ga mantle plume-related magmatism in the 
Fennoscandian Shield: evidence from Os, Nd, and Sr isotope 
compositions of the Monchepluton and Kemi intrusions. Miner 
Deposita. doi:10.1007/s00126-016-0673-9. 



Magmatic Sulfide and Oxide Systems  625 

The Maracás vanadiferous district, Bahia-Brazil-geology, 
mineral resources, descriptive and genetic models 
Reinaldo Santana Correia de Brito 
Universidade Federal da Bahia-Brazil 
 
Rodrigo C. Lordão, 
Largo Resources 
  
Joadson A. Carvalho 
Largo Resources 

 
Matheus P. Feitosa 
Largo Resources 

 
 

Abstract. The Rio Jacare Sill (RJS) is a 70km long, 1km 
thick, layered intrusion within the Contendas-Mirante 
Complex. This Complex occurs between two Archean 
tectonic blocks, named Jequié and Gavião, in the 
Northeastern part the Sao Francisco Craton, Bahia, 
Brazil. The sill is divided into two zones. The first is a 
Lower Zone made up of massive medium-grained 
gabbro. The second is the Upper Zone which consists of 
modally graded medium grained magnetite gabbro, 
magnetite pyroxenite and magnetitite and anorthosite. 
Fractionation indexes such as SI and #Fm and mineral 
chemistry data of cumulus phases denote cryptic 
variations. LREE/HREE ratios of different zones are 
strongly controlled by the modal proportion of cumulate 
phases. Nd and Sr isotopic ratios indicate the RJS 
magma was extracted from a slightly depleted chondritic 
mantle source. Magma mixing combined with a low 
degree of crustal assimilation and fractionation are 
ascribed to explain differentiation and the observed 
metallic mineralization.  
 
1 Geological Framework 
 
The Maracás Vanadiferous District is located in the 
southwestern part of the state of Bahia, Brazil and is part 
of a 70 km long, 2 km wide metallogenic corridor., This 
corridor sits in the southern segment the Contendas-
Jacobina Fold Belt, that occurs between Archean Jequié 
and Gavião Blocks of the São Francisco Craton. This 
district coincides with the area of occurence of the Rio 
Jacaré Sill (RJS), which is a Neoarchean (2.64 Ga) 
layered mafic-ultramafic intrusion emplaced in 
metavolcosedimentary rocks of the Mirante Complex.  

 
2 Vanadium Resources 
 
The RJS intrusion hosts orthomagmatic Fe-Ti-V-Ni-Cu-P 
and PGE mineralization. The vanadium deposits were 
discovered in the 1980s by CBPM-Companhia Baiana de 
Pesquisa Mineral, followed by significant additonal 
exploration made by Largo Resources which has greatly 
increased the original resources. So far vanadium is the 
unique commodity being economically produced from the 

Menchen Mine operated by Vanádio de Maracás S/A.  
The mine site is focused on the Gulçari A vanadíferous 

magnetite deposit, that carries measured + inferred 
reserves of 19.81 million metric tonnes of ore @ 1.20% 
V2O5. and 7% TiO2. The district has other seven satellite 
deposits named: Gulçari A Norte, Gulçari B e B Sul, São 
José, São José Oeste, Novo Amparo and Novo Amparo 
Norte that together present resources as large as 21,82 
million metric tonnes of vanadiferous magnetic iron ores 
@ 0.83% V2O5.  
 
3 The Rio Jacare Sill 

 
The RJS is divided in two broad zones according to the 
presence of cumulus titanomagnetite and ilmenite phase 
layering. Using this criteria it is recognized a Lower Zone, 
or magnetite out zone and Upper Zone, or magnetite in 
zone, (Brito 2.000).  

 
3.1 Lower Zone 

 
The Lower Zone is an up to 200 m thick sequence of 
titanium biotite leucogabbro that displays plagioclase 
modal layering that ends up as a 6 meter thick mottled 
anorthosite layer showing orthopyroxene oikocrysts 
poikilitically enclosing cumulus plagioclase.  
 
3.2 Upper Zone  

 
The Upper Zone lies in sharp contact with the Lower Zone 
mottled anorthosite and depicts up to six modally layered 
magnetite-bearing cyclic units characterized by modal 
and cryptically layered magnetite with decreasing V 
contents towards the top of the sequence. The Upper 
Zone has entry points that corresponds to three distincts 
sections: Gulcari, Novo Amparo and Novo Amparo north, 
each one separated by a 4 km interval along a north-
south trend of 8 km of extension. The magnetite ore 
zones exhibit good lateral extent, which is sometimes 
interrupted by inverse faults and later normal faults.  
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3.3 Cyclicity 
 
The Upper Zone deposits correspond to six cumulus 
magnetite-ilmenite enriched cyclic units composed of an 
average of 30% Fe-Ti-V oxides, semi-massive magnetite 
gabbro layers and 10cm to 10m thick micro and macro 
magnetitite layers: 1) Cyclic unit M1 & M2, up to 30 m 
thick, massive magnetite layers associated to magnetite 
olivine clinopyroxenites, which corresponds to the main 
ores @ 2.0-3.0 % V2O5; 2) M3 and M4 cyclic unities which 
consists of a package of rhythmically layered magnetitites 
and metapyroxenites, macro and micro layers @ 2%-
1,0% V2O5; and 3) M5& M6 cyclic unities that are made 
up with magnetite pyroxenite layers, semi-massive 
magnetite disseminated magnetite leucogabbro, coarse 
grained magnetite anorthosite @ 0.6%-1.5% V2O5. The 
top of M6 ends up with the occurrence of apatite-bearing 
melanogabbro and apatite gabbro carrying up to 20% 
modal cumulus apatite fayalitic olivine and vanadium-
poor cumulus magnetite.The mineralized package is 
overlain by an up to 100 thick very coarse anorthosite 
layer which is considered the very top of the intrusion. 
 
4 Genetic Model 

 
The orthomagmatic mineralization is considered as 
formed by fractional crystallization, mainly of magnetite, 
ilmenite, plagioclase and to a lesser extent pyroxene and 
olivine from at least 3 main magma pulses. 
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