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The Mt. Rudnaya MSS-ISS (monosulfide and intermediate solid solution) fine-grained ores
from a NE termination of Norilsk 1 deposit were analyzed using a combination of X-ray
computed micro tomography, spectral X-ray computed micro tomography and scanning
electron microscopy to achieve both, 2D and 3D data. The ores consist of ISS composed
of tiny lamellar intergrowths of cubanite and chalcopyrite solid solutions, which form up to
4-mm distinct globules surrounded by an ISS-MSS matrix. Our X-ray computed micro
tomography results may provide 3D textural evidence of a possible natural sulfide-sulfide
liquid immiscibility between Cu-rich and Cu-poor sulfide liquids that occurred before MSS
and ISS were crystallized. The platinum group minerals (PGM) distribution shows that 20.6
vol% of all PGM occur in the ISS-MSS matrix and 79.4 vol% in the ISS globules. We
suggest that this distributional behavior is due to the fact that the platinum group elements
(PGE) cannot be dissolved in ISS, which led to the formation of the large PGMgrains, which
are up to 120 μm on their longest axis. The initial enrichment of ISS in PGE was controlled
by differences in the partition coefficients of platinum and palladium between Cu-poor and
Cu-rich liquids.

Keywords: Norilsk, platinum group minerals, X-ray computed tomography, spectral X-ray computed tomography,
3D imaging, SEM-EDS

INTRODUCTION

Platinum group minerals (PGM) are characterized by the presence of platinum group elements
(PGE: Ru, Os, Ir, Rh, Pt, Pd) and can be found in different geological settings such as layered
intrusions (Kinloch, 1982; McLaren and De Villiers, 1982; Voordouw et al., 2010), ophiolites (Augé,
1988; Economou-Eliopoulos et al., 2017), komatiites (Fiorentini et al., 2004; Locmelis et al., 2009), or
magmatic sulfide deposits (Evstigneeva and Genkin, 1983; Genkin and Evstigneeva, 1986;
Sluzhenikin et al., 2020). Among the most famous deposits, characterized by a variety of
different PGM, is the Norilsk-Talnakh camp, which hosts several Cu-Ni-PGE deposits. Cu-Ni-
PGE deposits in general can be very variable in their PGE contents compared to other deposits such
as layered mafic intrusions (O’Driscoll and González-Jiménez, 2016). The Norilsk-Talnakh camp
though is highly enriched in PGEs and not only is one of the largest Ni sources, but is also an
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important Pd producer (Naldrett, 1999; Rao and Reddi, 2000;
O’Driscoll and González-Jiménez, 2016). According to recent
estimations, the deposits produced 8.3 million tons of Ni, 16.3
million tons of Cu, and 178 million ounces of PGE since the start
of mining (Barnes et al., 2020a). Although, since their discovery in
1920, there have been numerous studies on these deposits, a
significant part of the geology and genesis is yet to be understood
(Kotulsky, 1946; Godlevsky, 1959; Dodin and Batuev, 1971;
Genkin et al., 1981; Distler et al., 1988; Duzhikov et al., 1988;
Naldrett et al., 1992; Dyuzhikov, 2004; Likhachev, 2006; Arndt,
2011; Ryabov et al., 2014; Duran et al., 2017; Krivolutskaya et al.,
2018; Barnes et al., 2019, 2020a; Mansur et al., 2020; Sluzhenikin
et al., 2020).

One interesting factor on the genesis and the future mining of
Cu-Ni-PGE deposits is the distribution of PGE within the
deposit. They can build distinct minerals in the form of
PGM and can also be found in different sulfides such as
pyrrhotite, pentlandite, or pyrite in various forms including,
as nanoinclusions, homogeneous solid solutions, patchy
disordered solid solutions, or as ordered solid solutions with
a superlattice (Dare et al., 2010; Junge et al., 2015). The
distribution of PGE within a deposit depends on various
factors during ore formation some of which are fractionation
and segregation (Li et al., 1992; Naldrett et al., 1999),
hydrothermal redistribution (Farrow and Watkinson, 1997;
Barnes et al., 2006; Godel and Barnes, 2008), desulfurization
due to interaction of fluids and host rocks (Li and Ripley, 2006;
Prichard et al., 2013), or exosolution (Wirth et al., 2013; Junge
et al., 2015; Mansur and Barnes, 2020).

The characterization of PGM and their distribution in ores is
often performed using different two-dimensional (2D) imaging
techniques such as scanning electron microscopy (SEM) in
combination with energy dispersive X-ray spectrometry (EDS).
However, this comes with some problems regarding mineral
shape and the measured sample volume. Therefore, three-
dimensional (3D) methods such as X-ray computed micro-
tomography (micro-CT) are becoming more popular for a
more representative 3D characterization of complex materials
such as natural rocks and ores (Ketcham and Carlson, 2001;
Cnudde et al., 2006; Cnudde and Boone, 2013; Reyes et al., 2017).
Micro-CT provides exceptional 3D data of internal structures but
a major drawback is the lack of chemical information as it only
provides greyscale images. However, a relatively new approach to
achieve both 3D spatial information and chemical data from
X-ray micro-CT scans is a combination with photon-counting
detectors (PCD), which provide spectral information (Taguchi
et al., 2007; Wang et al., 2011; Boone et al., 2014; Egan et al., 2015;
Sittner et al., 2020, 2021; Van Assche et al., 2021). This technique
is generally referred to as hyperspectral CT (Chen et al., 2017; Wu
et al., 2017; Fang et al., 2019), multispectral CT (Kheirabadi et al.,
2017; Devadithya and Castañón, 2021), or spectral CT (sp-CT)
(Roessl et al., 2011; Potop et al., 2014; Liu et al., 2015; Sittner et al.,
2020; Godinho et al., 2021). The latter term, spectral CT or sp-CT
will be further used in this work.

The aim of this work is to analyze the 3-dimensional
distribution of the PGM in different sulfide types in the
massive ore offshoots of Mt. Rudnaya. Based on the above, we

use SEM-EDS and X-ray micro-CT integrated with sp-CT to
obtain non-destructive chemical data of complex ore systems.

GEOLOGICAL BACKGROUND

Geology and Petrology
The Norilsk-Talnakh district located in the northwestern
segment of the East Siberian platform in Russia, is a part of
the Siberian Large Igneous Province (LIP). The Siberian LIP
represents Earth’s largest ultramafic-mafic magmatic event that
occurred ~250 Myr ago at the Permo-Triassic boundary (Burgess
and Bowring, 2015) leading to the formation of tuffs, lavas, and
subvolcanic intrusions. The Norilsk-Talnakh district is covered
by 3.5-km-thick Siberian Trap basalts overlying the ~5-km-thick
Paleozoic sedimentary rocks hosting hypabyssal ultramafic-mafic
intrusions. The Siberian Trap basalt sequence consists of 11
formations deriving from three magmatic stages (Dyuzhikov
et al., 1988). According to Latyshev et al. (2020), the
formation of Norilsk-Talnakh intrusions occurred
contemporaneously with the latest Siberian Trap basalt
sequences and can be assigned to the third magmatic stage.

The ore-bearing Norilsk-Talnakh intrusions namely Norilsk 1,
Talnakh, and Kharaelakh are situated along the Norilsk-
Kharaelakh fault (Figure 1A). The Norilsk 1 differentiated
intrusion outcropping west of the Norilsk-Kharaelakh fault, is
characterized by a chonolith-like morphology (Yakubchuk and
Nikishin, 2004). It is mostly hosted by the Siberian Trap basalt
sequences of the second magmatic stage and by sedimentary
rocks of the Tunguska series (C2-P3) (Dyuzhikov et al., 1988). The
internal structure of the Norilsk 1 intrusion is similar to the other
ore-bearing differentiated intrusions of the Norilsk-Talnakh
district and comprises the Upper Gabbroic series, Main
Layered Series, and Lower Gabbroic Series (Dyuzhikov et al.,
1988). The Norilsk 1 intrusion is composed of a variety of
intrusive rocks such as leucogabbro, gabbrodiorite, olivine-free
(0 modal % of olivine), olivine-bearing (0–10% of olivine), olivine
(10–20% of olivine), and picritic (20–60% of olivine)
gabbrodolerites, taxitic and contact gabbrodolerites.
Gabbrodolerite is a specific Norilsk-Talnakh’ term for gabbro
with fine-grained dolerite texture. The petrographic and
lithologic features of the Norilsk 1 intrusion have been
described in detail in numerous studies (Dyuzhikov et al.,
1988; Naldrett et al., 1992; Ryabov et al., 2014; Sluzhenikin
et al., 2020 among many others) and will not be discussed
here. The main subjects of this work are the Cu-Ni-PGE ores,
which are associated with both intrusive and host rocks and are
morphologically divided into massive, disseminated, and veinlet-
disseminated ores (Dodin et al., 1971; Dyuzhikov et al., 1988).

The massive ores mostly occur in the lower exo- and endo-
contact of intrusions (Dyuzhikov et al., 1988). They form
extensive orebodies (up to 2.4 km3), small-scale lenses, and
thin veins, and they are composed of Fe-Ni sulfides such as
pyrrhotite and pentlandite and Cu-Fe sulfides such as
chalcopyrite, cubanite, and others. Fe-Ni sulfides represent
subsolidus transformation products of monosulfide solid
solution (MSS). In contrast, Cu-Fe sulfides represent
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subsolidus transformation products of the intermediate solid
solution (ISS). Both MSS and ISS are subsequently converted
at subsolid temperatures to the base metal sulfides (BMS)
mentioned above (Craig and Kullerud, 1969; Cabri, 1973).
Although subsolidus origin of pentlandite has been proofed by
many experiments (e.g., Helmy et al., 2021), an alternative way of
pentlandite formation due to peritectic reaction betweenMSS and
Cu-rich liquid can be a plausible origin for Pd-rich primary
magmatic contact pentlandite (Distler et al., 1977; Kosyakov et al.,
2001; Kitakaze et al., 2016; Mansur et al., 2019; Barnes et al.,
2020b; Brovchenko et al., 2020).

The disseminated ores are the most common ore type in the
Norilsk-Talnakh camp (Dyuzhikov et al., 1988). They occur in
taxitic, picritic, and contact gabbrodolerites, and form a large
number of different subtypes in some cases depending on the host
rock characteristics. For example, one characteristic of the high
magnesium “picritic gabbrodolerite” of theMain Layered Series is
the widespread occurrence of globular sulfide ores, also called
blebby ores, representing an accumulation of sulfide liquid
droplets. The bottom of the droplets consists of pyrrhotite and
pentlandite and the top consists of chalcopyrite and/or cubanite.
This zonation of droplets demonstrates the fractional
crystallization of the trapped sulfide liquid inducing the
internal separation into Cu-poor Mss and Cu-rich Iss
components (Barnes et al., 2006). The Norilsk-Talnakh
globular ores were studied by several analytical methods
(Czamanske et al., 1992; Barnes et al., 2006), including high-
resolution X-ray micro-CT (Le Vaillant et al., 2017; Barnes et al.,
2019, 2020a). The results obtained by X-ray micro-CT especially

in combination with 2D micro-X-ray fluorescence mapping
provided important insights about sulfide-silicate micro-
textural relations, which helped scientists to further
understand the origin of the globular ores (Barnes et al.,
2017). For instance, the role of volatiles in sulfide transport
was proved to be significant (Mungall et al., 2015; Le Vaillant
et al., 2017; Yao and Mungall, 2020).

The massive ores also show signs of separation of initial sulfide
liquids. For example, Cu-poor pyrrhotite ores usually form the
bottom of sulfide orebodies, while Cu-rich ores occur as massive
ores, veins, and breccias at the top of orebodies or around them
(Dyuzhikov et al., 1988; Naldrett, 2004; Barnes and Lightfoot,
2005; Duran et al., 2017).

In the Norilsk-Talnakh sulfide ores Pd, Pt, Rh, Ru, Ir, and Os
usually occur in form of distinct minerals such as PGE alloys,
intermetallic alloys with Fe, Ni, Cu, Pb, TABS (Te, As, Bi, Sb, Sn),
and PGE sulfides (Genkin and Evstigneeva, 1986). Pyrrhotite
massive ores at Norilsk-Talnakh deposits are the most enriched in
IPGE (Ru, Os, Ir) (Miroshnikova, 2017) and as shown by
Tolstykh et al. (2022) can contain up to 12.25 ppm of Ir, Ru,
Rh in total. This type of ores represents the first Cu-poor sulfide
liquid which mostly crystallized MSS. In contrast, ores that are
most enriched in Pt and Pd are believed to be formed from an
evolved Cu-rich sulfide liquid and have been noted to occur in the
upper horizons of the layered intrusions (Duran et al., 2017;
Sluzhenikin et al., 2020) or at the external offshoots (Brovchenko
et al., 2020).

One of those offshoots is located on the northern cape of Mt.
Rudnaya in the NE termination of the Norilsk 1 deposit

FIGURE 1 | (A) Simplified geological map of the Norilsk-Talnakh district with locations of main deposits andMt. Rudnaya (modified after unpublishedmap compiled
by V.A. Fedorenko); (B) schematic cross-section through the NE terminations of the Norilsk 1 intrusion and Mt. Rudnaya ores (Distler et al., 1996). O-S = Ordovician-
Silurian, D = Devonian, C2 = upper Carboniferous, P1 = early Permian, P3 = upper Permian, T3 = upper Triassic.
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(Figure 1B). Mt. Rudnaya offshoots were tracked down from
their connection with the massive pyrrhotite ore body and occur
as two 0.5 m - thick veins up to 90 m in length hosted by
Tunguska sandstone and mudstone with coal beds. The deepest
terminations of these veins were composed of fine-grained ores
of primary magmatic MSS, ISS, and pentlandite and were
extremely enriched in PGE with an average concentration up
to 350 ppm. The mineralogy and petrology of the MSS-ISS ores
have been described in detail (Distler et al., 1996; Brovchenko
et al., 2020). A specific texture of these ores is a spreading of up
to 4 mm globular ISS segregations among an MSS-ISS matrix
with pentlandite grains at its contact. PGM are mostly observed
in ISS globules and may form euhedral or skeletal grains from
nanometer size to 100 µm sometimes in porous intimate
intergrowths with each other.

Sulfide Liquid Evolution, PGE, and PGM
The characteristics of sulfide liquids are mainly ruled by the
process of fractional crystallization (Ebel and Naldrett, 1996).
Fractional crystallization promotes a constant enrichment of
newly formed phases in elements compatible to them (Li
et al., 1992). The compatibility of different elements into MSS,
ISS, and sulfide liquids is described by the partition coefficients.
Due to fractional crystallization IPGE (Ru, Os, Ir) and Rh become
enriched in initial unfractionated Cu-poor sulfide liquid, whereas
residual Cu-rich liquid accumulates Pd, Pt, Au, Ag, and TABS.
This was observed in several experimental studies (Distler et al.,
1977; Fleet and Stone, 1991; Fleet et al., 1993; Ballhaus et al., 2001;
Mungall et al., 2005; Cafagna, 2015; Liu and Brenan, 2015;
Sinyakova et al., 2016) as well as in some natural occurring
ore deposits (Ebel and Naldrett, 1996; Naldrett, 2004; Dare et al.,
2010; Duran et al., 2017).

As for Norilsk-Talnakh massive ores, the X-ray micro-CT
results showed that Cu-rich ISS cumulates contain
remarkably more PGE and TABS minerals than Cu-poor
MSS cumulate ores (Duran et al., 2017). A separation of
the Cu-rich residual liquid fractionated from the initial Cu-
poor MSS dominated cumulate, is commonly believed to be
caused by earlier crystallization of MSS at 950°C (Helmy et al.,
2021) and the higher ability of Cu-rich sulfide liquid to wet
silicates (Ebel and Naldrett, 1996; Barnes et al., 2017). After
separation, the Cu-rich fractionated sulfide liquid crystallizes
ISS at 700°C (Helmy et al., 2021). In contrast Pd, Pt, Au, Ag,
and TABS remain in residual liquid eventually forming small
portions of evolved liquid extremely enriched in these
elements (Dare et al., 2010; Holwell and Mcdonald, 2010;
Tomkins, 2010; Liu and Brenan, 2015). As a result of the
crystallization of this late-stage liquid, PGM are formed.
However not all PGM form at the late stage of the
evolution of sulfide liquid. In magmatic sulfide deposits, it
is believed that isoferroplatinum, cooperite, and laurite are
the earliest PGM forming at high temperatures (Genkin and
Evstigneeva, 1986; Yudovskaya et al., 2017).

Mt. Rudnaya MSS-ISS ores were formed due to downward
penetration of the fractionated Cu-Ni-PGE rich sulfide melt into
subvertical fractures (Brovchenko et al., 2020). According to their
model, MSS1 and its eutectic assemblage with early formed PGMs

were crystallized from the first cumulates of sulfide liquid (L1).
The residual sulfide liquid (L2) became more enriched in PGEs
due to fractional crystallization, and eventually crystallized ISS2
from globules which captured early formed PGMs. The ISS3 and
MSS2,3 from ISS-MSS matrix were crystallized from the last
sulfide liquid (L3), while pentlandite was formed by peritectic
reaction between MSS and the residual sulfide liquid. An
exchanging between different generations of MSS, ISS and the
residual sulfide liquids caused the directional distribution of Pd in
the contact pentlandite grains and the wide variations of trace and
major components concentrations in sulfide solid solution.
Distler et al. (1996) suggested that ISS globules from Mt.
Rudnaya ores are the result of a local sulfide-sulfide
immiscibility in sulfide liquid, whereas Brovchenko et al.
(2020) proposed that the rounded form of ISS globules
occurred due to swirling motion of the sinking sulfide liquid.
The PGMs distributional behavior in Mt. Rudnaya MSS-ISS ores
have not been discussed earlier but its detailed examination can
resolve remaining questions about Mt. Rudnaya MSS-ISS ores
formation.

MATERIALS AND METHODS

Sample Material
Twelve samples of the fine-grained ores were used for this study
and were selected from a collection of the Mt. Rudnaya
underground mine 2/4 (also known as Morozov mine),
which are described in (Distler et al., 1996; Brovchenko et al.,
2020). The samples are embedded in two 2 × 5 mm polished
blocks of epoxy (RM1 and RM2) (Figures 2A,B). Mt. Rudnaya’s
fine-grained massive ores are composed of ISS (consisting of
cubanite and chalcopyrite solid solutions lamellar
intergrowths), which forms globules up to 4 mm, surrounded
by inner bands of pentlandite grains and external rims of MSS
grains (Figure 2E) (samples RM1.1, RM1.10, RM1.11, RM1.29,
RM1.30, RM1.31), sometimes without pentlandite (samples
RM1.12) (Figures 2C,F). The second type of textures are
globules of MSS or MSS-ISS surrounded by an ISS-MSS
matrix (samples RM1.2, RM2.6, RM1.11) (Figure 2D).
According to electron probe micro analysis (EPMA) data
presented in Brovchenko et al. (2020), the observed phases
have a nonstoichiometric composition and correspond to
experimentally produced MSS and ISS (Fleet et al., 1993;
Raghavan, 2004; Helmy et al., 2007). Mt. Rudnaya ISS-MSS
ores contain numerous grains of platinum and palladium
minerals and Au-Ag alloys. The most common Pt mineral
observed in MSS-ISS Mt. Rudnaya ores is tetraferroplatinum
(PtFe). It is usually surrounded by a 1 µm rim of Pt-Fe alloys
with Pt2Fe and Pt3Fe2 compositions. Cooperite (PtS) is less
abundant and forms intimate intergrowths with Pt-Fe alloys and
Pd minerals. Palladium not only occurs in individual minerals
such as Pd-rich rustenburgite (Pt3Sn) and Pt-rich atokite
(Pd3Sn) but also in enriched pentlandite (up to 4.62 wt%).
Platinum occurs only in PGM. Porous intergrowth is a
common feature of palladium minerals, but they mostly form
individual grains up to 10 μm at the edge of PGM aggregates.
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X-ray Micro-CT and Sp-CT
X-ray micro-CT is a non-destructive 3-dimensional imaging
analysis technique, which is used for the investigation of
internal structures (Cnudde and Boone, 2013). It is based on
the different X-ray absorption behavior of materials within a
sample, which create contrast in the resulting grayscale image
(Ketcham and Carlson, 2001). In the past years, the technique
proved its applications in different disciplines of geoscience
including the characterization of ores in 3D (Godel et al.,

2010; Chetty et al., 2012; Godel, 2013; Yang et al., 2014; Reyes
et al., 2017; Yang et al., 2017; Barnes et al., 2019). As micro-CT
cannot provide chemical information, prior knowledge about the
sample composition is needed on which different absorption
coefficients for the individual minerals can be calculated (Cnudde
and Boone, 2013). Therefore, it is often used in combination with
other methods such as SEM-EDS when characterizing geological
materials (Godel et al., 2010; Chetty et al., 2012; De Boever et al.,
2015; Reyes et al., 2017).

FIGURE 2 |Microphotographs of investigated samples; (A): sample RM1; (B): sample RM2; (C,D): a typical texture of samples - ISS globules in anMSS-ISSmatrix
and ISS-MSS globule in MSS-ISS matrix (c—RM1.1, d—RM1.2) (c—RM1.1, d—RM1.30). (E): MSS-ISS matrix with pentlandite grains at the contact between MSS and
ISS (RM1.29). (F): an edge of the ISS globule in BSE (RM1.29); Pn—pentlandite.
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In this work we use sp-CT in combination with micro-CT as
an additional method to provide chemical information. The basis
of sp-CT is the detection of the X-rays after their interaction with
the sample. For the detection, different PCD materials can be
used such as CdTe or CdZnTe (Takahashi and Watanabe, 2001).
The detected spectrum contains different features such as
absorption edges that are element specific. Based on the
energy position of these edges elements can be identified
(Sittner et al., 2020, 2021).

For all X-ray computed tomography scans presented in this
study, we used the TESCAN CoreTOMmicro-CT scanner (at the
Helmholtz Institute Freiberg for Resource Technology in
Germany and at TESCAN-XRE in Ghent, Belgium), which is
optimized for a high-resolution and large field of view imaging.
The standard imaging detector is an amorphous Si flat panel
detector with a surface of 428.4 by 428.4 mm2 and 2,850 by 2,850
pixels. Furthermore, the system is equipped with an additional
photon-counting line sensor, the TESCAN PolyDet, which can
automatically slide in front of the standard detector (Sittner et al.,
2020). It is a CdTe semiconductor X-ray detector with a sensor
width of 307 mm with 0.8 by 0.8 mm square pixels. The direct
detection sensor has an energy range from 20 up to 160 keV and
can discriminate up to 128 energy bins for each of the 387 pixels
that represent the horizontal field of view. In particular, the
K-edge of elements from Cd up to U can be detected with this
detector (Sittner et al., 2020). The different X-ray micro-CT scans
were reconstructed using Acquila reconstruction (version 1.14)
by TESCAN-XRE. The sp-CT scans were reconstructed using the
spectral reconstruction module in Acquila reconstruction with a
fan beam reconstruction, a ring filter, and a spot filter correction.

As a first step of the workflow, the samples were measured
using standard X-ray micro-CT. Therefore, an overview scan of
both individual samples (RM1 and RM2) was performed with the
full sample in the field of view. Afterwards, the same was applied
with the sp-CT measurements. As the PCD used in this work is a
line sensor, numerous 2D overview planes at different positions
of the samples were scanned. With the results of these
measurements, specific regions of the samples were selected
for further investigation and higher resolution scans with
X-ray micro-CT and sp-CT. These regions were selected based
on the occurring minerals and features that were observed in the
overview scans. As a last step, the samples were scanned with
SEM-EDS (see 3.3) for a correlation of the CT measurements.
This enables a chemical differentiation of the individual minerals
in the samples in addition to the sp-CT.

Samples RM1 and RM2 were initially scanned with a tube voltage
of 180 keV, a power of 15W, and an exposure time of 1.0 s.Moreover,
a voxel size of 9.2 μm was achieved. Afterwards, specific areas of the
samples were scanned in detail in a so-called volume of interest (VOI)
scan. A tube voltage of 180 keV, a power of 15W, and an exposure
time of 5.0 s were used to achieve a voxel size of 5.3 μm.

Sp-CT scans of the complete samples were done at a tube voltage
of 160 keV, a power of 30W, and an exposure time of 1.0 s.Moreover,
an average of 20 spectra per angle was used to reduce noise. For the
same field of view, the voxel size of the sp-CT scans is higher
compared to the X-ray micro-CT resulting in a lower resolution
of the sp-CT images. This is caused by the lesser amount of pixels

available in the PolyDet compared to the standard detector, which
results in a voxel size that is 7.3 times higher (Sittner et al., 2020;
Godinho et al., 2021). For these scans, the voxel size was 68.1 μm. No
filter was used for these scans as it influences the detected spectrum.
Moreover, VOI scans were performed using sp-CT to have a better
resolution for certain regions. Therefore, a tube voltage of 160 keV, a
power of 25W, and an exposure time of 1.0 s were used with 20
averages. With these settings, we were able to achieve voxel sizes of
44.2 and 28.2 μm respectively. All spectral CT scans were done with
600 projections per 360°.Table 1 summarizes the scanning conditions
of all sp-CT and X-ray micro-CT scans.

SEM-EDS
SEM-EDS measurements of the samples were performed using
the MIRA3 TESCAN scanning electron microscope equipped
with a field emission gun (at Ghent University, Belgium). Apart
from the backscattered electron (BSE) detector, the system is
equipped with an energy dispersive X-ray silicon drift detector
(EDAX Element 30) for EDS measurements. The data analysis
was done in the software TESCAN TIMA (version 1.7.0).

A carbon coating was applied to both samples before scanning
to inhibit charging. The samples were scanned in liberation
analysis mode with the high-resolution acquisition mode
(Hrstka et al., 2018). A pixel spacing of 5 microns was used
with 1,000 counts per spectrum per point. Before each scan, the
system was calibrated by using a platinum and a manganese
standard. Both scans were done at a working distance of 15 mm
and with an acceleration voltage of 25 kV, a probe current of
22.22 nA, and a spot size of 79.72 nm.

To correct for the stereological bias of the 2-dimensional
measurement, a stereological correction was applied to the
data by using the program CSD Corrections 1.60 (Higgins,
2000). It was assumed that the grain shape of the PGM is
spherical and no preferential orientation of the PGM occurs in
the studied samples. The 2D length and width measurements
were used for stereological correction.

Segmentation Workflow
The software Dragonfly (version 2021.1) by ORS was used for the
segmentation of the micro-CT data. It features different machine
learning and deep learning algorithms that can be used for
segmenting different phases (Piche et al., 2017; Makovetsky
et al., 2018; Badran et al., 2020; Reznikov et al., 2020). The
segmentation of different mineral phases solely based on the
greyscale values is often challenging due to the artifacts caused
by micro-CT and complex mineralogical distribution of fine and
dense minerals. However, recent advancements in computing
powers along with the development of machine and deep
learning algorithms to segment phases have made it possible to
overcome the micro-CT artifacts for accurate quantification. To
achieve precise segmentation, the algorithm needs a training
dataset to learn how to make predictions for later calculations,
which is often a time-consuming step. For this purpose, single or
multiple 2D slices of the reconstructed micro-CT volumes are used
with labeled voxels belonging to different segmentation classes.
These slices are then used for the training as well as validation of
the algorithm.
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The segmentation models were trained separately for the
overview scans and volume of interest (VOI) scan. In the case of
the VOI scan, four segmentation classes consisting of ISS, MSS,
PGM, and background were trained. The two overview scans
were trained with three classes as the measurement conditions
did not allow a more precise subdivision between MSS and ISS.
Therefore, the classes sulfides, PGM, and background were
segmented for these scans. The classes were manually
labelled on the basis of mineralogical knowledge based on
the SEM-EDS and sp-CT studies. In this study, three
algorithms were trained first with the same training data set:
random forest (Breiman, 2001), U-Net (Ronneberger et al.,
2015), and sensor3D (Novikov et al., 2019). After the first
training, these algorithms were tested on a new slice, which
was not part of the training data. Of these three models,

sensor3D showed the most accurate segmentation results.
Therefore, for further training with more labelled slices, only
the sensor3D model was used. This model was trained several
times and after each training, the model was tested on a new
slice and wrongly classified phases and voxels were corrected
and included in the training data set. In this way, the model was
trained until an accurate segmentation was obtained and no
further improvements were seen with more training (Figures
3A–C). In the VOI measurement, the model struggled to correct
streak artifacts from X-ray micro-CT around the PGM grains
even after several training sessions. Therefore, these artifacts
were corrected manually. The model successfully segmented the
ISS and MSS phases in this scan, which is not
possible using simple interactive thresholding as
Figure 3D shows.

TABLE 1 | Summary of the X-ray micro-CT and sp-CT scanning conditions for the different samples.

X-ray micro-CT
measurement

Tube voltage
in keV

Tube power
in W

Voxel size
in μm

Exposure time
in ms

Number of
projections

Scanning time
in minutes

RM1 overview 180 15 9.2 1,000 4,268 464
RM2 overview 180 15 9.2 1,000 4,268 465
RM1.29 VOI 180 15 5.3 5,000 3,000 260

Sp-CT measurement

RM1 overview 160 30 68.1 100 600 24
RM2 overview 160 30 68.1 100 600 24
RM1.29 VOI 160 25 44.2 100 600 15
RM2.10 VOI 160 25 28.2 100 600 23

FIGURE 3 | (A): Reconstructed CT image of scan RM1.29 VOI; (B): Reconstructed CT image overlaid with the segmentation result of that slice (blue: ISS; green:
MSS; red: PGM; white: background); (C): Segmented data of the CT slice (blue: ISS; green: MSS; red: PGM; white: background); (D): Segmentation result using
interactive thresholding to segment ISS and MSS, with MSS in red.
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RESULTS

Analysis, Distribution, and Size of PGM
The reconstructed CT images of the samples show high
attenuating phases, which can be segmented but not
distinguished using X-ray micro-CT (Figures 4A,B). With the
help of sp-CT, different spectra of these phases can be extracted.
The majority of the analyzed grains show K-edges at ~ 78 keV
which corresponds with the K-edge energy of Pt at 78.4 keV
(Chantler, 2001) (Figure 4C). Moreover, one grain shows a
K-edge at ~ 90 keV that can be assigned to the K-edge energy
of Bi at 90.5 keV (Chantler, 2001). A more detailed determination
of the PGM is not possible using sp-CT as no other K-edge was
detected. Nevertheless, it enables a first and quick identification of
the PGM within the 3D volume, without any destruction of the
samples. The SEM-EDS measurements confirm the sp-CT results
and further show that most of the PGM are Pt-Fe alloys such as
tetraferroplatinum (PtFe), Pt2Fe, and Pt3Fe2. Moreover, platinum
group minerals such as cooperite (PtS) and Pt-Sn minerals like
rustenburgite (Pt3Sn), and Pt-rich atokite (Pd3Sn) are present in
the samples but usually occur less frequently. Based on the EDS
spectrum the Bi-mineral that was detected with spectral-CT is
probably sobolevskite (PdBi) in intergrowth with atokite (Pd3Sn).

The K-edges of Sn (29.2 keV) and Pd (24.4 keV) though were not
detected using sp-CT. This is probably caused by the small grain
size in the intergrowth and the low resolution of the sp-CT scan.
With a smaller sample size, the resolution could be increased and
the K-edges of Sn and Pd could be detected. In contrast, the
K-edges of Fe and S are not in the spectral range of the PCD we
used for the sp-CT measurements and therefore, are not
detectable.

The SEM-EDS results show that the PGM are commonly
distributed in the ISS globules that occur in both samples.
The 3D data confirm this, as shown in Figure 5A. It
illustrates a 3D image of the VOI scan of RM1.29 with the
segmented phases MSS, ISS, and PGM. The fine-grained
structure of the ore makes the illustration of the different
classes difficult as they consist of numerous small phases.
Nevertheless, the ISS globules are clearly visible in the 3D
image. The majority of the PGM occur in these globules but
few grains are also found in the ISS-MSS matrix. In total 20.6
vol% of the PGM occur in the ISS-MSS matrix and 79.4 vol%
in the ISS globules. This was calculated by manual selection
of the PGM in the sample.

For a better vitalization the grain size distribution is calculated
for the PGM (Figure 5B) with different size classes based on the

FIGURE 4 | (A): Reconstructed sp-CT scan of sample RM2.10 VOI with different PGM grains; (B): Reconstructed sp-CT scan of sample RM1.29 VOI with a PGM
grain; (C): Spectra of different PGM grains in the samples indicated with different colors and the K-edges of Pt and Bi.
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equivalent spherical diameter (ESD), which is described by the
equation.

ESD �
����������
6 × volume

π
3

√

The grain size distribution shows that the PGM sizes range
from 11.4 to 125.0 μm in the samples. The minimum grain size is
limited by the voxel size which was used for the overview scans as

no PGMgrain below this size can be segmented. Most of the PGM
occur in the 75—90 µm size class in both samples. Furthermore,
sample RM2 is characterized by more small-sized PGM grains in
classes below 38 µm. In contrast, sample RM1 shows larger grains
particularly in classes above 53 µm. No interdependence between
grain size and chemical composition of the PGM was found.
When comparing the grain size distribution of PGM between ISS
globules and the ISS-MSS matrix the measured grains show sizes
between 6.8 and 90 μm, which is again limited by the voxel size of

FIGURE 5 | (A): Reconstructed 3D image of the sample RM1.29 VOI, with ISS (blue), MSS (green), and PGM (red); (B): Size of PGM grains in different equivalent
spherical diameter (ESD) classes in samples RM1 and RM2; (C): Size of PGM grains in ISS globules and ISS-MSS matrix in sample RM1.29); (D): Size of PGM grains in
different equivalent circular diameter (ECD) classes based on SEM-EDS measurements of RM1; (E): Size PGM grains based on SEM-EDS measurements of RM2.
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the micro-CT scan (Figure 5C). The number of individual PGM
in the ISS and ISS-MSS matrix is different, but the grain size
distribution is similar. The ISS-MSS matrix shows the smallest
grain sizes of PGM compared to the ISS globules.

In comparison to the X-ray CT results, the SEM-EDS
measurements show smaller grain sizes for the PGM (Figures
5D,E). Here, the sizes vary between 5.6 and 53.0 μm for sample
RM1 and between 5.6 and 37.0 μm for sample RM2.

Two-Dimensional and Three-Dimensional
Distribution of PGM
For the investigation of trace phases such as PGM, it is important
to measure a large and representative sample volume as their

concentration can change drastically within a small scale. To
visualize this the distribution of the PGM in samples RM1 and
RM2 is calculated from top to bottom (Figure 6). This calculation
is based on the concentration of the phases per reconstructed and
segmented CT slice from the overview scan. Therefore, the
concentration of PGM was calculated for each single
reconstructed CT slice of the samples. In total 681 slices were
measured for sample RM1 and 676 slices for sample RM2. As a
large part of the CT slices consist of epoxy resin, which is
considered as the so-called “background”, the PGM
concentration was normalized to the volume of the sample
material in the specific slice. Moreover, the complete sample
volume was calculated to see its progression within the 3D
volume of the epoxy block.

FIGURE 6 | Concentration of PGM and complete sample volume per measured CT slice of samples RM1 (A) and RM2 (B) and comparison of calculated PGM
concentrations for samples RM1 and RM2 based on micro-CT and stereological corrected SEM-EDS measurements with sigma 1 (C).
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The PGM concentration in the two samples can change
significantly from one CT slice to another as Figures 6A,B
show. The concentration varies from 0 to 0.027 vol% in
sample RM1 and from 0 to 0.04 vol% in sample RM2, which
can be explained by the PGM distribution, which in turn depends
mainly on the ISS. This means that in some 2D slices of the
samples no PGM grains were detected at all using X-ray micro-
CT compared to others which were overestimating the total
amount of PGM.

The comparison of the results measured with X-ray micro-
CT and the SEM-EDS show some differences as Figure 6C
indicates. Sample RM1 shows a concentration of 0.0098 ±
0.0037 vol% based on the micro-CT scans and 0.0098 ± 0.0052
vol% based on the SEM-EDS measurements. They can be
considered equal concerning the standard deviation of both
measurements. For sample RM2 the concentration of the PGM
is 0.0089 ± 0.0015 vol% measured with micro-CT and 0.0068 ±
0.0048 vol% using SEM-EDS. As for sample RM1 the
concentrations are also equal in terms of the standard
deviation. It is noticeable that the standard deviation is
higher for both SEM measurements, which can be explained
by the low number of PGM grains detected: 19 for sample RM1
and 29 for sample RM2. Compared to the micro-CT scans 815
PGM grains were found in sample RM1 and 602 in sample
RM2. Therefore, the overall number of detected grains is
significantly higher in the micro-CT scans due to the
differences in scanned volume (Ramsey, 2021).

DISCUSSION

Methodology
Our results show that micro-CT in combination with sp-CT is a
good addition to 2D methods such as SEM-EDS as it provides
exceptional 3D data and a more representative 3D
characterization of different phases such as PGM. In this
work, the number of analyzed samples is small and a complete
and representative characterization of an ore body would require
a significantly higher sampling density. But it shows that 2D
methods are susceptible to statistical errors when analyzing trace
phases with a limited amount of sample material as in this case.
With a combination of 2D and 3D methods as shown in this
work, the distribution of mineral phases can be better visualized.
Moreover, with additional bulk methods such as X-ray diffraction
or X-ray fluorescence, the modal concentrations for different
minerals can be calculated and compared with micro-CT and
SEM-EDS.

There are other possible methods for the analysis of the 3D
distribution of different minerals such as dual beam SEM,
which combines a focused ion beam (FIB) and an electron
beam (Kubis et al., 2004; Keller et al., 2011; Bultreys et al.,
2016). This method allows taking SEM images while the FIB
sections the sample material. The images can then be
reconstructed into a 3D image. However, the analyzed
volume is usually less than 10 μm in x- and y-direction and
2 μm in z-direction, making an analysis of the 3D distribution
of PGM in the our samples not possible as this volume is too

small (Bultreys et al., 2016). Other 3D methods such as
secondary ion mass spectrometry (SIMS) or atom probe
tomography face the same problem of a small scanning
volume (Kelly and Miller, 2007; Nygren et al., 2007; Hill
et al., 2011). Moreover, all these methods are destructive.

As any other method micro-CT has certain limitations not
only when it comes to the resolution of small phases but also for
in the analysis of minerals with similar attenuation coefficients.
The contrast of the greyscale images in micro-CT depends on
different factors such as X-ray energy and attenuation coefficient
of a measured sample (Knoll, 2000). Therefore, a differentiation
of minerals with almost similar attenuation coefficients is
difficult. However, with sp-CT it is possible to analyze the
absorption edges making a differentiation of specific minerals
possible, as seen in Figure 4. Another limitation when it comes to
the analysis of small phases such as the PGM using micro-CT is
the partial volume effect. As a voxel represents the average value
of the attenuation coefficient over its complete volume, features
below the voxel size contribute to this value (Ketcham and
Carlson, 2001; Cnudde and Boone, 2013). Among other
things, this effect influences grain boundaries and can thus
lead to errors in the segmentation of the volume. Even with
modern machine and deep learning segmentation models, this
effect cannot be eliminated, as it originates from the voxelized
data itself. But there are different software corrections that can be
applied tominimize the effect (Rousset et al., 2007; Godinho et al.,
2019). Especially small phases such as the PGM grains in the
samples are influenced by this. As the boundary voxels are taken
into account for the grain size distribution calculation shown in
Figures 5B,C, the grain sizes are overestimating the actual sizes.

Sulfide-Sulfide Liquid Immiscibility?
A schematic model introduced by Brovchenko et al. (2020)
describes the ISS globules, MSS globules, and ISS-MSS matrix
as products of different generations of sulfide liquid which were
formed due to the fractional crystallization process. According to
their model, the ISS globules are the products of the first Cu-rich
liquid crystallization, and the ISS from the ISS-MSS matrix was
formed later from the more evolved sulfide liquid. Their model
was based on 2D textural and LA-ICP-MS study, whereas 3D
micro-CT data reveals textural features of globules more clearly.
According to our results, the ISS forms distinct spheres (up to
4 mm in diameter) in major part of samples. Inverse textures that
are formed by MSS and MSS-ISS globules are less common and
are characterized by lower concentrations of PGMs and
pentlandite grains. We suppose that spherical segregation of
sulfide liquids with different compositions could be caused by
liquid-liquid immiscibility. In that case, we speculate that Cu-rich
and Cu-poor liquids separate from each other above liquidus
temperature before crystallizing ISS or MSS. Similar to the
formation of sulfide globules in silicate melts, due to
immiscibility a formation of spherical ISS and MSS globules is
very probable.

In contrast with generally accepted fractional crystallization
no consensus had been reached on the occurrence of liquid
immiscibility in the Fe-Ni-Cu-S system as ore formation
process (Distler et al., 1986; Peregoedova, 1998; Ballhaus et al.,
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2001; Beswick, 2002, 2020; Gorbachev and Nekrasov, 2004;
Brenan et al., 2008). Sulfide-sulfide liquid immiscibility in the
Fe-Ni-Cu-S system was first established experimentally by
Ballhaus et al. (2001) over the temperature range from 1,275
to 900°C. In metal-rich composition experiments, the immiscible
Cu2S-rich liquid formed zoned droplets with an MSS rim
surrounded by a FeS-rich liquid in the matrix (Ballhaus et al.,
2001). It had also been mentioned that the proportions of these
droplets did not exceed 10 vol% of the total bulk and that Cu and
PGE were heterogeneously distributed among the droplets
(Ballhaus et al., 2001). However, in an attempt to repeat the
results by Ballhaus et al. (2001), no sulfide-sulfide liquid
immiscibility was detected (Brenan et al., 2008). A relatively
homogeneous ISS-MSS matrix from the experiments of
Brenan et al. (2008) showed similarities to the ISS-MSS matrix
from the Mt. Rudnaya ores. The separation of sulfide liquid into
Fe- and Ni-enriched liquid of MSS-like composition and Cu- and
Pt-rich liquid of chalcopyrite- and bornite-like composition was
reported in Gorbachev and Nekrasov, (2004) experiments at
1,400–1,250°C and 3.5 GPa. ISS-MSS globules (Figure 2D)
from Mt. Rudnaya MSS-ISS ores have a similar zonation with
the products of Gorbachev and Nekrasov, (2004) experiments
where MSS occupies center of globule and ISS occurs around
the MSS.

The sulfide-sulfide liquid immiscibility was proposed as the
main mechanism of separation of Cu-rich and Cu-poor sulfide
liquids which causes zoning in sulfide composition either in
sulfide droplets from Norilsk-Talnakh deposits (Distler et al.,
1986; Gorbachev and Nekrasov, 2004; Gorbachev and Nekrasov,
2004) and Frood deposit at Sudbury (Fleet, 1977), or inMcCreedy
West deposit at Sudbury (Beswick, 2002, 2020). It is important to
mention that sulfide-sulfide liquid immiscibility does not
preclude fractionation in the sulfide system, but complements
it. Two unmixed trends for Cu-poor and Cu-rich mineralizations
on Ni/S vs. Cu/S (at%) diagram were shown by Beswick, (2002,
2020) for McCreedyWest ores, Sudbury. According to his results,
the data of the Cu-poor and Cu-rich McCreedy West ores are
overlaid with different compositions of the immiscible sulfide
melts produced experimentally by Ballhaus et al. (2001).

Although sulfide-sulfide liquid immiscibility has still not been
proven, and fractional crystallization is a more plausible
mechanism to describe a global zonation of Cu-poor and Cu-
rich ores in Cu-Ni-PGE deposits, Mt. Rudnaya globular ISS-MSS
ores argue in favor of the possibility of the immiscibility between
different sulfide liquids. In our proposed hypothesis, ISS andMSS
globules were not formed by the gradual crystallization of
different generations of sulfide liquids. An unmixing of ISS
globules, MSS globules, and MSS-ISS matrix apparently was
due to partial immiscibility of initially separated liquids, which
were crystallized and equilibrated after separation. Peritectic
origin of contact Pd-rich pentlandite from inner rims of ISS
globules, suggested by Brovchenko et al. (2020) appears to be in
agreement with our proposal. Mt. Rudnaya high form pentlandite
could be formed by peritectic reaction between MSS outward
bands and Cu-rich liquid globule. Additional evidence for the
possible formation of ISS globules from not-equilibrated liquid
has also been demonstrated in LA-ICP-MS maps [shown in

Brovchenko et al. (2020)]. Their results show that Co, Zn, and
In have direct zonal distribution in the ISS globules, suggesting
that the ISS globules crystallize out of a separated liquid phase. A
strong heterogeneity of Mt. Rudnaya MSS-ISS ores may have
been caused by initial immiscibility and formation of sulfide
liquids of different compositions. However, the difference
between these first separated liquids is rather negligible
(Ballhaus et al., 2001). This process could control the behavior
of trace elements at the first steps of the sulfide liquid evolution.
More likely, the sulfide-sulfide liquid immiscibility occurs under
certain conditions, which in most cases are unattainable during
experimental studies or cannot be observed due to the difficulty of
quenching the sulfide liquid at high temperatures. Mt. Rudnaya
ore-forming liquid was characterized by the exceptional
concentrations of Ni, Cu and PGEs. MSS from MSS-ISS ores
contains 19–35 wt% of Ni and proportions of ISS dominates over
MSS (Distler et al., 1996; Brovchenko et al., 2020). This could be
the reason for the absence of ISS globules in many other samples
of Mt. Rudnaya MSS-ISS ores and the rare achievement of the
immiscibility of two liquids in the experiments of Fe-Ni-Cu-S
system.

PGM Distribution
The results obtained by micro-CT show that samples of about 2 ×
5 mm may contain up to 815 discrete minerals of platinum and
palladium. Most of the PGM were found in ISS globules, whereas
the MSS-ISS matrix contains about four times fewer PGM. A
difference in PGM occurrence betweenMSS and ISS imply small-
scale variable distributional behavior of PGE in MSS and ISS,
respectively. This in turn would suggest the existence of specific
conditions for the formation of PGM in Cu-rich ISS globules. Our
observations are consistent with the high compatibility of Pt-Pd
PGE with Cu-rich liquid (Liu and Brenan, 2015).

Variabilities between the PGM distribution are also observed
in the different types of ores. For example in the disseminated
ores of Norilsk-Talnakh, the most common PGM are
isoferroplatinum (Pt3Fe) and cooperite (PtS) whereas, in the
massive ores Pd minerals are more common (Genkin and
Evstigneeva, 1986). Although the mechanism of PGM
formation is still not clear, it is believed that isoferroplatinum
and cooperite are the earliest PGM forming at high temperatures
(Genkin and Evstigneeva, 1986). However, the majority of
Norilsk-Talnakh ores were altered through secondary
processes by hydrothermal fluids to varying degrees. Platinum
and Pd show high mobility in hydrothermal chloride-bearing
fluids (Tagirov et al., 2015, 2019), and PGM from the Norilsk-
Talnakh ores are sometimes associated with the secondary Cl-
bearing sulfide djerfisherite (K6(Fe,Cu,Ni)25S26Cl) (Genkin and
Evstigneeva, 1986). Moreover, primary PGMs also can be
redistributed by hydrothermal transfer due to the
desulfurization processes (Polovina et al., 2004).

Mt. Rudnaya MSS-ISS ores do not show signs of hydrothermal
reworking and rather represent a product of rapid quenching of
the magmatic sulfide liquids. PGM associations from Mt.
Rudnaya offshoot ores correspond to the typical unaltered
Norilsk 1 massive ores and can be divided into two
thermodynamic systems (Genkin and Evstigneeva, 1986;
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Sluzhenikin et al., 2020). Tetraferroplatinum, Pt3Fe2, Pt2Fe, and
cooperite can be considered as members of a Pt-Fe-S system
(Majzlan et al., 2002) while atokite and rustenburgite as members
of the Pt-Pd-Sn phase system (Shelton et al., 1981). Both systems
are stable over a wide temperature range. Experimental studies in
the Pt-Pd-Sn system specified the upper temperature of
formation for atokite at 1,326°C and rustenburgite at 1,406°C
(Shelton et al., 1981). Also for zoned Norilsk-Talnakh PGM
intergrowths of the Pt–Pd–Cu stannides in Cu-rich massive
ores it was established that atokite and rustenburgite were the
earliest PGM and were formed before increasing in the Cu activity
(Barkov et al., 2000). Though the association of Pt–Pd–Cu
stannides is a very common feature for Norilsk-Talnakh
(Razin, 1976), we did not observe Pt-Pd-Cu-Sn minerals in
Mt. Rudnaya MSS-ISS ores. The temperatures of Pt–Pd–Cu
stannides crystallization are much lower than for atokite and
rustenburgite with the maximum at 550°C for stannopalladinite
(Pd,Pt)5CuSn2 (Evstigneeva and Nekrasov, 1984). We assume
that an absence of Pt–Pd–Cu stannides in Mt. Rudnaya Cu-rich
MSS-ISS ores could be proof of the primary origin of atokite and
rustenburgite at the high temperatures.

Tetraferroplatinum is one end-members of the Fe-Pt-S solid
solutions, while Pt3Fe2 and Pt2Fe are common in nature (Cabri et al.,
1996; Malitch and Thalhammer, 2002; Sluzhenikin et al., 2020), they
are not observed in experiments (Cabri and Feather, 1975; Massalski
et al., 1986; Majzlan et al., 2002). It is important for this system that
platinum phases coexist with MSS. According to experimental
studies, an eutectic temperature for Fe1-xS-Pt3Fe-PtS join is
1,050°C (Bryukvin, 1987) and the solubility of Pt in MSS
increases with temperature (Ballhaus and Ulmer, 1995; Majzlan
et al., 2002). The solubility of Pt in MSS also depends on the MSS
chemical composition as the most nonstoichiometric MSS
accommodates more Pt than the stoichiometric MSS (Makovicky

et al., 1986, 1988; Bryukvin, 1987). In contrast to MSS, the solubility
of PGE in ISS is very poor (Karup-Møller et al., 2008). Upon
quenching Pt in the unknown phase exsolves from MSS forming
“dusting” round particles hardly distinguished at EPMA (Majzlan
et al., 2002; Peregoedova et al., 2004). Makovicky et al. (1988)
reported exsolution of similar small particles of Pd phases in Pd-
rich MSS at 900°C. MSS from Mt. Rudnaya ores contains up to
65 ppm of Pt and 168 ppm of Pd heterogeneously distributed in the
grains (Brovchenko et al., 2020). According to experimental studies,
Pt and Pd are not compatible with MSS (Liu and Brenan, 2015)
thereby the existence of nanonuggets of PGM in MSS is very
probable (Majzlan et al., 2002; Wirth et al., 2013). Due to the
rapid quenching of the Mt. Rudnaya liquids, the PGE should not
have been significantly redistributed by diffusion from both MSS
and ISS. Outward migration was recorded only for Pd at 300°C
(Makovicky et al., 1988) and can be possibly reflected in the contact
with pentlandite grains. The Pd content varies significantly within
pentlandite grains from Mt. Rudnaya ores, increasing from the
contact with MSS towards the contact with ISS (Brovchenko et al.,
2020).

Following the evidence discussed, it is obvious that the PGM
associations of the MSS-ISS ores of Mt. Rudnaya are of primary
magmatic origin and not hydrothermal. Neither texture changes nor
exsolutions in solid solutions are detectable, which indicates
hydrothermal transformations. Instead, it is more probable that
most of the PGM were trapped at the stage of Cu-rich liquid
globules formation or were formed in-situ in ISS-globules from
PGE-rich liquid. Our second suggestion involves that ISS globules
could not dissolve PGE in contrast to MSS and pentlandite which are
expected to be characterized by high contents of PGE according to
Brovchenko et al. (2020). The issue of the PGE solubility in natural
sulfides is still debated (Filimonova et al., 2019). Another way of PGE
incorporation into sulfides is the formation of PGM nanonuggets

FIGURE 7 | Schematic model of the formation of ISS globules for the investigated samples; (A): Cu-rich liquid (green) gathers together to from a globule with
elements as Pt, Pd and TABS; (B): Cu-poor liquid (red) starts to crystallize MSS (grey); (C): Formation of an MSS rim around the ISS globule, with pentlandite (pn)
formation at the contact between MSS and Cu-rich liquid; (D): Detailed view of the contact between MSS and ISS, with large PGM grains in the ISS and PGM
nanonuggets in the MSS; (E): LA-ICP-MS maps of the MSS-ISS contact with the distribution of different elements (Brovchenko et al., 2020).
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(Kosyakov et al., 2012; Wirth et al., 2013; Junge et al., 2015). Despite
the exceptional resolution of themicro-CT scans, it is very challenging
to recognize nanonuggets of PGM in sulfides. For a detailed analysis
of these nanonuggets, smaller sample sizes are required to achieve
sub-micrometer resolution. Nevertheless, a comparison in size of
PGM in ISS globules and ISS-MSS matrix displays that the smallest
grains mostly occur in the ISS-MSS matrix (Figure 5C).

In any case, the behavior of PGE is expected to be controlled by
partition coefficients. This means that the PGE could have been
distributedmostly into Cu-rich liquid (which formed ISS later) at the
very beginning (Ballhaus et al., 2001). This might be the reason why
the ISS globules are enriched in PGM, but ISS from ISS-MSS matrix
is not. An alternative addition to this hypothesis is that ISS globules
could have been formed by immiscibility in the fractioned sulfide
liquid and trapped the major part of the PGM inclusions or PGE-
rich liquid. Thus, heterogeneity in PGMdistribution between Fe-Ni-
rich and Cu-rich ores, which is well known for Norilsk-Talnakh
deposits, is observed even in the small-scaled textured ISS-MSS ores
and was likely caused by both, the difference in PGE partitioning
between Cu-rich and Cu-poor phases, and the ability of Fe-Ni-rich
phases to dissolve PGE.

ISS Globules Formation
Our proposed model of the formation of ISS globules is presented in
Figure 7. At superliquidus temperatures, the initial sulfide liquid
separates into two immiscible liquids (Figure 7A). The green-
labelled Cu-rich liquid gathers together with compatible elements
such as Pt, Pd, and TABS to form a globule, whereas the Cu-poor
liquid starts to crystallize MSS at 950°C (Figure 7B). These two
immiscible liquids have similar compositions, with the Cu-rich
liquid containing Ni and Fe, and the Cu-poor liquid containing
Cu and Ni (Ballhaus et al., 2001). But despite this, they are
immiscible starting at the superliquidus temperatures. The area
around the globule becomes depleted in Cu-rich components and
this depleted liquid can only form MSS, leading to the formation of
an MSS rim around the ISS globule (Figure 7C). Nickel is
incompatible with Fe-rich liquid and is concentrated at the
contact between MSS and the Cu-rich liquid. This eventually
leads to pentlandite formation by a peritectic reaction at 865°C
(Kitakaze et al., 2016) or later by exsolution from the MSS at 450°C
(Helmy et al., 2021). Crystallization of MSS enriches the originally
Cu-poor liquid with Cu by fractional crystallization. The remaining
sulfide liquid acquires enough Cu to crystallize ISS at 700°C from the
ISS-MSS matrix. The major part of Pt and Pd is partitioned into the
Cu-rich liquid at superliquidus temperatures. Platinum, Pd, and
TABS occur in an independent liquid, which is immiscible with the
Cu-rich liquid in the globule (Figure 7C). Upon cooling the PGE-
rich liquid forms PGMup to 120 µm in size (Figure 7D). Theminor
part of Pt and Pd and also Rh, Ir, and Os remains in Cu-poor liquid
at the very beginning and is dissolved in MSS and residual liquid for
a long temperature range unless forming PGM nanonuggets at
quenching (Figure 7D). As a result of these complicated multiple
processes, the ores become highly heterogeneous. Major and trace
elements diffuse into coherent phases making directional trends of
enrichment (Figures 7D,E), which was demonstrated by
Brovchenko et al. (2020) at LA-ICP-MS distributional maps
(Figure 7E).

SUMMARY AND CONCLUSION

We have shown that X-ray micro-CT is a powerful tool for the
investigation of trace phases such as Platinum group minerals.
Furthermore, the combination of micro-CT and sp-CT allows the
identification and distribution of specific elements in 3D, which
enables the identification of different minerals. A combination of
X-ray micro-CT and sp-CT could be used as a first analysis step of
large samples and specific regions could then be used for further
investigation using high-resolution 2Dmethods such as SEM. As an
additional method in the routine characterization of ores, micro-CT
helps to understand the 3D distribution of different minerals and
could be used to extract 3D properties of ore minerals for the
simulation of potential processing steps. Nevertheless, there are some
limitations in terms of detecting small minerals due to the spatial
resolving power and detecting elements with Z < 47 due to the
measurable energy range using the spectral detector. Therefore, this
combination of techniques is of particular interest for the
characterization of ores with highly attenuating ore minerals.

Moreover, we proposed a new model for the formation of ISS
globules for the Mt. Rudnaya ores. But additional X-ray CT studies
with sub-micron resolution are necessary to investigate the
distribution of PGM nanonuggets in the samples, which could
help for a better understanding of PGE incorporation into sulfides.
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