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ARTICLE INFO ABSTRACT
Editor: Marco Fiorentini Platinum-group minerals (PGM) are important host phases for platinum-group elements (PGE) in magmatic
sulfide deposits. Recent studies have demonstrated that some PGM, such as sperrylite, can crystallize early from
Keywords: sulfide liquids. It is important to determine whether and how these PGM particles affect the enrichment and
Plat%n“m'gro‘lp minerals differentiation of PGE in Cu-Ni-PGE deposits. The magmatic sulfide deposits in the Yangliuping area (mainly
Eﬁ;:zz{fg:;p elements consisting of the Yangliuping deposit and Zhengziyanwo deposit) are the largest Cu-Ni-PGE deposits in the
Cu-Ni-PGE deposits Emeishan large igneous province, SW China. Primitive-mantle normalized PGE patterns and fractional crystal-
Yangliuping lization modelling show that massive ores in the Yangliuping deposit are enriched in Pd and Pt. In contrast,

Emeishan massive ores, breccia ores and Cu-rich ores in the Zhengziyanwo deposit are depleted in Pt. Scanning electron
microscopy (SEM), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), focused ion beam
(FIB) and transmission electron microscopy (TEM) were used to constrain the occurrence of PGE in the massive
ores from the two deposits. Mass balance calculation shows that <7% of Ir, Rh and Pt occur in base metal sulfides
(BMS, mainly pyrrhotite, pentlandite and chalcopyrite) as solid solution in both the Yangliuping and Zheng-
ziyanwo massive ores. 17% and 91% Pd are present in solid solution within BMS in the Yangliuping and
Zhengziyanwo massive ores, respectively. In the Yangliuping massive ores, PtAsy and Pd-PGM particles were
commonly found within BMS crystals, and Ir-Rh-(Pt) sulfarsenides enclosed in cobaltite-gersdorffite solid solu-
tion (CGSS) are enriched in Pt. In contrast, in the Zhengziyanwo massive ores, no PtAs, particles and fewer Pd-
PGM particles were found, and Ir-Rh-(Pt)AsS particles enclosed in CGSS are poor in Pt. The distribution,
mineralogy and microstructures of Ir-Rh-(Pt)AsS, PtAsy and Pd-PGM particles in both the Yangliuping and
Zhengziyanwo deposits suggest that they mainly crystallized from sulfide liquids or formed from Pd-Pt-
semimetal-rich droplets. We suggest that the incorporation of Pd-PGM and PtAs; particles into MSS cumulates
led to the enrichment of Pd and Pt in the Yangliuping massive ores. In the Zhengziyanwo deposit, early fractional
crystallization of PtAs; reduced the Pt content in sulfide liquids and resulted in the formation of Pt-depleted
sulfide ores and low-Pt Ir-Rh-(Pt)AsS particles, but no Pt-rich sulfide ores have been found to date. As a
result, the role of PGM particles should be considered when using PGE to trace the formation process of Cu-Ni-
PGE deposits. This study also provides additional evidence that the behavior of Pt in sulfide liquids is influenced
by thermodynamic conditions and As, and suggests a potential for Pt-rich sulfide ores exploration in the
Zhengziyanwo deposit.

1. Introduction geological processes, such as the origin and evolution of mantle-derived
silicate melts and the formation of magmatic sulfide deposits (Barnes
Platinum-group elements (PGE) are widely used in tracing various and Ripley, 2016; Harvey and Day, 2016). Magmatic sulfide deposits,
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including Cu-Ni-PGE deposits and PGE deposits, are formed by the
accumulation of sulfide droplets segregated from mantle-derived mafic-
ultramafic magma (Naldrett, 2004; Barnes and Lightfoot, 2005). In
magmatic sulfide deposits, PGE are hosted by base metal sulfides (BMS,
mainly pyrrhotite, pentlandite and chalcopyrite) or occur as individual
platinum-group minerals (PGM) (Cabri et al., 1981; Cabri and
Laflamme, 1984; Barnes et al., 2008; Dare et al., 2010a; Chen et al.,
2015), which are alloys or compounds of PGE, S and semimetals (As, Sn,
Sb, Te and Bi) (Cabri, 1981, 2002; O’Driscoll and Gonzalez-Jiménez,
2016). Some PGM, such as sperrylite (PtAsp) and irarsite-
hollingworthite-platarsite solid solution ((Ir-Rh-Pt)AsS), have crystal-
lized from silicate melts (Wirth et al., 2013; Barnes et al., 2016;
Gonzalez-Jiménez et al., 2018, 2019) and sulfide liquids (Dare et al.,
2010a; Helmy et al., 2013; Helmy and Bragagni, 2017; Liang et al.,
2022). Understanding the effects of PGM particles migration on the
enrichment and differentiation of PGE in magmatic sulfide deposits is
crucial for improving our knowledge of PGE behavior and tracing the
formation processes of magmatic sulfide deposits.

The role of the migration of PGM particles on the enrichment and
differentiation of PGE has been extensively studied in PGE deposits and
mafic-ultramafic intrusions (Ballhaus and Sylvester, 2000; McDonald,
2008; Wirth et al., 2013; Maier et al., 2015). Recent experimental and
empirical studies have shown that PGM particles crystallized in silicate
melts can be incorporated into sulfide liquids (Anenburg and Mavro-
genes, 2016, 2020; Kamenetsky and Zelenski, 2020). This process is
believed to play a significant role in the enrichment of PGE in PGE de-
posits hosted in layered mafic-ultramafic sills (Tredoux et al., 1995;
Ballhaus et al.,, 2000; Wirth et al., 2013; Junge et al., 2014;
Gonzalez-Jiménez et al., 2018). On the other hand, the enrichment of Pt
in the Monts de Cristal Complex was attributed to the cumulation of
PtAs; particles crystallized from silicate melts (Maier et al., 2015; Barnes
et al., 2016). Similarly, the depletion of Pt in high-Mg Pual Ridge lave
was linked to the fractional crystallization of Pt-rich alloys (Park et al.,
2013). Furthermore, it has been recognized that PtAs; crystallized early
from sulfide liquids (prior or simultaneously to the crystallization of
MSS) in the Platreef and Merensky Reef, Bushveld Complex (Junge et al.,
2014) and the Main Sulfide Zone, Great Dyke (Coghill and Wilson,
1993). The detachment of PtAs; particles from sulfide liquids and their
subsequent capture by growing olivine crystals is believed to be the key
process in developing the PGE mineralization in ultramafic complexes at
western Andriamena, Madagascar (Ohnenstetter et al., 1999; McDonald,
2008).

In the case of Cu-Ni-PGE deposits, there is consensus that the frac-
tional crystallization of MSS differentiates the IPGE and Rh from Pd and
Pt, forming IPGE-Rh-Ni-rich massive ores and Pd-Pt-Cu-rich ores (Keays
and Crocket, 1970; Naldrett et al., 1992, 1996; Barnes et al., 1997;
Mungall et al., 2005; Liu and Brenan, 2015; Mansur et al., 2019b).
However, massive ores that show negative Pt anomalies in primitive-
mantle normalized patterns have been found in many deposits, such
as the Jinchuan deposit (Song et al., 2009; Chen et al., 2013), the
Tamarack deposit (Smith et al., 2022), the Nova-Bollinger and Black
Swan deposits (Barnes, 2004; Barnes et al., 2022), and the Creighton
deposit at Sudbury and the Alexo deposit (Barnes and Naldrett, 1986;
Dare et al., 2010b). Different interpretations have been proposed to
explain the depletion of Pt in massive ores. For instance, it was proposed
that the early fractional crystallization of PtAs, or Fe-Pt alloy in sulfide
liquids resulted in the depletion of Pt in massive ores (Song et al., 2009;
Smith et al., 2022). Others proposed that the migration of Pt-Cu-rich
residual sulfide liquids after Pd has diffused into pentlandite (Chen
etal., 2013) or the selective leaching of Pt by fluids during hydrothermal
alteration (Su et al., 2008) could have caused the depletion of Pt in
massive ores. Additionally, Pt depletion in massive ores may be associ-
ated with nugget effects (Savard et al., 2010), where most samples
without nuggets contain very low Pt concentrations, whereas a small
number containing nuggets show anomalous high concentration (Barnes
et al.,, 2022). These interpretations mentioned above were proposed
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primarily based on whole-rock PGE data and Monte Carlo simulation. To
determine whether and how Pt-PGM particles affect Pt differentiation in
Cu-Ni-PGE deposits, combined studies of PGE occurrences and whole-
rock geochemistry are needed.

The Cu-Ni-PGE deposits in the Yangliuping area (mainly consisting
of the Yangliuping deposit and Zhengziyanwo deposit) are the largest
magmatic sulfide deposits in the Emeishan large igneous province (ELIP)
containing about 0.5 million tons Ni, 0.17 million tons Cu and 55 tons
PGE with average grade of 0.45 wt%, 0.16 wt% and 0.5 ppm, respec-
tively (BGMS, 1982; Song et al., 2003). Nanometer to micrometer-sized
Ir-Rh-(Pt)AsS, PtAsy, Pd-PGM and cobaltite-gersdorffite solid solution
(CGSS) particles were found within pyrrhotite, pentlandite and chalco-
pyrite crystals in sulfide ores from the two deposits (Song et al., 2004;
Liang et al., 2019). These particles mainly exhibit a euhedral shape with
some displaying zoned textures, which were suggested to have crystal-
lized from sulfide liquids (Liang et al., 2019). The Cu-Ni-PGE deposits at
the Yangliuping area are ideal targets for studying the effects of PGM
particles migration. This study analyzed whole-rock PGE concentrations
of different types of sulfide ores from the Yangliuping and Zheng-
ziyanwo deposits. PGE occurrences in BMS of massive ores and Cu-rich
ores from the two deposits were analyzed using SEM, LA-ICP-MS, FIB
and TEM. These data were used to discuss the effects of PtAs, and Pd-
PGM particles migration on the enrichment and differentiation of PGE
in the Yangliuping and Zhengziyanwo deposits, its implication for the
behavior of PGE in sulfide liquids and Pt-rich sulfide ore exploration.

2. Geological background

The Emeishan Large Igneous Province (ELIP) (~260 Ma) located in
South-Western China is comprised of late Permian continental flood
basalts and numerous contemporaneous mafic-ultramafic intrusions.
The flood basalts cover an area of over 0.5 million km? and are up to 5
km thick (Song et al., 2001; Xu et al., 2001). Two types of mafic-
ultramafic intrusions have been found within the ELIP. Layered in-
trusions hosting giant V-Ti magnetite ore deposits, such as the Pan-
zhihua, Hongge, Baima and Taihe deposits, are located in the central
ELIP (Zhong et al., 2002; Song et al., 2013). Sill-like mafic-ultramafic
intrusions hosting magmatic sulfide deposits, such as the Yangliuping,
Qingkuangshan and Zhubu deposits, were found in the western ELIP
(Song et al., 2003; Wang and Zhou, 2006; Tao et al., 2008).

In the Yangliuping area, north-western corner of the ELIP, four
mineralized sills were found in a dome structure consisting of Devonian-
Permian strata (Fig. 1A) (Song et al., 2003). Both the Yangliuping and
Zhengziyanwo sills were emplaced in Devonian and Carboniferous
schist and marble. The Yangliuping sill, which is 2600 m in length and
up to 254 m in thickness, hosts the Yangliuping deposit. The Zheng-
ziyanwo sill, which is 2100 m in length and up to 298 m in thickness,
hosts the Zhengziyanwo deposit. The sills are well fractionated and
experienced strong post-magmatic alteration. From the bottom to the
top, they were classified into serpentinite, talc schist, tremolite and
altered gabbro (Figs. 1B-C), which correspond to the protoliths of peri-
dotite, olivine websterite, olivine clinopyroxenite and gabbro, respec-
tively (Song et al., 2003). Many lenticular carbonate xenoliths, ranging
in length from 10 cm to 30 m, were found in the mineralized sills (BGMS,
1982; Song et al., 2003; Song, 2004).

The sulfide ore bodies are restricted to the lower parts of the ser-
pentinite in the Yangliuping and Zhengziyanwo sills. The disseminated
ore bodies of both the Yangliuping and Zhengziyanwo deposits are
>1000 m in length and up to 120 m in thickness containing >90% of the
Ni, Cu and PGE reserves. Massive ores were mainly found at the base of
the sills with sulfide contents decreasing upward and grading into net-
textured ores (classified as densely disseminated ores in Song, 2004)
and disseminated ores (Fig. 1B). The largest massive orebody was found
in the Yangliuping deposit, which is irregular lenticular and about 200 m
in length and up to 20 m in thickness. It is mainly parallel to the footwall
rock contact and locally extends into the footwall rocks. The massive
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Fig. 1. A. Geological map of the Yangliuping tectonic dome, southwestern China, showing the distribution of mafic-ultramafic sills. B-C. Cross sections (the positions
are annotated as yellow lines in Fig. 1A) of the Yangliuping (B) and Zhengziyanwo (C) sills. Modified from BGMS (1982). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

orebodies in the Zhengziyanwo deposit are less common and smaller
compared to the Yangliuping deposit. The largest is only about 40 m in
length, 20 m in width and 4 m in thickness. Some irregular massive
orebodies (<20 m long and 5 m thick) were also found in the footwall
rocks below the two sills. These irregular orebodies commonly are
partially connected to the net-textured ores at the base of the sills (Song
et al., 2003; Song, 2004). In the Zhengziyanwo deposit, Cu-rich ores
were found in the marble xenoliths and marble wall-rock (BGMS, 1982).
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3. Samples and analytical methods
3.1. Sample description

In total 62 samples were collected from the Yangliuping deposit (33
samples) and the Zhengziyanwo deposit (29 samples) (Table S1). One
representative thin section and block of each sample was studied using
conventional optical microscopy at the Institute of Geochemistry, Chi-
nese Academy of Sciences (IGCAS).

Disseminated ores contain 1-26 vol% sulfides while net-textured
ores contain 27-55 vol% sulfides. The proportions of pyrrhotite, pent-
landite and chalcopyrite are similar in both ores with a ratio of
approximately 70:10:20. Cumulate silicates in these ores were highly
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Fig. 2. Reflected light micrographs of disseminated ores (A, D) and massive ores (B-C, E-F) from the Yangliuping deposit (A-C) and the Zhengziyanwo deposit (D-F),

respectively.
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altered, without remnants of primary olivine and pyroxene. Serpentine
and tremolite show pseudomorphs after olivine and pyroxene, and sul-
fides are interstitial to these pseudomorphs. Serpentine and chlorite
grains were found embedded in sulfide minerals, and minor amount of
anhedral magnetite were observed around altered chalcopyrite or pyr-
rhotite grains (Figs. 2A, D).

The massive ores from the Yangliuping and Zhengziyanwo deposits
show similar mineralogical characteristics. It commonly contains 70-95
vol% sulfides with a lower proportion of chalcopyrite compared to the
disseminated ores and net-textured ores. The sulfides in massive ores
generally consist of 50-70% pyrrhotite, 10-25% pentlandite and <5%
chalcopyrite, and no magmatic euhedral magnetite were found. Pyr-
rhotite occurs as anhedral centimeter-sized patches, while pentlandite
commonly forms anhedral polycrystalline aggregates (Figs. 2B, E) and is
sometimes found at the boundaries between chalcopyrite and pyrrhotite
(Fig. 2C, F). Minor flame-like pentlandite was also found along fractures
or edges of pyrrhotite grains. Chalcopyrite occurs as anhedral grains
randomly dispersed between pyrrhotite and pentlandite grains (Figs. 2C,
F). One massive ore in the Yangliuping deposit contains about 48%
chalcopyrite, which occurs as a vein (about 1 cm in width) penetrating
MSS cumulates. Secondary magnetite, pyrite and millerite grains were
not found in massive ores from the Yangliuping and Zhengziyanwo de-
posits (Figs. 2B-C, E-F).

Breccia ores and Cu-rich ores were also collected from the Zheng-
ziyanwo deposit (Table S1). The breccia ores contain 30-56 vol% sul-
fides, which appear as veins penetrating the wall rocks (Fig. S1A). The
sulfides are mostly pyrrhotite and pentlandite with <2% chalcopyrite
(Fig. S1B). The Cu-rich ores contain 17-81 vol% sulfides with up to 87%
chalcopyrite (Fig. S1C).

3.2. Analytic methods

Whole-rock S, Ni, Cu and semimetal elements were measured at the
Mineral-ALS Chemex (Guangzhou) Co., Ltd. Details of the methodolo-
gies can be found in Liang et al. (2022).

Whole-rock PGE compositions were measured using isotope dilution
inductively coupled plasma mass spectrometry (ID-ICP-MS) with an
improved digestion technique developed by Qi et al. (2011) at the
IGCAS. About 300 g of each sample was pulverized to 200 mesh. 1-3 g
powder of massive ores and 5-8 g powder of disseminated ores were
dissolved in HF and HNOg in polytetrafluoroethylene (PTFE) beaker to
remove sulfides and silicates. Then, the dried residual was dissolved in
HF + HNOs at 190 °C for 48 h. The PGE within the final solution were
collected using a Te-coprecipitation method. Sample accuracy was
checked internally using Certified Reference Materials (CRM) WPR-1,
UMT-1 and WMG-1. Meanwhile, duplicated CRMs and samples were
also analyzed. Based the CRMs data, the relative standard uncertainties
for Ir, Ru, Rh, and Pt range from 0.5% to 3.7%, while for Pd it ranges
from 3.3% to 7.6% (Table S2).

According to the whole-rock data, 4 massive ores from the Yan-
gliuping deposit, 3 massive ores and 2 Cu-rich ores from the Zheng-
ziyanwo deposit enriched in PGE were selected (Table S1) for further
scanning electron microscopy (SEM) and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) studies. The whole
block of these massive ores was mapped (back-scattered electron-
mapping) using a FEI Scios SEM. PGM show brighter contrast
compared to BMS in the backscattered electron (BSE) images. PGM
particles were identified offline and then analyzed using the FEI Scios
SEM at the IGCAS. The detection limit for PGE by SEM-EDX analyses is
about 0.07 at.% (~0.3 wt%) (Wirth et al., 2013).

PGE and semimetals concentrations in BMS of the massive ores and
Cu-rich ores were measured using an Agilent 7700x quadrupole ICP-MS
coupled to an ASI RESOLution-LR-S155 laser microprobe at the IGCAS.
The concentrations of PGE and semimetals were measured separately
(separate locations) to improve the quality of the concentration data. A
laser beam spot size of 26 pm (in diameter) was used for the
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measurements with a fluence of 3 J/cm? and a pulse rate of 5 Hz. Ab-
lations were performed in He atmosphere with a 0.35 L/min flowrate.
The ablated aerosol was mixed with Ar (1.05 L/min) as transport gas.
57Fe was used for internal standardization and MASS-1 was used to
monitor the results. The certified reference standards STDGL3, Po725
and GED-1 g were used for external calibration of the PGE and semi-
metals. The data of these certified reference standards can be found in
Table S3. The following isotopes were measured: 34g 55Mn, 37Fe, >°Co,
60N, 65Cu, 567n, 7%As, 77Se, %Nb, Ru, 1°3Rh, 190pd, 1%Ag, llcq,
8g 12lg}, 1257 185p. 1890 193, 195p; 1975y 206pp 209p;
Meanwhile, 87Sr, %°Zr, °2Zr, 18Ta were monitored to handle potential
interferences. Oxidation yield ThO/Th < 0.1 was an important tuning
parameter to ensure a low production of oxides interferences. During the
analyses, 29si and *°Sc in quartz (in-house standard) were analyzed
three times per hour to confirm the contribution of oxygen. Total
acquisition time for each analysis was 90 s, comprising 30 s for gas
background and 60 s for ablation signal measurement. The details about
the methods used for calibration and interferences correction (Longerich
et al., 1996; Kosler, 2001; Cabri et al., 2017) can be found in Liang et al.
(2019, 2022).

The microstructure of platinum-group minerals was analyzed using
FIB-TEM techniques. The foils were prepared using a FEI Scios FIB at the
IGCAS. The microstructure of platinum-group minerals was then
analyzed using a FEI Tecnai G2 F20 TEM equipped with a field-emission
gun electron source, a Gatan imaging filter GIF™, an EDAX X-ray
analyzer and a Fishione high-angle annular dark field (HAADF) detector
at the Nanjing University. To avoid collecting Bragg scattered electrons,
HAADF images were acquired using a camera length of 75 mm. Inor-
ganic Crystal Structure Database (ICSD) was used in indexing diffraction
patterns of platinum-group minerals.

4. Results
4.1. Whole-rock Ni, PGE and semimetals

The primitive mantle-normalized chalcophile elements patterns of
the disseminated ores and net-textured ores from the Yangliuping and
Zhengziyanwo deposits show an overall increase from Ni to PGE and Cu
(Figs. 3A-B). The disseminated ores from the Yangliuping deposit have
slightly lower Ni and Pt, comparable Pd but higher Ir, Ru, Rh and As
tenors (the tenor of the sulfide) on average when compared to the
Zhengziyanwo disseminated ores (Fig. 4, Table 1). However, the Yan-
gliuping massive ores have higher Pt and Pd tenors than the Zheng-
ziyanwo massive ores (Figs. 3C-D).

In the Yangliuping deposit, the massive ores have similar Pd and Pt
tenors to the disseminated ores and net-textured ores (Fig. 3C). The
disseminated ores, net-textured ores and massive ores have comparable
(Pt + Pd)/(Ir + Ru + Rh) ratios (Figs. 5A-D). As for the semimetals, the
massive ores have similar As and Te but lower Sb and Bi concentrations
compared to the disseminated ores and net-textured ores (Figs. 5A-D).

In the Zhengziyanwo deposit, the massive ores and breccia ores are
generally enriched in IPGE and Rh and show strong negative Pt anom-
alies (Fig. 3D). The Cu-rich ores are enriched in Pd but poor in Pt when
compared to the disseminated ores (Fig. 3D). The Co/Ni ratio of the Cu-
rich ores varies from 0.03 to 0.04 (Table S1), which falls within the
typical range of 0.01-0.5 for magmatic sulfides (Smith et al., 2022 and
references therein). The concentrations of semimetals in sulfide ores
(except for Cu-rich ores) show a strong correlation with their (Pt + Pd)/
(Ir + Ru + Rh) ratios (Figs. 5E-H). The Cu-rich ores have higher Sb, Bi
and Te tenors (Figs. 5F-H) but lower As tenor (Fig. 5E) compared to the
massive ores.

4.2. PGE and semimetals in base metal sulfides

A total of 95 BMS particles in 4 massive ores from the Yangliuping
deposit and total 91 BMS particles in 3 massive ores and 2 Cu-rich ores
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from the Zhengziyanwo deposits were analyzed (Table S4). Time-
resolved spectra of LA-ICP-MS show flat signals for PGE occurring in
BMS as solid solution and show PGE-peaks when PGM or CGSS in-
clusions were encountered. These PGE-peaks were avoided in the
selected integration intervals (Fig. S2).

Thirty-one time-resolved spectra of BMS from Yangliuping massive

ores and 27 from Zhengziyanwo massive ores contain IPGE-Rh-(Pt)-
peaks. One Os-Ru-Rh-peak was also found in a time-resolved spectrum
of pyrrhotite from the Zhengziyanwo Cu-rich ore (Table 2). Most IPGE-
Rh-(Pt)-peaks from Yangliuping contain an obvious Pt-peak (Figs. S2A-
C), whereas Pt is commonly absent from the PGE-peaks from Zheng-
ziyanwo (Figs. S2E-F) (Table 2).
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Table 1
Average whole-rock concentrations of PGE and semimetals (100% sulfide) in sulfide ores from the Yangliuping and Zhengziyanwo deposits.
Deposit Ore type N Ni Cu Co Ir Ru Rh Pt Pd As Sb Te Bi
W% wit% ppm ppb ppb ppb ppb ppb ppm ppm ppm ppm
Yangliuping Disseminated ore 14 6.55 4.13 3397 385 854 333 3548 6143 27 59 6 7
Net-textured ore 8 5.44 2.99 1878 290 465 328 5548 4991 10 12 7 8
Massive ore 11 6.04 2.48 1760 287 401 283 2375 4106 13 1 6 2
Disseminated ore 15 8.64 4.25 2882 217 454 261 4725 6204 15 30 8 9
Net-textured ore 4 7.30 3.29 1956 146 229 218 2461 2688 11 6 10 4
Zhengziyanwo Breccia ore 3 7.42 0.41 1986 625 1090 902 644 3894 21 11 3 3
Massive ore 7 8.21 0.35 2774 443 796 535 477 1395 11 1 3 2
Cu-rich ore 3 5.20 13.01 1494 27 23 61 1516 12,268 5 17 11 5

The primary data is shown in Table S1. N = the number of sample.

The full LA-ICP-MS data set is shown in Table S4. The average con-
centrations of PGE and semimetals in each BMS of the sulfide ores can be
found in Table 3. In BMS from the Yangliuping and Zhengziyanwo
massive ores, the concentrations of Ir, Rh, and Pt generally vary from
undetectable levels to several tens of ppb (Fig. 6), except for the pent-
landite and pyrrhotite in one Zhengziyanwo massive ore contain hun-
dreds ppb Ir and Rh (Fig. 6C). The concentration of Pd in pentlandite of
the Yangliuping massive ores (about 5 ppm on average) (Fig. 6B) is
lower than that of the Zhengziyanwo massive ores (about 7 ppm on
average) (Fig. D) (Table 3).

4.3. CGSS and platinum-group minerals

Four massive ores from the Yangliuping deposit, as well as 3 massive
ores and 1 Cu-rich ores from the Zhengziyanwo deposits were analyzed
(Table S1). Micrometer-sized CGSS, PtAs,;, Pd-PGM and nanometer-
sized Ir-Rh-(Pt)AsS particles were found in both the Yangliuping and
Zhengziyanwo sulfide ores (Table 4). The Pd-PGM consisting of Pd, Sb,
Bi and Te were classified into michenerite (PdBiTe), testibiopalladite
(PdSbTe), kotulskite (PdTe) based on the chemical compositions of PGM
given by Cabri (2002). Nanometer-sized Ir-Rh-(Pt)AsS particles were
found in pyrrhotite, pentlandite, chalcopyrite and CGSS crystals
(Table 4) (Liang et al., 2019). However, this study mainly focused on the
Ir-Rh-(Pt)AsS particles in CGSS crystals.

CGSS particles are mainly enclosed in pyrrhotite, pentlandite, chal-
copyrite crystals and less frequently located at BMS grain boundaries or
enclosed in altered BMS (Table 4). They show subhedral to euhedral
shapes with grain sizes varying from 2 to 20 pm (Figs. 7A-B, D-E). CGSS
is an important PGE container in the Cu-Ni-PGE deposits at the Yan-
gliuping area, which contains up to 1.37 wt% Ir, 6.4 wt% Rh and 2.46 wt
% Pd (Song et al., 2004; Liang et al., 2019). CGSS enriched in PGE and
containing PtAsy and (Ir-Rh-Pt)AsS inclusions was also found in the
Creighton deposit, Sudbury (Dare et al., 2010b), the Spotted Quoll de-
posit, Western Australia (Prichard et al., 2013a) and the mineralized
Talnotry diorite intrusion, Scotland (Power et al., 2004).

A total of 42 nm-sized Ir-Rh-(Pt)AsS particles were found in CGSS
crystals from the Yangliuping massive ores, while 37 particles were
observed in those from the Zhengziyanwo massive ores (Table 4). These
particles are subhedral to euhedral with grain sizes of 300 nm to 1000
nm (up to 2 um) (Figs. 7A-B, D-E). They were found either in the brighter
zone (Fig. 7A) or within the core of CGSS crystals (Figs. 7B, D-E). Most Ir-
Rh-(Pt)AsS particles from Yangliuping are enriched in Pt (Table 4), as
indicated by a strong PtLa line at 9.4 keV in the SEM-EDX spectrum
(Fig. 7C). However, Pt was not detected in most Ir-Rh-(Pt)AsS particles
from Zhengziyanwo (Fig. 7F, Table 4). This is consistent with the
characteristics of PGE-peaks in LA-ICP-MS spectra (Fig. S2).

A total of 88 PtAs, particles were found in the Yangliuping massive
ores (Fig. 9A, Table 4). They commonly show euhedral shape and less
frequently subhedral to anhedral shapes (Figs. 8A-B, Fig. 9D) with grain
sizes of 0.3 to 25 ym. They were mostly enclosed in pyrrhotite, pent-
landite, chalcopyrite and CGSS crystals (Fig. 9C). PtAs, particles within
CGSS are typically <1 pm in diameter (up to 2 pm). One particle is

partially enclosed by Ir-Rh-(Pt)AsS in CGSS (Fig. 7B). In contrast, PtAs;
is absent from the Zhengziyanwo massive ores (Fig. 9B) and only one
subhedral PtAsy particle with grain size of 10 pm was found within
chalcopyrite in the Cu-rich ore (Fig. 8K).

Forty-two PdBiTe, PdSbTe and PdTe particles were found in the
Yangliuping massive ores (Fig. 9A), while 21 were found in the Zheng-
ziyanwo massive ores (Fig. 9B) (Table 4). These particles are mainly
enclosed in pyrrhotite and chalcopyrite or located at BMS grain
boundaries (Fig. 9E), and they are mainly subhedral to anhedral
(Figs. 8C-J, Fig. 9F). The Pd-PGM particles occur either as individual
(Figs. 8C-F, J) or composite (Figs. 8G-I) grains. The Pd-PGM particles in
the Yangliuping massive ores are larger (commonly 2-20 pm and up to
100 pm in long axis) (Figs. 8C-F) than that in the Zhengziyanwo massive
ores (0.3-10 pm) (Figs. 8G-J).

One foil was cut across a PtAs; particle (Fig. 8A) in the Yangliuping
massive ore and another was cut across the composite grains of PdTe and
PdBiTe (Fig. 8I) in the Zhengziyanwo massive ore. The grain boundary
between PdTe and PdBiTe is sharp and they are located completely
within pyrrhotite crystals (Fig. 10B). These PGM particles exhibit
anhedral to subhedral shapes with grain sizes ranging from 3 to 5 pm
and show no preferred orientation relationship with the host pyrrhotite
(Fig. 10).

5. Discussion
5.1. The effect of hydrothermal alteration

During hydrothermal alteration, Pd is more mobile than Pt, which in
turn is much more mobile than IPGE and Rh (Wood, 2002; Hanley, 2005;
Barnes and Liu, 2012). Additionally, base metal sulfides form secondary
magnetite, pyrite, millerite and cubanite (Djon and Barnes, 2012; Pina
et al.,, 2013; Holwell et al., 2017). Thus, hydrothermal alteration can
produce anhedral Pt-Pd-PGM in sulfide fractures or enclosed in sec-
ondary sulfide and oxide minerals (Tao et al., 2007; Wang et al., 2008;
Prichard et al., 2013b; Junge et al., 2019; Mansur et al., 2021) or result
in Pd-depletion in sulfide ores (Liu et al., 2016; Li and Mungall, 2022).

In the Yangliuping and Zhengziyanwo deposits, the peridotite that
hosts the disseminated and net-textured ores was completely altered into
serpentine (Song et al., 2003). Serpentine, chlorite and anhedral
magnetite grains were found in or around altered chalcopyrite or pyr-
rhotite grains in disseminated and net-textured ores (Figs. 2A, D).
However, these sulfide ores show an overall increase of Ni, PGE to Cu
without Pd or Pt anomalies in primitive-mantle normalized patterns
(Figs. 3A-B). On the other hand, secondary magnetite, pyrite and
millerite were not found in massive ores (Figs. 2C, F), breccia ores and
Cu-rich ores (Figs. S1B-C) of the two deposits. Pd-PGM and PtAs; crys-
tals found in the massive ores and Cu-rich ores were predominantly fully
enclosed in BMS and CGSS crystals (Figs. 9C, E; Table 4). Thus, we
conclude that hydrothermal alteration had only limited effect on whole-
rock PGE contents of sulfide ores and the distribution of PGE in BMS in
massive ores and Cu-rich ores from the Yangliuping and Zhengziyanwo
deposits at the scale of whole-rock sample.
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deposits. Whole-rock data are shown in Table S1.
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Table 2 5.2. Metal compositions of the Yangliuping and Zhengziyanwo deposits
Number and type of PGE-peaks in the time-resolved spectra of LA-ICP-MS.
Deposit Ore type Sulfide Pt-bearing Pt-free The Cu-Ni-PGE deposits in the Yangliuping area are comagmatic
. - - with the Dashibao Formation basalts, which contain approximately 1
Yangliuping Massive ore Pyrrhotite 12 1 .
Pentlandite 11 3 ppb Ir, 15 ppb Pt, 22 ppb Pd and 200 ppm Ni (Song et al., 2003, 2008).
Chalcopyrite 4 Song et al. (2008) shows that the Cu-Ni-PGE deposits at the Yangliuping
Total 27 4 area is formed from a parental magma weakly depleted in PGE, which
Zhengziyanwo Massive ore Pyrrhotite 2 11 experienced an earlier removal of about 0.01% sulfide. This is supported
Pentlandite 2 10 . . . oo .
Chalcopyrite 5 by Cu/Pd ratios of the disseminated ores at Yangliuping (approximately
Total 4 23 4300 to 22,000) and Zhengziyanwo (approximately 2500 to 21,000)
Cu-rich ore Chalcopyrite (Table S1).
Total 1 This study shows that the sulfide liquids at the Yangliuping and
Zhengziyanwo deposits (represented approximately by the disseminated
ores, which underwent negligible fractional crystallization at the scale
Table 3
Average concentrations of PGE and semimetals in base metal sulfides of the sulfide ores from the Yangliuping and Zhengziyanwo deposits acquired using LA-ICP-MS.
Deposit Ore type Mineral n 59Co 1931y Ru 103 195pg Pd 7SAs 121g}, 125Te 2094
ppm ppb ppb ppb ppb ppb ppm ppm ppm ppm
Massive ore Po 39 252 4 209 5 15 10 0.8 0.3 1.2 0.2
Yangliuping (4 samples) Pn 36 13,499 6 240 5 18 5167 0.6 0.3 1.1 0.0
Ccp 20 2 4 19 5 8 299 0.7 0.4 3.6 0.3
Massive ore Po 23 513 75 791 32 9 10 0.8 0.4 1.0 0.6
(3 samples) Pn 21 11,582 54 611 26 9 6916 0.7 0.4 1.3 0.2
Zhengziyanwo Cecp 10 533 4 45 5 8 199 0.4 2.4 1.3 1.8
Cu-rich ore Po 15 457 5 22 5 8 10 0.6 0.3 1.5 0.5
(2 samples) Pn 12 10,867 4 123 5 11 3020 0.4 0.6 2.6 0.1
Cecp 10 6 4 13 5 8 420 0.4 0.5 6.9 0.7

The primary data is shown in Table S3. Po = pyrrhotite, Pn = pentlandite, Ccp = chalcopyrite. n = the number of LA-ICP-MS analyses spots.
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Table 4
Number of PGM and CGSS found in sulfide ores from the Yangliuping and Zhengziyanwo deposits.
Deposit Ore type Locations (Ir-Rh-Pt)AsS PtAs, CGSS PdTe PdSbTe PdBiTe
(Ir-Rh-Pt)AsS (Ir-Rh)AsS
Po 10 3 44 106 19 12
Pn 8 8 1
. Ccp 1 9 9 1
Yangliuping lgﬁa::::e 1:‘; CGSS 38 13 11
P BMS-BMS 2 5 5 4
Altered BMS 14 5
Total 65 88 133 25 17
Po 90 3 2 6
Pn 17
. Ccp 3 7
ga:::;e 1‘;‘; CGSS 5 31
Zhengziyanwo " BMS-BMS 4 2
8Ly Altered BMS 1 2 1
Total 37 116 3 2 16
Cu-rich ore Po 6
(1 sample) Cep !
P Total 1 6

Note: (Ir-Rh-Pt)AsS = irarsite-hollingworthite-platarsite solid solution containing minor variable amount of Os and Ru, PtAs2 = sperrylite, CGSS = cobaltite-gers-
dorffite solid solution, PdTe = Kotulskite, PdBiTe = michenerite, PdSbTe = Testibiopalladite, Po = pyrrhotite, Pn = pentlandite, Ccp = chalcopyrite, BMS-BMS =
pyrrhotite, pentlandite and chalcopyrite grain boundaries, altered BMS = secondary pyrite and magnetite.
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Fig. 7. Typical back scattered electron (BSE) images of the cobaltite-gersdorffite solid solution (CGSS) in Yangliuping massive ores (A-B) and Zhengziyanwo massive
ores (D-E). Subhedral to euhedral (Ir-Rh-Pt)AsS and PtAs, particles were commonly found in the CGSS particles. Scanning Electron Microscopy energy dispersive X-
ray spectra shows that Ir-Rh-PtAsS particles are enriched in Pt in Yangliuping massive ores (C) but poot in Pt in Zhengziyanwo massive ores (F). Abbreviation: CGSS
= cobaltite-gersdorffite solid solution, Ir-Rh-PtAsS=Ir-Rh-(Pt) sulfarsenide, PtAs, = sperrylite.

of whole-rock sample) are distinctly different in chalcophile elements
concentrations (Fig. 4A). This difference can be attributed to different
degrees of earlier removal of sulfide from the parental magma (Song
et al., 2008, 2009; Chen et al., 2013). As shown in sulfide segregation
modelling (Fig. 11), the sulfide liquid at the Yangliuping deposit
segregated from a parental magma with R-factors in the range of 300 to
3500, which experienced an earlier sulfide removal of about 0.006%.
However, the sulfide liquid at the Zhengziyanwo deposit was segregated
from a parental magma with R-factors varying from 1500 to 10,000,
which underwent earlier sulfide removal of about 0.01%.

Magma saturated in sulfide at mantle sources may also exhibit PGE
depletion (Keays, 1995; Arndt et al., 2005; Barnes et al., 2022).

However, it is difficult to distinguish this from the PGE-undepleted
magma that has undergone earlier sulfide liquid removal (Mungall and
Brenan, 2014). Thus, the alternative is that the parent magma of the
Yangliuping and Zhengziyanwo deposits was sulfide saturated at mantle
sources with different proportions of sulfide retention.

5.3. The occurrence of PGE and formation of PGM in massive ores

The proportions of Co, PGE and semimetals occurring in BMS as solid
solution were calculated following the method described by Barnes et al.
(2008). The Ni content in the silicate portion of the samples was
determined using the method proposed by Waal et al. (2004). The
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subhedral PtAs, enclosed in pyrrhotite and chalcopyrite crystals. C-D. Subhedral to anhedral PdSbTe particles enclosed in pyrrhotite crystals. E-F. Euhedral and
subhedral PdBiTe particles enclosed in pyrrhotite crystals. G-H. Composite anhedral PdBiTe particles enclosed in pyrrhotite and chalcopyrite crystals. I. Composite
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from Cu-rich ores. L. PdSbTe particles with a lath shape enclosed in pyrrhotite and located at the phase boundaries between pyrrhotite and pentlandite from Cu-rich
ores. Yellow dash lines annotated with foil numbers indicate the positions for focused iron beam (FIB) sample preparations. Abbreviation: PtAs, = sperrylite, PdSbTe
= testibiopalladite, PdTe = kotulskite, PdBiTe = michenerite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

details can be found in Liang et al. (2022). In the Yangliuping massive
ores, Zhengziyanwo massive ores and Cu-rich ores, <7% of Ir, Rh and Pt
occur in BMS as solid solution (Fig. 12). Interestingly, the amount of Pd
present in solid solution within BMS in the Yangliuping massive ores
(17%) (Fig. 12A) is significantly lower than that in the Zhengziyanwo
massive ores (91%) (Fig. 12B). The balance of PGE is accounted for by
the nanometer-sized Ir-Rh-(Pt)AsS, micrometer-sized CGSS, PtAs, and
Pd-PGM particles (Fig. 7, Fig. 8, Table 4).

Ir-Rh-(Pt)AsS, PtAs; and CGSS particles found in the Yangliuping and
Zhengziyanwo massive ores mainly show euhedral shapes (Fig. 7,
Figs. 8A-B, Fig. 9D). These particles are enclosed in pyrrhotite, pent-
landite and chalcopyrite (Fig. 9C, Table 4) indicating early crystalliza-
tion from sulfide liquids (Power et al., 2004; Dare et al., 2010b; Liang

10

et al., 2019). No magmatic magnetite was found in the Yangliuping and
Zhengziyanwo massive ores (Figs. 2C-D, E-F), which indicates that the
sulfide liquids had relatively low fO; and high As™/As"" ratio (Liang
et al., 2022). As™ forms Ir-AsS, Rh-AsS and Pt-As pre-nucleation clusters
in sulfide liquids (Helmy et al., 2013; Helmy and Bragagni, 2017). These
pre-nucleation clusters were enriched near the migrating MSS and CGSS
grain boundaries, leading to oversaturation and nucleation of Ir-Rh-(Pt)
AsS and PtAs; crystals (Liang et al., 2022). These PGM particles were
either overgrown by CGSS, MSS, and ISS or served as nucleation sites for
later-crystallized CGSS. As a result, they were found in the core and
brighter zones of CGSS (Figs. 7A-B, D-E) and within BMS crystals
(Figs. 8A-B, Table 4) (Dare et al., 2010b; Liang et al., 2019). This process
is supported by the microstructure of PtAs; which shows no preferred
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A) PGMs in Yangliuping massive ores (N=4, n=328) B) PGMs in Zhengziyanwo massive ores (N=4, n=174) C) PtAs; in Yangliuping massive ores (N=4, n=88)
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Fig. 9. Pie diagrams showing relative proportions (%) and morphology of PGM in sulfide ores at the Yangliuping and Zhengziyanwo deposits. A-B. The proportions
of different types of PGM in Yangliuping massive ores (A) and Zhengziyanwo massive ores (B). C-D. The locations (C) and morphology (D) of PtAs, particles in the
Yangliuping massive ores. E-F. The locations (E) and morphology (F) of Pd-PGMs (PdTe, PdSbTe and PdBiTe) in the Yangliuping and Zhengziyanwo massive ores. The
proportion of each kind of mineral is given in number and the source data are shown in Table 3. Abbreviation: Ir-Rh-PtAsS=Ir-Rh-(Pt) sulfarsenide, PtAs, =
sperrylite, PASbTe = testibiopalladite, PdTe = kotulskite, PdBiTe = michenerite.

PdBiTe

orientation relationship with the host pyrrhotite crystal (Fig. 10A).
PtAsy, (Ir-Rh-Pt)AsS and CGSS crystallized early from sulfide liquids
were also recognized in the Jinchuan deposit (Prichard et al., 2013b;
Liang et al., 2022), the Creighton deposit, Sudbury (Dare et al., 2010a,
2010b), the Main Sulfide Zone of Great Dyke (Coghill and Wilson,
1993), the Platreef and Merensky Reef, Bushveld Complex (Junge et al.,
2014) and in the ultramafic intrusion at Lavatrafo, Madagascar
(Ohnenstetter et al., 1999; McDonald, 2008).

Stoichiometric PdBiTe, PdSbTe and PdTe crystallizes in sulfide lig-
uids at relatively low temperatures (525 °C to 740 °C) (Makovicky, 2002

11

Fig. 10. Typical high-angle annular dark
field (HAADF) images and selected-area
diffraction pattern of typical platinum-
group minerals. The foil numbers are corre-
sponding to the numbers in annotated in
Fig. 6. A. PtAs, enclosed in pyrrhotite from
Yangliuping massive ore. B. composite grains
of PdTe and PdBiTe enclosed in pyrrhotite
from Zhengziyanwo massive ore. The black
hole below the platinum-group minerals in
Fig. 8B was produced during foil prepara-
tion. The chemical composition and selected
area diffraction patterns (SADP) acquired
using transmission electron microscopy
(TEM) confirmed that these PGM are PtAs,
(Fig. 8A, C), PdBiTe and PdTe (Fig. 8B, D-E),
respectively. Abbreviation: PtAs, = sperry-
lite, PdTe = kotulskite, PdBiTe =
michenerite.

and references therein). In the Yangliuping and Zhengziyanwo massive
ores, the micrometer-sized Pd-PGM particles mainly occur within pyr-
rhotite (Fig. 9E) as individual grains or composite grains (Figs. 8C-J).
The PdTe and PdBiTe particles within pyrrhotite show anhedral to
subhedral shapes in TEM HAADF images (Fig. 10B) and show no
preferred orientation relationship with the host pyrrhotite. These par-
ticles crystallized near migrating grain boundaries of MSS (Distler et al.,
20165 Liang et al., 2022) or from Pd-semimetals-rich droplets enclosed
in MSS (Cabri and Laflamme, 1976; Helmy et al., 2020, 2023), rather
than forming by exsolution, which would have resulted in oriented
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Fig. 11. Modelling of Ni and PGE concentrations (in 100% sulfides) in
disseminated ores from the Yangliuping and Zhengziyanwo deposits. The first
stage segregation (black dash line) represents the sulfide liquids segregated
from PGE undepleted magma containing 1 ppb Ir, 15 ppb Pt, 22 ppb Pd, 200
ppm Ni (Song et al., 2008) under various R factors (annotated as crosses with
numbers). Secondary stage segregations (orange and blue dash lines) represent
sulfide liquids segregated from PGE depleted magma. Orange dash line in-
dicates sulfide liquid segregated from PGE depleted magma containing 0.3 ppb
Ir, 6.63 ppb Pd, 4.52 ppb Pt and 194 ppm Ni (after 0.006% sulfide removal).
Blue dash line represents sulfide liquids segregated from PGE depleted magma
containing 0.09 ppb Ir, 2 ppb Pd, 1.36 ppb Pt and 188 ppm Ni (after about 0.01
sulfide removal). DRSS! = 500 and D43 p, = 20,000 (Li and Audétat, 2012;
Mungall and Brenan, 2014; Zhang and Li, 2021) were used in the modelling.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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lamellae within host minerals (Putnis, 1992; Wirth et al., 2013). How-
ever, we cannot completely rule out the possibility that the lath-shaped
PdSbTe particles (Fig. 8L) formed by exsolution during cooling
(Makovicky et al., 1986; Ballhaus and Ulmer, 1995; Barnes et al., 2008).
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5.4. The effect of PGM particles on PGE differentiation

5.4.1. Incorporation of Pd-PGM and PtAs; particles resulted in Pt-Pd-
enrichment in Yangliuping massive ores

The sulfide liquid at the Yangliuping deposit had comparable Pd and
lower Pt concentrations compared to that at the Zhengziyanwo deposit
(Fig. 4A). However, Yangliuping massive ores have higher Pd and Pt
tenors (about 4 ppm Pd and 2 ppm Pt on average) than Zhengziyanwo
massive ores (about 1 ppm Pd and 0.5 ppm Pt on average) (Figs. 3C-D,
Table 1). In the Ni/(Ru x 1000) versus Pd/Ru diagram of fractional
crystallization modelling (Fig. 13C), Zhengziyanwo massive ores plot on
the MSS cumulate trend, which indicates that the differentiation of Pd
among different types of sulfide ores is mainly controlled by the parti-
tion coefficient and Pd-Cu-rich residual sulfide liquids have migrated
away thus forming Pd-Cu-rich ores (Fig. 3D). This is consistent with the
relatively high proportion of Pd (91%) occurring in BMS as solid solu-
tion (Fig. 12B) (Mansur et al., 2019b). As for the Yangliuping deposit,
the massive ores have comparable Pd and Pt tenors with the dissemi-
nated ores and net-textured ores (Fig. 3C), and they plot on the residual
liquid trend in the fractional crystallization modelling diagram
(Figs. 13A-B). This indicates that the Yangliuping massive ores have
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higher Pd and Pt contents than that predicted by chemical equilibrium
partition modelling.

Pd in residual sulfide liquids can diffuse into high temperature
pentlandite formed by peritectic reaction (Mansur et al., 2019a; Barnes
et al., 2020). The average concentration of Pd in pentlandite of the
Yangliuping massive ores (approximately 5 ppm) is lower than that of
the Zhengziyanwo massive ores (approximately 7 ppm) (Table 3).
Furthermore, about 83% Pd in the Yangliuping massive ores occurs as
Pd-PGM (Fig. 12A), which were mainly enclosed in pyrrhotite crystals
(Fig. 9E). Therefore, Pd having diffused into pentlandite is not the
mechanism resulting in the enrichment of Pd in the Yangliuping massive
ores.

As discussed above, the majority of Pt and Pd in the Yangliuping
massive ores occur as PtAs,; and Pd-PGM (all are Pd-tellurides, Table 4)
(Fig. 12A), which crystallized near the migrating grain boundaries of
MSS or from Pd-(Pt)-semimetals-rich droplets (Cabri and Laflamme,
1976; Sinyakova and Kosyakov, 2012; Liang et al., 2022). We propose
that the incorporation of the PGM particles or Pd-(Pt)-semimetals-rich
droplets into cumulated MSS crystals, or their trapping in MSS inter-
cumulus spaces, resulted in the enrichment of Pd and Pt in the Yan-
gliuping massive ores (Fig. 3C). These PGM particles finally occur as
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Fig. 13. Fractionation crystallization modelling for the sulfide liquids from the Yangliuping deposit (A-B) and the Zhengziyanwo deposit (C-D). Whole-rock data are
listed in Table S1. MSS cumulates and residual liquid trends were calculated using a Rayleigh equation. Crosses annotated with numbers represent the degrees of
fractionation. According to average composition of disseminated ores, the sulfide liquid of the Yangliuping deposit was assumed to contain 6.46 wt% Ni, 854 ppb Ru,
6143 ppb Pd and 3548 ppb Pt, whereas the sulfide liquid of the Zhengziyanwo deposit was assumed to contain 8.49 wt% Ni, 454 ppb Ru, 6204 ppb Pd and 4725 ppb
Pt. DYPS/S4! — 0,133, DYSS/SU — 13 and DYS/SU! = 0,045 (Li et al., 1996; Liu and Brenan, 2015; Mungall and Brenan, 2014) were used in the modelling. DYS5/54! js
assumed to be 0.6 at the beginning and increases gradually to 0.9 after ~50% of the sulfide liquid has solidified (Mungall et al., 2005)
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individual or composite grains within pyrrhotite and pentlandite or
located at BMS grain boundaries (Figs. 8A-F). As a result, in the Yan-
gliuping massive ores, more PtAsy; and Pd-PGM particles were found
(Fig. 9A) and a lower proportion of Pd occur in BMS as solid solution
(Fig. 12A) compared to the Zhengziyanwo massive ores (Fig. 9B,
Fig. 12B). This process also enriched the Yangliuping massive ores with
As and Te (Figs. 5A, D) but not with Sb and Bi (Figs. 5B-C).

5.4.2. Early fractional crystallization of PtAsy in sulfide liquids at the
Zhengziyanwo deposit

Several interpretations have been proposed to explain the negative
Pt anomalies of massive ores in Cu-Ni-PGE deposits. These include early
fractional crystallization of Pt-PGM (Song et al., 2009; Chen et al., 2013;
Smith et al., 2022), nugget effects (Savard et al., 2010; Barnes et al.,
2022), migration of Pt-Cu-rich residual sulfide liquids (Chen et al.,
2013) and post-magmatic hydrothermal processes (Su et al., 2008).

Nugget effects have been observed in whole-rock analyses of natural
samples (Savard et al., 2010; Barnes et al., 2022). Barnes et al. (2022)
suggested that the presence of sparse Pt-rich grains may result in greater
variability of Pt compared to other PGE in subsamples. In our study,
PtAs, particles were found in the Yangliuping massive ores (Fig. 9A) but
not in the Zhengziyanwo massive ores (Fig. 9B). Despite this, no Pt
anomaly was observed in the Yangliuping massive ores (Fig. 3C), while
the Zhengziyanwo massive ores and breccia ores exhibited negative Pt
anomalies (Fig. 3D). On the other hand, the CRMs analyzed in this study
show good consistency with their certified values, and both the repli-
cated samples and CRMs show good reproducibility (Fig. 14), although
Ir, Rh and Pt mainly occurred as PGM in the Yangliuping and Zheng-
ziyanwo massive ores (Figs. 12A-B). These results suggest that the
method for whole-rock PGE analyses (Qi et al., 2011) used in this study
is capable of resolving PtAs, particles. Therefore, nugget effects are not
the cause of Pt depletion in the Zhengziyanwo massive ores and breccia
ores.

As previously mentioned, hydrothermal alteration had limited effect
on massive ores, breccia ores and Cu-rich ores. In the Zhengziyanwo
deposit, both the massive ores and breccia ores exhibit negative Pt
anomalies, while the Cu-rich ores are not enriched in Pt compared to the
disseminated ores and net-textured ores (Fig. 3D). These observations
indicate that the depletion of Pt in the Zhengziyanwo massive ores was
not caused by hydrothermal alteration or the migration of Pt-Cu-rich
residual sulfide liquids.

In the Yangliuping and Zhengziyanwo deposits, only PtAs; and Ir-Rh-
(Pt)AsS have been found as Pt-bearing PGM (Figs. 9A-B, Table 4) (Song
et al., 2004 and references therein; Liang et al., 2019). The sulfide liquid
at the Zhengziyanwo deposit has a higher Pt concentration compared to
that at the Yangliuping deposit (Fig. 4A). In contrast, micrometer-sized
PtAs; and nanometer-sized Ir-Rh-(Pt)AsS particles are common in the
Yangliuping massive ores (Fig. 9A, Table 4), whereas no PtAs; particles
were found and Ir-Rh-(Pt)AsS particles have low Pt content in the
Zhengziyanwo massive ores (Fig. 9B, Table 4). Experimental studies
have shown that IrAsS and RhAsS begin to crystallize at temperatures
>1200 °C in sulfide liquids (Helmy and Bragagni, 2017), whereas PtAs,
can form at temperature up to 1400 °C (Hansen et al., 1958; Bennett and
Heyding, 1966). This suggests that PtAs, can crystallize earlier than Ir-
Rh-(Pt)AsS in sulfide liquids, as evidenced by zoned PGM with PtAs,
cores and Ir-Rh-(Pt)AsS rims within CGSS crystals from the Sudbury-
Creighton deposit (Fig. 7I in Dare et al., 2010a). We conclude that the
early fractional crystallization of PtAs,, likely accompanied by MSS,
resulted in the depletion of Pt in the sulfide liquid at the Zhengziyanwo
deposit, which leads to the formation of low-Pt Ir-Rh-(Pt)AsS particles
and Pt-depleted massive ores, breccia ores, and Cu-rich ores. This pro-
cess enriched the Zhengziyanwo Cu-rich ores with Sb, Bi and Te
(Figs. 5F-H) but not with As (Fig. 5E) compared to the massive ores.

The assimilation of country rocks increases semimetal concentra-
tions, leading to the crystallization of PGM (Hutchinson and Kinnaird,
2005; Holwell et al., 2006; Hutchinson and McDonald, 2008; Dare et al.,
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Fig. 14. Whole-rock platinum-group elements analyses of UMT-1 (A), WMG-1
(B) and two samples from the Yangliuping and Zhengziyanwo deposits (C). Ir,
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more clearly. Error bars indicates 10% relative errors of the expected PGE
concentrations (UMT-1 and WMG-1) and measured PGE concentrations
(Y21-22 and Z21-17). The data are shown in Table S2.

2010b, 2011; Yudovskaya et al., 2017). The sulfide liquid at the
Zhengziyanwo deposit has a lower As concentration than that at the
Yangliuping deposit (Fig. 4B). The early crystallization of PtAs; in the
Zhengziyanwo deposit can be attributed to differences in thermody-
namic conditions (fSz and fO5) of the sulfide liquids. The valence states
of As in sulfide liquids are variable and controlled by thermodynamic
conditions (Helmy et al., 2010; Helmy and Bragagni, 2017). In Cu-Ni-
PGE deposits, fO2 mainly controls the valence state of As in sulfide lig-
uids (Liang et al., 2022). The sulfide liquid at the Zhengziyanwo deposit
has a relatively higher fS, (Fig. 15) thus a relatively lower fOz compared
to the sulfide liquid at the Yangliuping deposit (Liang et al., 2022). As a
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Fig. 15. Equilibrium temperature-dependent variations of sulfur fugacity of
sulfide liquids from the Yangliuping and Zhengziyanwo deposits. The sulfur
fugacity was calculated based on the average compositions of pyrrhotite in
massive ores (Table S6) using the equation Mengason et al. (2010) modified
from Toulmin and Barton (1964). The pyrrhotite in massive ores were assumed
to be in equilibrium with the sulfide liquids during crystallization. The sulfide
liquids of the two deposits were assumed to be closed systems according to the
absence of magmatic magnetite at the sulfide-silicate boundaries (Fonseca
et al., 2008). The data for Jinchuan and Noril’sk are from Liang et al. (2022).

result, it is likely that the As™/As™" ratio in Zhengziyanwo sulfide liquid
is higher, leading to the formation of more Pt-As pre-nucleation clusters.
This indicates that the saturation of PtAs, can be achieved earlier in the
sulfide liquid at Zhengziyanwo than that at Yangliuping.

5.5. Implications

Recent studies have shown that euhedral IrAsS, RhAsS and PtAs,
particles can crystallize from natural sulfide liquids (Coghill and Wilson,
1993; Ohnenstetter et al., 1999; Power et al., 2004; Mcdonald, 2008;
Dare et al., 2010b; Prichard et al., 2013b; Liang et al., 2019, 2022). This
study indicates that PtAs, crystals crystallized earlier in the Zheng-
ziyanwo deposit due to the relatively lower fO5 of the sulfide liquid
compared to the Yangliuping deposit. This provides additional evidence
supporting the model that the fO, affect the valence state of As thus
controls the behavior of Pt in sulfide liquids of Cu-Ni-PGE deposits
(Liang et al., 2022).

On the other hand, PGM particles or PGE-clusters have been pro-
posed to play an important role in PGE enrichment in sulfide liquids and
mafic-ultramafic intrusions (Tredoux et al., 1995; McDonald, 2008;
Wirth et al., 2013; Junge et al., 2014; Maier et al., 2015; Gonzalez-
Jiménez et al., 2018; Kamenetsky and Zelenski, 2020), in PGE differ-
entiation during partial melting of the Earth’s mantle (Ballhaus et al.,
2006; Gonzalez-Jiménez et al., 2019) and during solidification of sulfide
liquids in magmatic Cu-Ni-PGE deposits (Song et al., 2009; Chen et al.,
2013; Liang et al., 2019, 2022; Smith et al., 2022). Our study confirms
that the fractional crystallization of PtAs; and Pd-PGM particles and
their incorporation into MSS cumulates are crucial in forming the Pt-
depleted sulfide ores at the Zhengziyanwo deposit and the Pd-Pt-rich
massive ores at the Yangliuping deposit. Accordingly, the role of PGM
particles should be considered when using PGE to trace the fractional
crystallization of sulfide liquids in Cu-Ni-PGE deposits. Meanwhile, this
study also suggests a potential for exploring Pt-rich sulfide ores in the
Zhengziyanwo deposit.

6. Conclusion

The sulfide liquid at the Yangliuping deposit has similar Pd but lower
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Pt concentrations compared to the Zhengziyanwo deposit. In both de-
posits, massive ores were formed by the cumulation of MSS, and hy-
drothermal alteration had limited effects on the concentration and
distribution of PGE in massive ores, breccia ores and Cu-rich ores at the
scale of whole-rock sample. In the Yangliuping deposit, the massive ores
are enriched in Pd and Pt showing similar PGE concentrations to
disseminated ores and net-textured ores. In contrast, the massive ores
and breccia ores in the Zhengziyanwo deposit are all depleted in Pt. In
the massive ores from both deposits, >93% of Ir, Rh, and Pt occur as Ir-
Rh-(Pt)AsS and PtAss. In the Yangliuping and Zhengziyanwo massive
ores, 83% and 11% of Pd occur as Pd-PGM, respectively. The Ir-Rh-(Pt)
AsS, PtAs; and Pd-PGM particles in the massive ores occur as individual
or composite grains and were mainly found enclosed in pyrrhotite,
pentlandite, chalcopyrite and CGSS crystals. These PGM crystallized
from the sulfide liquids or from Pd-semimetals-rich droplets.

The incorporation of Pd-PGM and PtAs; particles into cumulated
MSS or their trapping in intercumulus spaces resulted in the enrichment
of Pd and Pt in the massive ores at the Yangliuping deposit. In contrast,
in the Zhengziyanwo deposit, the early fractional crystallization of PtAs,
formed Pt-depleted sulfide liquids, from which Pt-depleted massive ores,
breccia ores and Cu-rich ores formed, and low-Pt Ir-Rh-(Pt)AsS particles
crystallized. This study provides further evidence supporting the model
proposed by Liang et al. (2022) that Pt forms Pt-As pre-nucleation
clusters prompting the early crystallization of PtAs, in natural sulfide
liquids with relatively low fO,. Additionally, this study shows that PGM
play a significant role in the enrichment and differentiation of PGE in
magmatic Cu-Ni-PGE deposits. We propose that there is a potential for
exploring Pt-rich sulfide ores in the Zhengziyanwo deposit.
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