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Abstract

The world-class Jinchuan magmatic Ni-Cu-PGE (platinum-group element) sulfide deposit comprises four large orebodies
(No. 1, 2, 3 and 24). Underground fan drilling discovered significant lateral extension of No. 2 orebody, referred as No. 2a
in this study. From base to top, the No. 2a orebody comprises disseminated sulfide in olivine pyroxenites, net-textured ore
in lherzolite, and massive ore. Despite different host rocks, the contents of Ni, Cu and PGE of the same types of sulfide ores
from No. 2 and No. 2a orebodies are comparable. Mass balance calculation indicates that the parental magmas contained
0.01-0.05 ppb Ir and 0.2-0.8 ppb Pd, which are about one order of magnitude less than PGE abundances of undepleted
continental flood basalts. PGE tenors (recalculated to 100% sulfides) of the net-textured ores from both orebodies increase
upward. We attribute this to variations in magma:sulfide ratios of successive batches of recharged magmas and/or reaction
of sulfides with less evolved magma. We propose that the No. 2a and No. 2 orebodies were located in the upstream and
downstream parts of an originally sub-horizontal magma conduit, respectively. Sulfide liquids accumulated in the wider
parts of the magma conduit to form No. 2a and No. 2 orebodies progressively. Variable locations within the intrusion and
sharp contacts with other types of sulfide ore indicate that the massive ores formed by injection of pooled sulfide melt. Sig-
nificant Pt-depletion of the massive ores and Pt enrichment in the adjacent net-textured ores suggest migration of residual
fractionated sulfide liquids.
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Introduction

The Jinchuan magmatic sulfide deposit is the world’s third
largest operating Ni-Cu-PGE mine after Noril’sk in Rus-
sia and Sudbury in Canada. Exploration in the 1960s at
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Jinchuan had delineated 5.4 million tonnes (Mt) Ni and 3.5
Mt Cu metals with an average grade of 1.06% and 0.7%,
respectively (Sixth Geological Unit 1984). Several new ore-
bodies that contain 0.85 Mt Ni and 0.5 Mt Cu in total had
been discovered via underground prospecting programs in
the past ten years at Jinchuan (from Jinchuan group Ltd).
Zircon U-Pb dating indicates that the intrusion was
emplaced in the Neoproterozoic (827 + 8 Ma, Li et al. 2005,
831+0.6 Ma, Zhang et al. 2010). Negative eyy,, values
and high yq, values of the Jinchuan rocks as well as low
Mn contents in the olivine suggest that the primary magma
was derived from partial melting of a metasomatised man-
tle source (Li et al. 2005; Tonnelier 2010; Lu et al. 2019).
There are four large orebodies in the Jinchuan intrusion. No.
3 and 24 orebodies are hosted in Segments I and III in the
west, whilst No. 1 and 2 orebodies are hosted in Segments 11
and IV in the east (Fig. 1c) (Song et al. 2012). Distinguish-
able characteristics of the four orebodies in terms of their
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«Fig. 1 (a) Tectonic sketch of China showing location of North China
Craton. (b) Simplified geological map of the Longshou terrane at
southwestern margin of North China Craton (after Song et al. 2009,
2012). (¢) Sketch of the Jinchuan intrusion and geological profile of
Segment II and No.l orebody (after Song et al. 2012); (d) Horizon-
tal and vertical sections showing geological features of No. 2 orebody
(from Jinchuan Company). (e) Cross-section of the newly discovered
orebody (No. 2a orebody) beneath No. 2 orebody. Abbreviations:
CAOB =Central-Asia Orogenic Belt, NCC=North China Craton,
TC=Tarim Craton, COB=Central Orogenic Belt, TTD =Tibetan
Tectonic Domain, YB=Yangtze Block, CB=Cathaysian Block,
SCS =South China Sea

geology and geochemistry suggest that they may result from
different sulfide segregation and concentration processes in
separate branches of a magma conduit system (Song et al.
2009, 2012; Chen et al. 2013; Kang et al. 2022).

A series of drill holes reveal that the No. 1 and No. 2
orebodies are unconnected. They are situated in the western
and eastern portions of Segment II, respectively (Song et al.
2009, 2012). A lensoid orebody extending downward from
No. 2 orebody was found in 2016-2017 during an under-
ground prospecting program. This newly discovered orebody
has been named No. 2a and has average grades of 1.83%
Ni and 0.93% Cu, respectively (Fig. 1e). In this study, the
genetic linkage between No. 2 and No. 2a orebodies as well
as the mechanism of ore segregation and deposition in the
eastern portion of Segment II are demonstrated based on
comparisons of petrographic features and Ni, Cu and PGE
data. The new insights indicate that No. 2a orebody is the
upstream of No. 2 orebody and there is still much explora-
tion potential at depth.

Geological background

The Longshoushan terrane is located at the southwestern the
margin of North China craton (Fig. 1a). Jinchuan is situated
at the northern margin of the Longshoushan terrane, which
is bounded by the NW-trending regional reverse faults F,
and F, to the north and south (Fig. 1b). The terrane com-
prises mainly Proterozoic migmatite, gneiss, slate, and mar-
ble (Sixth Geological Unit 1984). A series of mafic—ultra-
mafic intrusions (e.g., Jinchuan and Zangbutai) intruded
into the Proterozoic metamorphic rocks. However, with the
exception of Jinchuan, no economic Cu-Ni mineralization
was recognized(Sixth Geological Unit 1984; Tang 1991;
Tang and Li 1995; Barnes and Tang 1999).

The Jinchuan intrusion is divided by E-W trending strike-
slip faults into Segments 111, I, IT and IV from the west to
the east (Fig. 1c) (Song et al. 2012). Segment I and Segment
IIT have two lithologic cycles. The upper cycle thickens to
the west and consists of olivine-sulfide cumulate and dis-
seminated sulfides in lherzolite and olivine pyroxenite (from
base to top). The lower cycle thickens toward the east and

contains sulfide-olivine cumulate, disseminated ore in lher-
zolite and olivine pyroxenite from the bottom up. Sharp con-
tacts between the two cycles and field relationships indicate
that the upper cycle formed earlier (Kang et al. 2022). The
No. 3 and 24 orebodies developed in the lower parts of the
upper and lower cycles, respectively (Song et al. 2012; Chen
et al. 2013; Kang et al. 2022).

Segments II and IV, divided by the fault F,;, comprise
mainly medium-fine-grained sulfide-olivine cumulate,
sulfide-bearing or barren- lherzolite (Fig. 1¢). The No. 1
orebody, extending from the western end to the middle part
of Segment II, is ~ 1600 m long with an average thickness
of ~90 m and dominantly composed of sulfide-olivine cumu-
late, which is enveloped by thin margins of disseminated ore
in lherzolite (Fig. 1¢) (Song et al. 2009). The No. 2 orebody
is developed at the bottom of the eastern part of Segment 11
and extends to Segment I'V. It is ~ 1300 m long and ~ 120 m
thick on average. The orebody comprises sulfide-olivine
cumulate at the base and disseminated ore in lherzolite in its
upper portion (Fig. 1d). Lensoid or irregularly shaped bodies
of massive ore (> 90 vol% sulfide) occur at the margins of,
or within, the No. 2 orebody and may intrude into the barren
lherzolite at a few locations. The massive ores have sharp
contacts with the disseminated and/or net-textured ores and
contain xenoliths of net-textured or disseminated ores and
lherzolite (Fig. 1d, ESM Fig. 1). The largest massive ore
lens is up to 200 m long and 20 m thick (Sixth Geological
Unit 1984). The net-textured and disseminated ores contain
20-30 vol% and 5-10 vol% sulfides, respectively (ESM
Fig. 2b-g) (Sixth Geological Unit 1984; Song et al. 2009).

The newly discovered No. 2a orebody is much smaller
than the No. 2 orebody, being ~250 m long, up to 50 m thick,
and comprising (from base to top) disseminated sulfide in
olivine pyroxenite and net-textured sulfide in lherzolite
(Fig. 1d). As shown in Fig. 1 e, a narrow connection between
the orebodies No. 2 and No. 2a demonstrates that the latter is
the extension of the No. 2 orebody. Previous studies on litho-
logical relationships have attested that the Jinchuan intrusion
was originally sub-horizontal before tectonic deformation
(De Waal et al. 2004; Song et al. 2012). Thus, No. 2a ore-
body is referred to the lateral extension of the No. 2 orebody.
The sulfide contents are less than 10 vol% and 15-30 vol%
in the disseminated ores and net-textured ores of No. 2a,
respectively (ESM Fig. 2d-g). It is noteworthy that patches
of sulfides associated with olivine occur at the top of the net-
textured ores (ESM Fig. 2d-f). A similar phenomenon was
found in the No. 1 orebody by Tonnelier (2010). A~100 m
long massive ore lens (up to 20 m thick) consisting of > 90
vol% sulfide occurs above the net-textured ore with a sharp
contact (Fig. 1d-e). The dominant sulfides in all of the min-
eralized zones are pyrrhotite, pentlandite and chalcopyrite
(ESM Fig. 3). Anhedral magnetite occurs at the boundaries
of the sulfides due to decomposition of pyrrhotite during
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hydrothermal alteration (ESM Fig. 3e). Serpentinization of
olivine also produced a combination of very fine grains of
magnetite and serpentine along fractures. Euhedral magnet-
ite grains are rare in the sulfide ores.

Sampling and analytical methods

Fifteen samples were collected from the underground drill
core ZK48-2, which intersected the newly discovered ore-
body (Fig. 1e). Each sample was split off from 2 m long
drill core and was crushed to small grains (<5 mm in diam-
eter) using a tungsten carbide ring mill. About 500 g of
the crushed grains were milled to -200 mesh powder for
geochemical analysis. For comparison, another 16 hand
specimen were taken from a mining tunnel (at elevation of
1150 m) across the No. 2 orebody along exploration line
II-50, which is near drill hole ZK48-2 (Fig. 1d). Each sam-
ple weighted more than 500 g and was crushed and milled
to -200 mesh.

Analyses of oxides, Cu, Ni and S of the powders were
completed at ALS Chemex (Guangzhou) Co. Ltd. Whole-
rock oxide in the drill core samples were analyzed using a
PANalytical Axios X-ray fluorescence spectrometer (XRF)
on fused glass beads. Using the procedure described in detail
by Xie et al. (2014) and Song et al. (2020). Copper and
Ni in samples containing more than 1.0 vol% sulfides were
measured using a Varian ICP735-ES inductively coupled
plasma emission spectrometer and a Perkin Elmer Elan 9000
inductively coupled plasma mass spectrometer (ICP-MS),
respectively. Whole-rock S were measured by Leco furnace
and infrared (IR) absorption with detection limits of ~0.01
wt %. The analytical accuracy of oxides and S is +3% rela-
tive, whilst that of Ni and Cu is +2% relative. The analyses
results are listed in ESM Table 1.

Analysis of PGE was conducted via isotope dilution (ID)-
ICP-MS using an improved digestion technique at Institute
of Geochemistry, Chinese Academy of Sciences. For the
disseminated, net-textured, and massive ores,10 g, 5-8 g,
and 2-5 g powders were weighted for analysis, respectively.
The sample was digested using Teflon beakers sealed in a
stainless-steel pressure bomb, and the solution was used to
collect PGE by Te co-precipitation (Qi et al. 2011). The
measured results of PGE for the reference materials UMT-1
and WPR-1 agree well with recommended values reported
by Qi et al. (20042011). Analysis results of the samples and
the standards are listed in ESM Table 2, results of the dupli-
cates are within the error range.

Four massive ore samples from the drill-holes ZK86
and ZK48-2 were analyzed to assess nugget effects on
PGE contents due to the possible existence of inhomogene-
ously distributed PGE minerals (e.g., sperrylite, irarsite).
For example, sperrylite crystals larger than 75pmmay be
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stuck in the residuals during crushing and milling and may
result in Pt depletion of the powder because sperrylite has
Mohs hardness of 67, higher than pyrrhotite, pentlandite
and chalcopyrite (3.5—4). Each massive ore sample weight-
ing~ 100 g was crushed with an agate mortar and pestle, and
the crushed sample was sieved to obtain a part of 200-mesh
powder. The residual crushed grains were then repeatedly
crushed and sieved to make four parts of 200-mesh powder
weighting 20-30 g for each sample. The PGE compositions
of the powder splits were measured separately using the
method described above. The analytical results are given
in ESM Table 3.

Results
Major oxide compositions

The sulfide ores have LOIs of 3.4 to 14 wt% due to high
percentages of sulfides and serpentinized olivine (ESM
Table 1). Before plotting of binary diagrams and chem-
ostratigraphic columns, the concentrations of major and
trace elements have been recalculated to 100% on a vola-
tile-free basis. Iron in sulfides is subtracted from the total
on assumption of molar (Fe 4+ Ni+ Cu)/S ratio of 1:1 in the
base-metal sulfides according to pyrrhotite, pentlandite and
chalcopyrite molecular formulae.

The data suggest that the sulfide mineralized and unmin-
eralized lherzolite in drill-hole ZK86, which cut through
No. 2 orebody, have relatively constant MgOy;4;, Al,O3100
and CaOy,; (subscript ;o) means 100% volatile-free sili-
cate basis) and Mg/Al ratios (data from Song et al. 2009).
The olivine-sulfide cumulate has high MgOy;4, and low
Aly)Oj)19g) and CaOyy g (Fig. 2al-a3). In drill-hole ZK48-2
intersecting the No. 2 orebody, MgOy o, and Mg/Al ratios
increase gradually upward from the sulfide-bearing olivine
pyroxenite to the sulfide-lherzolite, whereas Al,O5(y, and
CaOyyg, decrease (Fig. 2c1-c4). Plots of binary diagrams
of Si/Ti vs. Mg+ Fe)/Ti and [4Ca+4Na+0.5(Mg+Fe)]/Ti
vs. (Si+ Al)/Ti molar ratios on 100% silicate basis indicate
that olivine is the main cumulus phase in the sulfide-olivine
cumulate and lherzolite from different locations of No. 2
orebody (ESM Fig. 4) (Pearce 1968; Stanley and Russell
1989).

Chalcophile element compositions

As shown in Fig. 3, although the various types of ores from
the No. 2 and No. 2a orebodies have similar Ni grades to
their counterparts in the No. 1, No. 24 and No. 3 orebod-
ies, they have lower PGE grades. Cu-rich ores have not
been reported in the No. 2 orebody. The Cu-rich ores from
No. 1 and 24 orebodies have anomalously high Cu grades
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Fig.2 Stratigraphic variations of recalculated major oxides of
whole-rocks in 100% silicate basis (MgOy;o0, ALyOsp100; CaOyygg))
and atomic ratio of Mg/Al, whole-rock contents of S, Ni and Cu of
drill-hole ZK86 (a;-a;), underground tunnel at elevation 1150 m of
exploration line II-50 (b;-bs) and drill-hole ZK48-2 (c;-c;) cutting

(1.1-6.25%), relatively high Pt, Pd grades and low Ir grades
(Fig. 3) (Chai and Naldrett 1992; Chen et al. 2013).
Contents of PGE, Ni and Cu of the sulfide ores are
recalculated to 100% sulfide (Barnes and Lightfoot 2005).
Olivine in the net-textured and disseminated sulfides con-
tains 1520—2490 ppm Ni (2060 ppm in average), which is
slightly higher than Ni contents of olivine in barren rocks
(Ni=1677—2211 ppm, 1830 ppm in average) (Li et al.
2004). 30-70% olivine in the sample could cause a deviation
of Ni about 69 to 151 ppm, which is negligible for dissemi-
nated and net-textured sulfide ores which contain ~5000 and
20,000 ppm Ni on average. Nickel in olivine is subtracted
from whole rock Ni content before calculating the Ni con-
tents of sulfides using the correlation between MgO and Ni
in sulfide-free lherzolites and sulfide-olivine cumulates at
Jinchuan (De Waal et al. 2004; Song et al. 2006, 2009). Fig-
ure 4 shows that the various types of ores from the No. 2a

through the No. 2 and No. 2a orebody (the newly discovered exten-
sion) orebodies. Sulfide ores from II-50 were only measured S, Ni,
Cu and PGE. Data of drill-hole ZK86 are from Song et al. (2009),
WR =whole rock

and No. 2 orebodies contain similar Irj;o;, Rup;gop Rhyjg;
Pt;10; and Pdy g, (subscripty; oy means the content in 100%
sulfide) but lower PGE contents than similar ores from other
orebodies. In the binary diagrams, Ruy;oy and Rhy,,, are
positively correlated to Irj oy, whereas Pd;o; and Pt
are weakly correlated to Irp g, (Fig. 5a-d). The sulfide ores
from the No. 2 orebody show distinctly lower Pd,;, than
those from other orebodies and a larger variation in Pty
(Fig. 5e).

In chemostratigraphic columns of the drill-hole ZK86
(Fig. 6al-a6), IPGE|, of the basal massive ore decreases
upward, whereas Pt(;(;, Pd;;o and Pd/Ir tend to increase.
In contrast, PGE,(, rises distinctly upward and Pd/Ir ratio
decreases in the net-textured ore, whereas the overlying
disseminated ores display opposite trends (Fig. 6al-a6). In
the underground tunnel along exploration line II-50, which
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is located near the drill-hole ZK48-2 (Fig. 1d), IPGEq,
values of the net-textured ore also rise upward along with
decreasing Pd/Ir value, except for the samples from the
lower part (Fig. 6b1-b3, b6). Chemostratigraphic columns
of the drill-hole ZK48-2 (Fig. 6¢1-c6) show that vertical
variations of PGEy,, of the net-textured and disseminated
ores as well as massive ores of the No. 2a orebody (ZK48-
2) are similar to the same ore types in the drill-hole ZK86,
although the sequences of the ore types are different (ESM
Fig. 2).
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Discussion
Relationship between No. 2 and No. 2a orebodies

As mentioned above, many bore holes drilled completed
between No. 1 and No. 2 orebodies in exploration programs
have revealed no connection between the two orebodies.
Thus, the orientation of magma flow of No. 2 orebody
should not be East—west. The size and boundaries of the No.
2 orebody have already been delineated during the explo-
ration programs (Fig. 1d), whereas the ends of the No. 2a
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orebody have not been intersected by drill holes (Fig. le). A
downward extension of No. 2a orebody is still a possibility
potential. Because the Jinchuan intrusions were originally
sub-horizontal (De Waal et al. 2004; Song et al. 2012), No.
2a should have been deposited upstream of No. 2 orebody
in a sulfide-bearing magma conduit. Therefore, both No. 2a
and No. 2 orebodies have similar Ni, Cu, PGE contents and
chemostratigraphic variations of PGE;, among the various
ore types (Figs. 3, 5, 6).

Parental magma PGE compositions of No. 2 orebody

Previous studies on radioactive isotopes of the Jinchuan
rocks and the composition of olivine suggested a metasoma-
tised mantle source for the primary magma (Li et al. 2005;
Tonnelier 2010; Lu et al. 2019). Thus, the PGE distributions
of the parental magma probably reflect the metasomatised
mantle source (Lesher and Stone 1996). The initial PGE
compositions of immiscible sulfide liquids depend on PGE
abundances in the parental magma and the mass ratio of sili-
cate magma/sulfide liquid (R factor; Campbell and Naldrett
1979). The scattered distribution of sulfides in the dissemi-
nated ores inhibit macroscopic fractionation of PGE because
the sulfide droplets are isolated (ESM Figs. 2b, g, 3a, d).
Thus, PGE tenors of the disseminated ores should reflect the
PGE compositions of the sulfide liquids initially segregated
from silicate melts (e.g., Barnes and Maier 1999).

Because of the crustal sulfur has been incorporated by
the Jinchuan magma (Ripley et al. 2005; Tonnlier 2010), the
equation proposed by Lesher and Burnman (2001) is used to
model sulfide segregation:

Y; = (XoR +X;)D/(R + D) (1)

In the formulae, Y; is the final content of metal in the
sulfide melt, X, is the initial metal content in magma, X; is
the metal concentration of metal in the crustal sulfide that
the magma incorporated (assuming ~0 in this paper), D is
the partition coefficient of metal between sulfide and magma.
If it is assumed that D, **"*! and Dp**¥*! are ~400,000 (Mun-
gall and Brenan 2014), calculations using the Eq. (1) indi-
cate that the parental magma contained ~0.01 to 0.05 ppb Ir
and 0.2 to 0.8 ppb Pd. Dy*"*! varies with f,,, and content of
FeO of the magma (Li and Audétat 2012; Kiseeva and Wood
2013). Based on the FeO contents of the Jinchuan paren-
tal magma (10.3-14.4%, Tonnelier 2010) and f;,, proposed
(+0.5~ +0.6, Duan et al. 2016; Mao et al. 2018), Dy;*/s!
may vary from 200 to 700 (Li and Audétat 2012; Kiseeva
and Wood 2013). This results in Ni contents of the parental
magma from 240 to 500 ppm. This means that the parental
magma of No. 2 orebody is slightly more PGE-depleted than
those of the No. 1, No. 3 and No. 24 orebodies (Song et al.
2009; Chen et al. 2013; Kang et al. 2022). On the other
hand, Tonnelier (2010) argued that the No. 2 orebody has
high relatively f,), (up to FMQ +2.7) compared to the other
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orebodies at Jinchuan. High f,), may result in decrease of
Dy, S (Li and Audétat 2012) which has a small effect on
the partition coefficients of PGE between sulfide liquid and
silicate melt (Bezmen et al. 1994). Thus, the relatively low
PGE tenors of the No. 2 and No. 2a orebodies are associ-
ated with either PGE-depletion of the parental magma or
relatively low R values. Correspondingly, the sulfide ores
of the No. 2 orebody have lower PGE tenors but higher Cu/
Pd ratios than those of other orebodies (Fig. 4, ESM Fig. 5).

IPGEs are more compatible in chromite than in olivine
and pyroxene, Pd is incompatible with regard to mafic miner-
als, but Pt is moderately compatible in pyroxene and incom-
patible in olivine (ESM Table 4) (Capobianco et al. 1994;
Puchtel and Humayun 2001; Ely and Neal 2002; Righter
et al. 2004). Therefore, high contents of chromite in the
sulfide ores may result in enrichments of IPGE. As described
by Barnes and Tang (1999), the Jinchuan rocks and ores
contain less than 1.0 vol% chromite, which is commonly
enclosed in olivine. Additionally, because olivine-sulfide
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dihedral angles of net-texture ores in No. 2 orebody range
from 52° to 55° and are less than the 60° limit above which
no wetting takes place (Tonnelier 2010), the sulfides in the
ores could wet olivine (ESM Fig. 2). The positive correla-
tions among S, Cr and MgO/Al,O; indicate that the net-
textured ores commonly have higher contents of olivine and
chromite than the disseminated sulfides (ESM Fig. 6). The
relative high IPGE contents in the net-textured ores com-
pared to the disseminated sulfides at a given Cr content indi-
cate that PGE are dominantly contained in sulfides rather
than in chromite (ESM Fig. 7).

Fractionation of chromite, olivine and pyroxene would
lead to decreasing IPGE contents and increasing Pd/Ir ratio
in the basaltic magma. Sulfide removal could result in deple-
tion of PGE without variation of Pd/Ir ratio of the parental
magma. Thus, low PGE tenors and varying Pd/Ir values of
the disseminated ores of the No. 2 orebody indicate that the
different batches of magma experienced variable degrees
of fractional crystallization of mafic minerals and sulfide
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Fig. 6 Stratigraphic variations of PGE tenors, Pd/Ir and Cu/Ni ratio
for the drill-holes ZK86 (a;-a;), underground tunnel at elevation
1150 m of exploration line II-50 (b;-bs) and ZK48-2 (c,-c¢) cutting

removal at a range of R values prior to final emplacement

(Fig. 7).

Timing and location of sulfide saturation

Sulfur solubility of basaltic magma increases with decreas-
ing pressure (Mavrogenes and O ‘Neill 1999). Sulfide satu-
ration in the ascending magma is difficult to be reached
without addition of external sulfur by contamination with
S-bearing crustal material (Lesher and Burnham 2001;
Ripley and Li 2003; Keays and Lightfoot 2010; Lesher
2017). Non-zero 8**S values of the Jinchuan sulfide ores
and the barren wall rocks suggest that the crustal con-
tamination occurred before the magmas entered the Jin-
chuan intrusion (Ripley et al. 2005). On the other hand,
elevation of f,,, could convert Fe** into Fe** and reduce S

through the No. 2 and No. 2a (the newly discovered extension) ore-
bodies. The error bar is standard error. Data of the drill-hole ZK86
are from Song et al. (2009)

solubility of the magma (Li and Ripley 2005). Lehmann

et al. (2007) proposed that decomposition of contact mar-
ble could release CO, into magma, leading elevation of
Jo2 and reduction of sulfur content of the magma at sulfide
saturation. Thus, both external sulfide addition via con-

tamination at depth and decomposition of contact marble
may contribute to sulfide segregation at Jinchuan (Tonne-
lier 2010). In view of the high density of the sulfide liquid
relative to the basaltic magma, sulfides were more likely
transported horizontally for significant distances relative
to be transported upward (Lesher 2019). An alternative
possible mechanism of addition of external sulfide lead-
ing to S-saturation in the magma is that sulfides in the
metamorphic rocks of Baijiazuizi Formation were melted
when the magma passed through the strata horizontally
(Lesher 2017, 2019).
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Fig. 7 Plots of the disseminated ores from No. 2 orebody in (a) Ni
vs Ir and (b) Ni vs Pd on a 100% sulfide basis. Model curves in the
plots shows the content variation of sulfides equilibrium with magma
contain 0.01 to 0.05 ppb Ir and 0.2 to 0.8 ppb Pd and 240 to 500 ppm
Ni at various R factor (Campbell and Naldrett 1979). Partition coef-
ficients of Ir and Pd (Dyps™"*"~400,000, Mungall and Brenan

Fractionation of sulfide melts

Fractionation of MSS can lead to fractionation of IPGE and
PPGE in the sulfide ores because Os, Ir, Ru, and Rh are com-
patible in MSS, whereas Pt, Pd, Au, and Cu are incompatible
(Li et al. 1996; Barnes et al. 1997) (ESM Table 4). Because
the different types of ores display highly variable Pt} (see
below), the Pd/Ir ratio is used as indicator of fractionation
of IPGE and PPGE.

Positive correlations of atomic ratios between Si/Ti and
(Mg +Fe)/Ti and between (4Ca+4Na+0.5(Mg + Fe))/Ti
and (Si+ Al)/Ti demonstrates that olivine is the dominant
cumulate mineral in the sulfide-olivine cumulate and lher-
zolite (ESM Fig. 4) (Pearce 1968; Stanley and Russell 1989)
(Lesher 2019). Li et al. (2004) suggested that the olivine in
the sulfide-olivine cumulate of the No. 2 orebody crystal-
lized dominantly at depth based on a small range in forster-
ite content (Fo) (82% to 86%). However, Tonnelier (2010)
argued that at least 25-30% olivine crystallized in-situ. An
increase in MgOy;oy, and Mg/Al of the sulfide-lherzolite
(net-textured ore) in ZK48-2 indicates that the amount of
the olivine deposited from different batches of magmas
increases upward (Fig. 2cl, c4). A Slight upward increase
of forsterite content (Fo) of olivine in the net-textured oli-
vine-sulfide cumulate in the No. 2 orebody indicates that
the magmas experienced progressively less differentiation
prior to crystallization of the olivine (Li et al. 2004). Upward
increases of PGE tenors and decreases of Pd/Ir ratios of the
net-textured ores in both the No. 2 and No. 2a orebodies can-
not be explained by in-situ fractionation of the sulfide liquid
(Fig. 6). The increases indicate that the sulfides segregated
under progressively higher R values and/or reaction between
the sulfide liquid and less evolved magmas.
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2014) and Ni (Dy*"V*!! range from 200 to 700, Li and Audétat 2012;
Kiseeva and Wood 2013) were used in the calculation. The concen-
tration of Ni in olivine have been excluded based on equation: Log
Ni(ppm)=0.016MgO(%) +2.475 according to De Waal et al. (2004),
before recalculated it to 100% sulfide. Data from the No. 2 orebody
are from Song et al. (2009)

Noteworthy decreases of IPGE|,, and increases of Pd/
Ir in the disseminated ores from the drill-hole ZK86 and
underground tunnel II-50 through No. 2 orebody can be
attributed to sulfide segregation from the magmas under
progressively smaller R values by sulfide deposition in
slow-flowing magma (Figs. 6al-a3, a6, b1-b3, b6) (Lesher
2019). This is because macroscopic differentiation is very
difficult among the isolated sulfide clusters in the dissemi-
nated ores (ESM Figs. 2b, 3a) (Mungall 2002; Barnes et al.
2013). In contrast, small variations of IPGEy,(, and Pd/Ir
in the basal disseminated ores of No. 2a orebody (ZK48-2)
indicate that the sulfide liquids segregated under similar R
values (Fig. 6¢1-c3, c6).

Close-spaced sampling of the massive ore lens in drill-
hole ZK86 shows decreasing IPGE|,(,, and increasing
Pt(100;» Pdj190) and Pd/Ir upward (Fig. 6al-a6) (Song et al.
2009). Although only three massive ore samples in drill hole
ZK48-2 were analyzed, PGE;, and Pd/Ir ratio show similar
upward trends (Fig. 6¢1-c6). These variations suggest in-situ
fractionation of sulfide liquid in the massive ores independ-
ent of the adjacent net-textured ore in the No. 2 and No. 2a
orebodies. The sharp contacts between the massive ore and
net-textured ore (Fig. 1d-e, ESM Fig. 1) and xenoliths of
net-textured or disseminated ores and lherzolite in the mas-
sive ores suggest that the massive ores were the result of
emplacement of pure sulfide melt. The pure sulfide melt was
possibly filter pressed squeezed from somewhere else, or it
might have segregated from the net-textured sulfides (Ton-
nelier 2010). Similar relationships have been observed at the
Eagle Ni-Cu-(PGE) deposit (Michigan, USA), in which mas-
sive ore shows sharp boundaries and has PGE tenors distinct
from the net-textured ore above and below, suggesting later
emplacement of pure sulfide melt (Ding et al. 2012).
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Alternative interpretation for Pt depletion
in massive ore

The massive ores in the No. 2 orebody have lower Pt con-
tents (1—55 ppb) and Pt/Pd ratios (0.01—0.33) than the
above net-textured ores (Pt;;o; =440 ppb and Pt/Pd=2.2
in average) (Fig. 6a4 and a6). The massive ores in the No.
2a orebody contain 3—15 ppb Pt, which is much less than
Pt(;0; (1017 ppb in average) of the underling net-textured
ores (Fig. 6¢4 and c6). Additionally, all the massive ores
display extensive Pt-depletion relative to Rh and Pd (ESM
Fig. 8c). Massive ores characterized by Pt depletion are not
unusual and have been reported in some other Ni-Cu sulfide
deposits, such as Selkirk and Phoenix in Eastern Botswana,
Mount Keith and Nova-Bollinger in Australia (Maier et al.
2008; Barnes et al. 2012, 2022). Song et al. (2009) have
suggested two possible mechanisms causing the Pt deple-
tion in the massive ore of No. 2 orebody: (1) Pt-Fe alloy
fractionation from basaltic magma before sulfide segregation
(ESM Table 4) (Fleet et al. 1993; Li et al. 1996). However,
if Pt-Fe alloy was removed from the basaltic magma before
sulfide segregation, the net-textured and disseminated ores
should also show Pt depletion, which is not the case (ESM
Fig. 9a, b). (2) metamorphic-hydrothermal alteration of the
massive ores.

It is generally considered that Pd and Pt have similar geo-
chemical behaviors during sulfide segregation and fractional
crystallization (e.g., Li et al. 1996; Barnes et al. 1997 and
references therein). The solubilities of both Pt and Pd in
hydrothermal fluids are positively correlated with f,),, tem-
perature, acidity and chlorinity (e.g., Sullivan et al. 2022a,
b), thus, they could be mobile in the fluids (Hanley et al.
2005; Le Vaillant et al. 2015; Holwell et al. 2017). However,
thermodynamic modelling based on published experimental
data suggested that Pd is more soluble than Pt in hydro-
thermal fluids in sulfide rich environments (Barnes and Liu
2012). A remarkable feature of the massive ores from the
No. 2 and No. 2a orebodies is the Pt-depletion and decou-
pling between Pt and Pd (ESM Fig. 8c). In contrast, the net-
textured and disseminated sulfides, which have been exten-
sively altered, show either Pt-depletion or Pt-enrichment
(ESM Figs. 3a-d, 8a, b). The net-textured ores rather than
the massive ores contain secondary magnetite, indicating
that the former experienced more extensive hydrothermal
alteration accompanied by serpentinization of olivine (ESM
Figs. 3a-d). During the alteration, pyrrhotite in the net-tex-
tured ores was decomposed to magnetite and pyrite (possible
reaction: 3FeqSg+ 100, =5Fe;0,+ 12FeS,). However, the
occurrence of magnetite at the margins of sulfides and the
rarity of pyrite in the net-textured ores (ESM Figs. 3b and
e) suggests that the pyrite might have been decomposed and
disappeared because sulfur was lost rather than addition of S
during the hydrothermal alteration. Additionally, agreement

of Re-Os ages of the massive ores (867 +75 Ma) (Yang et al.
2008) with zircon SHRIMP U-Pb ages (827 + 8 Ma) for
the Jinchuan intrusion (Li et al. 2004) points to only weak
hydrothermal alteration in the massive ores (ESM Fig. 3c, f).
In contrast, Re-Os ages of the disseminated ores yielded an
age of 1117 +67 Ma due to hydrothermal alteration (Yang
et al. 2008). Therefore, the Pt-depletion of the massive ores
is difficult to be attributed to hydrothermal alteration.

Alternatively, the Pt depletion of the massive ores could
be due to nugget effect caused by existence of heterogene-
ously distributed Pt-rich minerals (e.g., Savard et al. 2010).
However, the nugget effect would become negligible when
the sizes of Pt-rich minerals are less than 50 pm because
in that case the Pt-rich grains are relative homogeneously
distributed (Barnes et al. 2022). Recent study revealed
that Pt;;o, is positively correlated with Asog, in the Jin-
chuan sulfide ores and that base-metal minerals have low
Pt contents (Chen et al. 2015). Thus, Pt was speculated to
be hosted predominantly by sperrylite grains, which com-
monly measure less than 10 pm in the Jinchuan sulfide ores
(Prichard et al. 2013; Dong et al. 2021). However, sperrylite
crystals have not been observed in the massive ores under
microscope and scanning electron microscope. As shown in
Fig. 8b-e, 15 out of 16 parts divided from the 4 massive ore
hand specimens consistently display Pt depletion. Thus, Pt
depletion of the massive ores most likely does not result from
nugget effects. Additionally, the massive ores from drill-
hole ZK86 display comparable Pt depletions (ESM Fig. 8c)
(Song et al. 2009). Recent experiments revealed that pent-
landite can be formed via peritectic reaction between MSS
and fractionated sulfide liquid at 870—800 °C (Waldner and
Pelton 2004; Kosyakov and Sinyakova 2012; Kitakaze et al.
2016). These studies indicated that not all pentlandite forms
via sub-solidus exsolution from MSS. Both Pt and Pd are
incompatible to MSS and ISS and tend to concentrate in
residual sulfide liquids (Li et al. 1996; Mungall et al. 2005;
Liu and Brenan 2015). In situ LA-ICPMS measurements
have indicated that pentlandite from many magmatic sulfide
deposits is remarkably enriched in Pd relative to pyrrho-
tite and chalcopyrite (Barnes et al. 2008; Dare et al. 2010;
Chen et al. 2015; Liang et al. 2019; Mansur et al. 2021).
This prompted Mansur et al (2019, 2021) to propose that
Pd enters into the granular and contact pentlandite between
pyrrhotite and chalcopyrite from the fractionated sulfide lig-
uid during the peritectic reaction. Pt remains in the sulfide
liquid and is thus decoupled from Pd. The sulfide cumulates
would become Pt depleted when the residual sulfide liquid
migrated away. This model is consistent with the Pt deple-
tion of the massive ores (ESM Fig. 8c), the high Pd contents
of the pentlandite (up to 21 ppm) (Chen et al. 2015), and the
relatively high Pt;;o, (up to 3700 ppb) of a few net-textured
or disseminated ores above or underneath the massive ores
(Fig. 6a4, c4).
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Model for the formation of the No. 2
orebody

Previous studies indicated that the Jinchuan intrusion was
originally subhorizontal. It was segmented and was rotated
to its present subvertical orientation during late nappe tec-
tonic movement of the Longshou terrane (De Waal et al.
2004; Song et al. 2012). Geological and geochemical fea-
tures indicate that the No. 2a and No. 2 orebodies represent
the upstream and downstream environments of the magma
flow, respectively (Figs. 1, 2, 6). There are four mineraliza-
tion stages:

Stage I (Fig. 9a): Basaltic magma reached various degrees
of S-saturation due to crustal contamination with sulfidic
material on the pathway of the magma. When the magma
flow slowed down at wider segments of the magma conduit,
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the sulfide droplets settled down and olivine and pyroxene
crystallized from the basaltic magma to form the sulfide-
bearing olivine pyroxenite (disseminated sulfide) at the
base of No. 2a orebody. Decomposition of contact marble
could lead to elevation of f,, and further sulfide segregation
(Lehmann et al. 2007; Tonnelier 2010). The fine-grained tex-
ture of the olivine pyroxenite demonstrates that the magma
cooled fast, accompanied by accumulation of small amount
of olivine (Latypov 2015). Thus, the sulfide-bearing olivine
pyroxenite has low values of MgOy, o), Mg/Al and IPGE|,
and high Pd/Ir ratios relative to the overlying net-textured
ores (Figs. 2¢c1, c4, 6¢1-c3, c6).

Stage II (Fig. 9b): Following the first stage, more batches
of basaltic magma pass through the magma conduit. Sulfides
and olivine carried by the magma settled down to form the
net-textured ores in lherzolite of No. 2a orebody. Increases
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Fig. 9 Model of the forma-
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of MgOy;o; and Mg/Al ratios as well as S contents upward
in the lherzolite (Figs. 2c1, c4, c5) suggest that the amount
of the olivine settling down from the batches of magma
increases progressively. Deposition of more olivine led
to thick sulfide-olivine cumulates having relatively high
MgOy,o, and Mg/Al (Figs. 2al, a4). The sulfide liquids
carried by different batches of magma segregated under
progressively increasing R values. Thus, the net-textured
ores of the No. 2 and No. 2a orebodies show an increase
of IPGE;;o, and decrease of Pd/Ir upward (Figs. 6al-a3,
c1-c3). Low olivine-sulfide dihedral angles of the net-texture
ores in the No. 2 orebody (< 60°, Tonnelier 2010) suggest
that the sulfides settled while adhering to olivine or perco-
lated downward in the olivine cumulates. A similar mecha-
nism was proposed for the formation of the net-textured ore
in the No. 3 orebody at Jinchuan (Kang et al. 2022).

Stage III (Fig. 9c): From the following batches of basaltic
magma, sulfides segregated under progressively smaller R
values and accumulated together with waning magma flow

and thus decreasing olivine capacity of the magma to carry
crystals and sulfide. Thus, the formation of the disseminated
sulfides overlying the net-textured ores in the No. 2 orebody
might be associated with a slowdown of the magma entering
a larger magma chamber (Figs. 1d-e, 9¢). Hence, IPGE,;,
tend to decrease and Pd/Ir increase upwards in the dissemi-
nated sulfides (Fig. 6al-a3, a6, b1-b3, b6).

Stage IV (Fig. 9d): Pure sulfide melt from somewhere
else injected into different portions of the No. 2 and No. 2a
orebodies and formed the lenticular or irregular shaped mas-
sive orebodies (Fig. 1d, e). In-situ fractionation of the pooled
sulfide melts resulted in upward decrease in IPGE contents
and Pd/Ir increase in the massive ores (Fig. 6). Migration
of the Pt and Cu enriched residual sulfide liquids not only
resulted in Pt depletion in the massive ores but also Pt and
Cu enrichment in some of the adjacent net-textured ores.
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Conclusions

Different types of ore in the newly discovered No. 2a and
No. 2 orebodies of the Jinchuan deposit have similar Ni,
Cu and PGE compositions. No. 2a and No. 2 orebodies are
located in the upstream and downstream segments, respec-
tively, of a sub horizontal magma conduit. Sulfide segrega-
tion under progressively higher silicate/sulfide liquid ratios
in the replenished magma, and/or reaction of the sulfides
with more silicate magmas resulted in upward increasing
IPGE,(, and a decrease Pd/Ir of the net-textured ores in
the orebodies. The massive ores experienced in-situ frac-
tionation as indicated by decreases of IPGE;, and increase
of Pd/Ir upwards. Pt-depletion in the massive ores and Pt-
enrichment in some of the adjacent net-textured ores are the
results of migration of highly fractionated sulfide liquids.
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