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A B S T R A C T

The Poyi Cu-Ni deposit is hosted by the Early Permian Pobei mafic-ultramafic complex along the northern
margin of the Tarim Plate. This series of multiple intrusions in the Poyi deposit can be divided into four
lithologies: gabbro, dunite, hornblende peridotite, and wehrlite. The ore body consists mainly of disseminated
sulfides hosted by hornblende peridotite. All the Poyi deposit sulfides show positive Δ33S values from 0.004 to
0.221‰ and negative δ34S values from −0.8 to −3.5‰. High Ni contents occur in the hornblende peridotites,
which exhibit the highest Δ33S value of 0.221‰ and the lowest δ34S value of −3.5‰, indicating contamination
by sulfides from Archean sedimentary rocks. This contamination was important during sulfide saturation in the
Poyi intrusions and likely occurred at depth before the emplacement of the Poyi intrusions. The intrusions
incorporated country rocks during their emplacement and consolidation, and the degree of assimilation in-
creases from the central lithofacies (i.e., the hornblende peridotite) to the marginal lithofacies (i.e., the wehrlite,
dunite, olivine gabbro, and gabbro). Higher Ni contents are correlated with lower degrees of contamination;
thus, we infer that the contamination by the country Paleoproterozoic rocks, which contain significant amounts
of gneiss and marble, hindered sulfide saturation.

The whole-rock Ni content is negatively correlated with the MgO and Fo contents in the olivine and positively
correlated with the FeO and MnO contents in the olivine. During crystallization, olivine becomes gradually
richer in FeO but poorer in MgO, and Mn tends to be enriched in the late stages of the melt. We infer that the
fractional crystallization of olivine was an important factor during sulfide saturation.

1. Introduction

Magmatic sulfide deposits are formed by sulfide segregation from
mantle-derived mafic-ultramafic magmas (Naldrett, 2004). The dis-
tribution coefficient between sulfides and silicates (DSul/Sil) is between
103 and 105 for platinum group elements (PGEs) (Peach et al., 1990;
Stone et al., 1990; Fleet et al., 1991), between 102 and 103 for Cu, and
between 300 and 1000 for Ni (Francis, 1990; Peach et al., 1990).
Therefore, Cu, Ni, and PGEs are highly compatible in sulfides. The
occurrence of sulfides in silicate melts requires sulfide saturation in the
magma system, and the sulfur content at sulfide saturation (SCSS) is
influenced by the temperature, pressure, oxygen (fO2), and magmatic
composition (Wendlandt, 1982; Mavrogenes and O’Neill, 1999; Li and
Ripley, 2009; Liu et al., 2007; Ripley and Li, 2013).

Li and Ripley (2009) presented an empirical equation for the SCSS
based on available experimental results. The SCSS conforms to equation

(I), where P is in kbars, T is in Kelvin, X is the mole fraction, and Xi is
the mole fraction of the content of oxide i in the melt:
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is positively correlated with the contents of FeO, TiO2, and CaO and
negatively correlated with SiO2

Generally, SCSS is positively correlated with pressure, the content of
FeO, TiO2, CaO, and H2O and negatively correlated with temperature
and the content of SiO2 (Wendlandt, 1982; Mavrogenes and O’Neill,
1999; Liu et al., 2007; Li and Ripley, 2009). Sulfide saturation in most
uncontaminated mantle-derived magmas will not occur via fractional
crystallization until ∼20–40% crystallization is reached (Ripley and Li,
2013). Previous research suggested that the consumption of FeO during
crystallization differentiation is also an important factor in sulfide sa-
turation (Chai et al., 2011; Wykes et al., 2015; Xue et al., 2016). For
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example, the sulfide saturations of PGE-disseminated sulfide deposits,
such as the Jinbaoshan deposit and Niquelandia mafic-ultramafic in-
trusion, and sulfide-poor but PGE-enriched layers, such as those in the
Sonju Lake intrusion, are related to the crystal fractionation of olivine
and chromite (Ferreira Filho et al., 1995; Miller, 1999; Park et al., 2004;
Tao et al., 2007).

Sulfide saturation is both influenced by crystallization differentia-
tion and by contamination with crustal material, especially the addition
of crustal sulfur (Lightfoot and Hawkesworth, 1997; Naldrett, 2004;
Sun, 2009; Tang et al., 2012; Sharman et al., 2013; Fortin et al., 2015).
The combination of Δ33S and δ34S values provides a robust method to
fingerprint sulfur reservoirs in a wide range of geologic settings (Bekker
et al., 2009; Fiorentini et al., 2012a,b; Sharman et al., 2013).

Xue et al. (2016) inferred that the addition of crustal S remains the
best explanation for sulfide saturation in initial magma. However, the
sulfides in the Poyi Cu-Ni deposit exhibit mantle-like sulfur isotopes
(δ34S = −0.3 to −2‰) (Xia et al., 2013). Measurements of both Δ33S
and δ34S are particularly important to detect the importance of Archean
S in mafic igneous rocks because many Archean sedimentary rocks do
not show δ34S values that significantly differ from the mantle values,
which are near 0‰ (Farquhar et al., 2000; Farquhar and Wing, 2003).
Thus, we conducted a field, geochemical, multiple-sulfur-isotope (Δ33S
and δ34S) and olivine-composition study of this intrusion to constrain
the effects of fractional crystallization and crustal contamination on
sulfide saturation.

2. Geologic setting

Some of the Permian mafic-ultramafic intrusions that were dis-
covered in northern Xinjiang, Northwest China (Fig. 1), host economic
magmatic sulfide deposits. Their discovery makes northern Xinjiang the
second most important district for Ni resources in China (Mao et al.,
2008; Pirajno et al., 2009; Qin et al., 2011; Han et al., 2013). The Cu–Ni
deposits along the northeastern margin of the Tarim Basin are mainly

distributed in three areas (Fig. 1C): Beishan (Pobei), central Tianshan,
and eastern Tianshan (Han et al., 2004; Zhou et al., 2004; Jiang et al.,
2006; Chai et al., 2008; Pirajno et al., 2008; Han et al., 2010; Qin et al.,
2011; Zhang et al., 2011; Tang et al., 2012).

The Cu–Ni deposits that are related to Early Permian mafic–ul-
tramafic deposits in eastern Tianshan include Huangshandong,
Tulargen, Huangshanxi, Hulu, and Xianshan (Fig. 1C). The country
rocks mainly belong to Middle Ordovician and Carboniferous strata
(Dong et al., 2005).

Central Tianshan formed from a Precambrian block that contained
both the Tianyu and Baishiquan Cu–Ni deposits (Fig. 1C). The country
rocks of these deposits comprise Paleoproterozoic and Mesoproterozoic
strata, which consist mainly of mica-quartz schist and gneiss, with ages
of 997 Ma–1829 Ma (Dong et al., 2005).

The Beishan Terrane, where the Poyi Cu-Ni deposit is located, is
traditionally considered to be a Paleozoic rift zone (Xiao, 2004; Su
et al., 2011). The Beishan rift zone consists of a Precambrian crystalline
basement and primarily Paleoproterozoic overlying sedimentary rocks
(Xu et al., 2009). The rift zone is separated from the Kruktag Block to
the west by the Xingxingxia Fault and from the Dunhuang Block to the
east by the Liuyuan Fault (Fig. 1).

The mafic-ultramafic intrusions in the Pobei, such as Luodong,
Poshi, Poyi, and Podong, have been successively explored in recent
decades (Fig. 1) (Jiang et al., 2006; Li et al., 2006; Yang et al., 2008; Ao
et al., 2010; Yang, 2011; Su, 2014; Yang et al., 2014; Liu et al., 2015,
2016; Xue et al., 2016; Zhang et al., 2017). The Pobei mafic-ultramafic
complex is approximately 35 km in length and 8 km in width (Fig. 2).
This complex mainly consists of three mafic intrusions from the
southwest to the northeast: gabbro, magnetite-mineralized gabbro, and
leucocratic gabbro (Fig. 2). The Poshi, Poyi, and Podong ultramafic
rocks, which hosts the Cu–Ni ore, comprises gabbro intrusions, are
enclosed into gabbro intrusions; the Xiaochangshan Fe deposit is ex-
posed in the southern portion of the magnetite-mineralized gabbro
(Fig. 2). The Cu-Ni sulfide and Fe-Ti oxide ores in the Pobei area were

Fig. 1. Tectonic units and distribution of magmatic deposits
and Early Permian basalts in northern Xinjiang, Northwest
China (modified after BGMRXUAR 1993; Yu et al., 1999;
Xiao et al., 2004). Age resources: Mao et al. (2003), Wu
et al. (2005), Jiang et al. (2012).
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products of cogenetic parent magma during the Early Permian (Liu
et al., 2017).

The mafic–ultramafic intrusions exhibit close relationships with
regional faults. The Baidiwa–Yunihe Fault has had a long-term effect on
the distribution of the Pobei mafic–ultramafic intrusions and Cu–Ni
deposits. The exposed rocks in the Beishan (Pobei) area include the
Proterozoic gneiss, marble or schist; the Lower Carboniferous
Hongliuyuan Formation; and the Shibanshan Formation (Xiao, 2004).

3. Geology of the Poyi deposit

The Poyi ultramafic intrusion trends ENE–WSW (Fig. 3) and is
2.8 km long and 2.4 km wide, covering an area of approximately
6.72 km2. The ultramafic rock phase is 2.2 km long, averages 0.6 km in
width, and covers an area of approximately 1.32 km2. The rocks that
surround this intrusion include Paleoproterozoic quartz-biotite schist,
gneiss and marble (2203 ± 74 Ma) (Xiao, 2004) (Fig. 2), with some
Paleoproterozoic rocks appearing to be large xenoliths in the intrusion
(Fig. 3). The lithofacies of the Poyi ultramafic intrusion are dunite,
hornblende peridotite, wehrlite, olivine gabbro, and gabbro. The dunite
and wehrlite are situated in the center of the intrusion, the gabbro is
located at the edge, the olivine gabbro crops out in batholiths in the
gabbro lithofacies, and the hornblende peridotite is only observed at
depth, as shown in the cross-section in Fig. 4. The dip angle of the Poyi
intrusion is approximately 60–70° (Fig. 4). The ore bodies are strictly
controlled by the hornblende peridotite that can be classified into
marginal and central facies. The ore bodies are located in the central
facies (Fig. 4).

The gabbro is located on the periphery of the intrusion, so we
speculated that the gabbro was formed earlier in the mafic-ultramafic

intrusion. The hornblende peridotite wraps the dunite (Fig. 5A), which
suggests that the hornblende peridotite formed later than the dunite.
The contact boundary between the hornblende peridotite and wehrlite
features a chilled border in the wehrlite (Fig. 5B), confirming that the
wehrlite formed later than the hornblende peridotite. Thus, the mul-
tiple intrusions of the Poyi deposit formed during four main stages. The
intrusion sequence is as follows: gabbro, dunite, hornblende peridotite,
and wehrlite.

Dunite is mainly yellow-green in hand specimens (Fig. 4A), and the
olivine (Ol) contents are> 90% and locally 95%. The olivine crystals
are approximately 2–4 mm in size and exhibit adcumulate to mesocu-
mulate texture (Fig. 6A), elliptical or plate shapes, and fracture devel-
opment. The pyroxene contents are approximately 5–10% and are
mainly clinopyroxene (Cpx). The opaque minerals are chromite (Chr),
representing approximately 2–3%. The chromite within olivine grains
has a spherical shape and a diameter of approximately 50 µm (Fig. 6A),
while the chromite outside the olivine grains has a cubic shape and
diameters of approximately 100–150 µm (Fig. 6A).

The hornblende peridotite is dark gray in hand specimens
(Fig. 4C–E), with visible porphyritic amphiboles and disseminated
sulfides. During the reconnaissance stage of the exploration of the Poyi
Cu-Ni deposit, some researchers reported that the ore-bearing rocks
were lherzolite (Xia et al., 2013). However, upon further detailed in-
vestigation in our systematic study, the ore-bearing rocks are more
appropriately described as hornblende peridotite. Olivine grains within
the hornblende peridotite are approximately 0.5–3 mm in size, in most
cases comprising nearly 80% of the rock. The hornblende content is
approximately 10–20%. The hornblende grains are plate shaped and
have dimensions of 0.5 × 1 mm, with some reaching 3–4 mm (Figs. 4D
and E and 6C and D). Petrographic investigation indicates that the

Fig. 2. Geologic map of the Pobei mafic-ultramafic complex
(Liu et al., 2017).

Fig. 3. Geologic map of the Poyi mafic-ultramafic intrusion
(modified from SGTXBGMR, 2012).
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hornblende is the result of the alteration of clinopyroxene (Fig. 6E-1).
The orthopyroxene (Opx) and clinopyroxene (Cpx) contents are 2–3%
and 5%, respectively. In addition, a small amount of chromite (0.5%)
exists. Sulfides (2–4%) mainly include pentlandite (Pn), pyrrhotite (Po),
and chalcopyrite (Ccp) (Fig. 6B-D). Sulfides mainly occur in the inter-
stitial space of cumulus olivine (Fig. 6B), with minor sulfides along
hornblende cleavage (Fig. 6C and D). We also observed sulfide in the
olivine (Fig. 6E-2), chromite (Fig. 6E-3) and boundary between olivine
and clinopyroxene (Fig. 6E-2).

The hornblende peridotite can be classified into marginal and cen-
tral facies. The Ni grade of the marginal facies is mostly lower than
0.4 wt%, and economic ore bodies are mainly distributed in the central
facies (Fig. 4). In the marginal facies (Fig. 6C), the hornblende content
is lower and the hornblende grains are smaller than those in the central
facies of the hornblende peridotite (Fig. 4D and E).

The wehrlite has a fine-grained and cumulate texture (Fig. 4B) and
contains Ol (50–65%), which is 2–4 mm in size and oval-shaped, and
Cpx (35%) and Opx (5%), which are subhedral columnar in shape and
1–2 mm in size (Fig. 6E). Sulfides (1–2%) are distributed between the
olivine and pyroxene (Fig. 6E).

4. Sampling and methods

Geochemical analyses were performed on 156 samples from evenly
distributed locations across the seven drill holes from exploratory line
No. 22. The sampling interval was between 30 and 40 m, and the Ni, Ti,
Ca, and S composition of each sample was analyzed. Geochemical
analyses were conducted in the Ministry of Land and Mineral Resources
Supervision and Inspection Center of Urumqi (MLMRSICU), China. Ca,
Ti, Ni and S were analyzed according to the Geology and Mineral
Industry Standard of the People's Republic of China (2016a–c). The
detection limits of Ca, Ti, Ni and S were 30 ppm, 5.3 ppm, 0.7 ppm and
8.2 ppm, respectively, and the precision was 0.72%, 0.43%, 1.54% and
2.67%, respectively.

The mineral compositions were determined by using a JXA-8100
electron microprobe at Chang'an University. The analytical conditions
included an energy of 15 kV, a beam current of 20 nA, a beam diameter
of 1–5 µm and a peak-counting time of 20 s. The analytical error
was± 2‰.

Ten samples with disseminated sulfides from DH22-3 and DH22-4,
including five hornblende peridotite, one wehrlite, and four pyroxenite
samples, were selected for sulfur isotope analyses (δ33S and δ34S). The

Fig. 4. Lithofacies distribution and ore bodies (Ni > 0.4 wt
%) of prospecting line 22 (A: dunite; B: wehrlite; C: marginal
facies of the hornblende peridotite; D and E: central facies of
the hornblende peridotite).

Fig. 5. Contact relationships between the major lithofacies
(A: hornblende peridotite that encapsulates dunite; B:
chilled border in the wehrlite).
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Fig. 6. Photomicrographs of the main rock types. The fields of view in i-1 and i-2 are the same, but i-1 is under transmitted light and i-2 is under reflected light. Ol = olivine,
Chr = chromite, Sul = sulfides, Po = pyrrhotite, Pn = pentlandite, Ccp = chalcopyrite, Cpx = clinopyroxene, and Hbl = hornblende. A. Photomicrographs of dunite; sampling loca-
tion: 105 m in DH22-4. B. Photomicrographs of the marginal facies of hornblende peridotite. Sulfides are mainly present in intergranular olivine. Sampling location: 1068 m in DH22-4. C.
Photomicrographs of the marginal facies of hornblende peridotite. A small amount of the sulfides is present in hornblende; the hornblende content is lower and the hornblende particles
are smaller than those in the central facies of the hornblende peridotite. Sampling location: 1032 m in DH22-4. D. Photomicrographs of the central facies of hornblende peridotite;
sampling location: 870.5 m in DH22-4. E-1. Clinopyroxene that changed to hornblende in hornblende peridotite. Sampling location: 958.8 m in DH22-4. E-2: Sulfide in olivine and the
boundary between olivine and clinopyroxene. Sampling location: 958.8 m in DH22-4. E-3: Sulfide in chromite. Sampling location: 958.8 m in DH22-4. F. Photomicrographs of wehrlite.
Sampling location: 1688 m in DH22-9.

Fig. 7. Relationships between Ni and Ca, Ti, and S in dif-
ferent lithofacies.
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whole-rock samples were first pulverized to 100–120 µm in size, and
the sulfides were separated from most of the silicate minerals by gravity
separation. Then, the sulfides were manually selected under a binocular
microscope. The sulfur isotope analyses were conducted in the Beijing
Research Institute for Uranium Geology. The method for determining
the δ33S and δ34S values of the sulfides was as follows. Sulfide minerals
and Cu2O were mixed in fixed proportions and ground to approximately
200 mesh. The mixture was packaged in Cu foil and the mixture was
baked for one hour at low temperature under a vacuum environment of
2.0 × 10−2 Pa. The mixture was then heated to a temperature of 980 °C
to trigger an oxidation reaction, generating SO2 gas. Under these va-
cuum conditions, the SO2 gas was collected by freezing, and the residue
gas was then evacuated by a diffusion pump (Liu et al., 2013). A Delta V
Plus gas isotope mass spectrometer was used to determine the SO+-
SO2

+ sulfur isotopic composition (Baublys et al., 2004). The results are
relative to the Canyon Diablo Troilite (CDT) standard and are denoted
as δ34SV-CDT and δ33SV-CDT. The analytical precision was better than±
0.2‰. The sulfide reference materials were the silver sulfide standards
GBW-04414 and GBW-04415, which have δ34S values of
−0.07 ± 0.13‰ and 22.15 ± 0.14‰, respectively, and δ33S values
of −0.02 ± 0.11‰ and 11.36 ± 0.14‰, respectively (Ding et al.,
2001).

5. Results

5.1. Major elements

The Ni and S contents of the rocks in prospecting line 22 are pro-
vided in Supplementary-1.

(1) Relationships between S and Ni

In Fig. 7, S is positively correlated with Ni. Compared to the other
lithofacies, the hornblende peridotite exhibits the highest S content.
The average S contents in the dunite, hornblende peridotite, wehrlite,
pyroxenite, and olivine gabbro are 0.16%, 0.48%, 0.25%, 0.54%, and
0.06%, respectively. The mean Ni values in the dunite, hornblende
peridotite, wehrlite, pyroxenite, and olivine gabbro are 0.20%, 0.35%,
0.12%, 0.15%, and 0.02%, respectively. All the dunite samples nearly
did not contain any sulfide, so the 0.2% Ni value represents the nickel
silicate content. With an average S content of 0.16%, the dunite still did
not reach sulfide saturation, so the lower limit of the SCSS value for
dunite is 0.16%.

(2) Ni contents of the rocks in drill hole 22-7

The Ni content in drill hole 22-7 is illustrated in Fig. 8, and the
detailed data are provided in Supplementary-2. The location of the drill
hole is shown in Figs. 3 and 4. In drill hole 22-7, 0–498 m is dunite and
498–961 m is hornblende peridotite. The whole-rock Ni content of the
dunite gradually increases from 0.18% at 12.9 m to 0.39% at 498 m.
The whole-rock Ni content of the hornblende peridotite is between 0.3
and 0.4% from 498 to 600 m, greater than 0.4% from 600 to 815 m, and
between 0.2 and 0.3% at depths greater than 815 m. The depth ranges
from 498 to 600 m and from 800 to 960 m feature the marginal facies of
the hornblende peridotite, whereas the depth range from 600 to 815 m
features the central facies. The central facies is characterized by Ni
enrichment. In Fig. 8, the whole-rock Ni content is negatively correlated
with the MgO and Fo contents and positively correlated with the FeO
and MnO contents in the olivine.

5.2. Mineral compositions

The compositions of olivine are provided in Supplementary-3. We
deleted small part of samples that were affected by alteration or granitic
veins.

The stratigraphic variations in the olivine Fo, MgO, FeO, SiO2, and
MnO contents in drill hole 22-7 are illustrated in Fig. 8. The location of
the drill hole is shown in Figs. 3 and 4.

The olivine Fo in the dunite gradually decreases from 89.7 at 38.8 m
to 87.3 at 448.8 m, and the MgO and NiO contents of the olivine de-
crease with depth from 48.35 to 46.89% and from 0.4% to 0.25%, re-
spectively. In contrast, the FeO content increases with depth from 9.68
to 11.88%, and the SiO2 and MnO contents do not change with depth.
The SiO2 content of the olivine in the dunite remains at approximately
41%. The Fo and NiO contents of the olivine have a good positive
correlation in the dunite. Both values show a progressive decrease
downward the stratigraphic section. The whole-rock Ni and olivine NiO
have a negative correlation.

In the hornblende peridotite, the olivine Fo and the MgO and NiO
contents decrease from the marginal facies to the central facies,
whereas the FeO, SiO2, and MnO contents in the olivine increase from
the marginal facies to the central facies (Fig. 8). The whole-rock Ni
content in the hornblende peridotite has a negative correlation with the
Fo and a positive correlation with the FeO, SiO2 and MnO in the olivine.

5.3. Multiple sulfur isotopes

The δ34S values (all the values that are shown here are relative to
the Vienna Canyon Diablo Troilite (V-CDT) and expressed in per mil,
‰) of the central hornblende peridotite range from −2.6 to −3.5‰
and average −3‰ (Table 1 and Fig. 9). The Δ33S values vary between
0.004 and 0.146‰, with an average of 0.063‰. The δ34S values of the
marginal hornblende peridotite range from −0.8 to −1.4‰, with an
average of −1.1‰, and the Δ33S values vary between 0.112 and
0.221‰, with an average of 0.167‰. The δ34S of the marginal horn-
blende peridotite is relatively different from the mantle-source δ34S
value (−1.80‰ to 0.49‰; see Gao and Thiemens, 1993; Labidi et al.,
2013) compared to the central hornblende peridotite (Fig. 9). However,
the Δ33S value of the central hornblende peridotite is higher than that of
the marginal hornblende peridotite (Fig. 9).

The wehrlite has a δ34S value (Table 1 and Fig. 9) of −2.4 and a
Δ33S value of 0.037‰. The pyrrhotite in the pyroxenite (Table 1 and
Fig. 9) has δ34S values between −1.5 and −2‰, with an average of
−1.8‰, and Δ33S values between 0.073 and 0.131‰, with an average
of 0.102‰. The δ34S values of the chalcopyrite range between −0.8
and −1.7‰, with an average of −1.3‰. Generally, the chalcopyrite
has higher δ34S values than the pyrrhotite, and the Δ33S values of the
chalcopyrite are between 0.012 and 0.076‰.

All the sulfides from the Poyi deposit exhibit positive Δ33S values
between 0.004 and 0.221‰ (Table 1 and Fig. 9). The hornblende
peridotite, which has the greatest Ni enrichment, has the highest Δ33S
value (0.221‰).

6. Discussion

6.1. Source of sulfur

The δ34S values of the central hornblende peridotites range from
−2.6 to −3.5‰ (Fig. 9) and average −3‰. These values are sig-
nificantly lower than typical mantle values (from −1.80‰ to
+0.49‰; see Gao and Thiemens, 1993; Labidi et al., 2013), which is
strong evidence that crustal sulfur was added to the Poyi deposit. The
hornblende peridotites have the highest Ni and S contents. These rocks
also exhibit the highest Δ33S value of 0.221‰ and the lowest δ34S value
of −3.5‰, so the contamination of crustal sulfur was critical to the
sulfide saturation in Poyi. However, the rocks that surround the Poyi
deposit, including Paleoproterozoic quartz-biotite schist, gneiss and
marble, do not contain sulfides. Consequently, what was the source of
the crustal sulfur? We attempt to answer this question by using the Δ33S
values of the sulfides in the Poyi deposit.

Multiple sulfur isotopes can be fractionated during both biological
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and inorganic processes on Earth, such that 33S/32S = 1/2 34S/32S
(Hulston and Thode, 1965). The fractionations that obey these rules are
described as “mass dependent” (Rumble, 2005). However, Archean
sedimentary rocks do not follow this relationship (Farquhar et al., 2000;
Bekker et al., 2009), and this deviation in isotopic abundances is called
“mass-independent” fractionation (MIF). Volcanic SO2 gas was photo-
chemically fractionated in the oxygen-poor and ozone-free Archean
atmosphere. The nuclear reaction with photons produced an excess of
33S. In the absence of rapid re-oxidation, this process led to an excess of
reduced 33S species. Consequently, oxidized and reduced species of
sulfur were delivered to the land and oceans without becoming entirely
homogenized. Thus, the sulfur isotopes in Archean sedimentary rocks
retain a mass-independent signal (Farquhar et al., 2001). The magni-
tude of this anomalous isotopic fractionation can be characterized by
the measurement of δ33S values (δ33S = [(33S/32S)sample/
(33S/32S)standard − 1] × 1000) and δ34S values (δ34S = [(34S/32S)
sample/(34S/32S)standard − 1] × 1000) and is indicated by nonzero
Δ33S values (δ33Smeasured − δ33Spredicted, where δ33Spredicted =
[(δ34Smeasured + 1)0.515 − 1] × 1000) (Farquhar and Wing, 2003).
The Δ33S values in peridotite xenoliths are zero

(Δ33S≈ 0.00 ± 0.03‰), indicating zero Archean crustal assimilation
(Farquhar et al., 2002). However, samples with sulfur that cycled
through the Archean surface environment have Δ33S values above
0.03‰ because the Archean atmosphere was poor in oxygen and free of
ozone (leading to an excess of 33S), whereas non-Archean samples do
not have Δ33S values significantly above 0.03‰ (Farquhar and Wing,
2003; Lyons, 2007; Danielache et al., 2008; Watanabe et al., 2009).
Thus, Δ33S values provide a robust and reliable proxy for the assim-
ilation of Archean sediment in magmatic systems. This approach has
been applied to the Bushveld Complex, the Voisey’s Bay Ni-Cu sulfide
deposit, and Ni sulfides that are hosted in komatiites and Ni-Cu-(PGE)
deposits in the Tati greenstone belt (Bekker et al., 2009; Ding et al.,
2012; Fiorentini et al., 2012a,b; Hiebert et al., 2013; Penniston-Dorland
et al., 2012; Sharman et al., 2013).

All the sulfides in the Poyi deposit have positive Δ33S values be-
tween 0.004 and 0.221‰ (Table 1). The hornblende peridotites are
most enriched in Ni and exhibit the highest Δ33S value of 0.221‰,
probably indicating that the crustal sulfur originated from Archean
sedimentary rocks. Compared to the sulfides in the marginal horn-
blende peridotite, the sulfides in the central hornblende peridotite have

Fig. 8. Relationship between the olivine composition and Ni
content of whole rocks in drill hole 22-7.

Table 1
Multiple sulfur isotopes.

Sample Location Lithofacies Object δ33SV-CDT (‰) Average δ34SV-CDT (‰) Average Δ33S(‰) Average

DH22-3 495.5 m Central hornblende peridotite Po + Pn −1.8 −1.5 −3.5 −3 0.004 0.063
DH22-4 805.6 m −1.4 −3 0.146
DH22-7 870.1 m −1.3 −2.6 0.04

DH22-4 1032.7 m Marginal hornblende peridotite Po + Pn −0.3 −0.4 −0.8 −1.1 0.112 0.167
DH22-3 689 m −0.5 −1.4 0.221

DH22-3 1045 m Wehrlite Po + Pn −1.2 −1.2 −2.4 −2.4 0.037 0.037

DH 22-3 1030 m Pyroxenite Ccp −0.4 −0.6 −0.8 −1.3 0.012 0.044
DH22-3 1013.5 m −0.8 −1.7 0.076
DH22-3 1030 m Po −0.7 −0.8 −1.5 −1.8 0.073 0.102
DH22-3 1013.5 m −0.9 −2 0.131

Note: Po-pyrrhotite; Pn-Pentlandite; Ccp-Chalcopyrite.
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relatively higher Δ33S values (Fig. 9). However, the δ34S of the marginal
hornblende peridotite is more unlike mantle sulfur. Thus, determining
which lithofacies contaminated more sulfur among the central horn-
blende peridotite and the marginal hornblende peridotite is difficult.
What we can judge is that some of the crustal sulfur in the Poyi mafic-
ultramafic intrusion originated from Archean sedimentary rocks. The
rocks that surround the Poyi deposit do not contain Archean sedimen-
tary rocks, so the addition of sulfur from Archean sedimentary rocks
should have occurred before the emplacement and consolidation of the
Poyi intrusions. This process also occurred in the Bushveld Complex.
Penniston-Dorland et al. (2012) demonstrated that the sulfur con-
tamination occurred prior to the emplacement of the Bushveld Complex
in the upper crust and that possible sources of contamination included
the lower crust and the sub-continental lithospheric mantle.

Water-insoluble reduced sulfur species, such as elemental sulfur,
carry a positive Δ33S signature, having transferred to disseminated
sulfides in the Archean sedimentary rocks (Fiorentini et al., 2012a). In
contrast, water-soluble oxidized sulfur species (e.g., sulfate) usually
have a negative Δ33S signature (Fiorentini et al., 2012a), and sulfate in
seawater generally has δ34S values from +10‰ to 30‰ (Zheng and
Chen, 2000). The hornblende peridotite and pyroxenite have positive
Δ33S values and negative δ34S values, so the possibility of sulfur con-
tamination from seawater or sulfate can be ruled out. Hence, the Poyi
intrusions were probably contaminated by sulfides from deep Archean
sedimentary rocks prior to emplacement and consolidation instead of
sulfate.

6.2. Crustal contamination

Based on the sulfur isotopes, the Poyi intrusions were likely con-
taminated by sulfides from Archean sedimentary rocks at depth before
emplacement and consolidation. However, what effect did the mixing
of the surrounding rocks during the emplacement and consolidation of
the Poyi intrusions have on the sulfide saturation? The rocks that sur-
round these intrusions include Paleoproterozoic quartz-biotite schist,
gneiss and marble (Xiao, 2004). To determine the influence of Paleo-
proterozoic gneiss contamination on the sulfide saturation, this study
compiled the Sr and Nd isotopes of the different lithofacies from pre-
vious studies of the Poyi intrusion (Jiang et al., 2006; Qin and Li, 2011;
Yang, 2011; Xia et al., 2013) (Please see Supplementary-4), calculated
the average value, and calculated the degree of assimilation of the
Paleoproterozoic rock by using a two-end-member isotope-mixing
model (Fig. 10). The end members were the Paleoproterozoic gneiss, an
Nd content of 29.36 ppm, an 143Nd/143Nd ratio (t = 276 Ma) of

0.509762, an Sr content of 721.77 ppm, and an 87Sr/86Sr ratio
(t = 276 Ma) of 0.712561 (Feng et al., 1995; Hu et al., 1997); and the
depleted mantle (DM), which had an Nd content of 23 ppm (Sun and
McDonough, 1989), an 143Nd/143Nd ratio of 0.5131, an Sr content of
155 ppm, and an 87Sr/86Sr ratio of 0.7027 (Salters and Stracke, 2004).
The degree of assimilation gradually increased in the hornblende
peridotite, wehrlite, dunite, olivine gabbro, and gabbro (Fig. 10). Li-
thofacies with higher Ni contents had lower degrees of contamination.
Thus, Paleoproterozoic gneiss contamination likely played a role in
depressing sulfide saturation. The assimilation of Archean sediments
with sulfide prior to emplacement and consolidation may have also
influenced the Sr-Nd isotope composition. However, if the Archean
sediments were the main component that the Poyi intrusion con-
taminated, the hornblende peridotite should have had the lowest sulfur
content because the hornblende peridotite had the lowest contamina-
tion among the several lithofacies in Poyi. However, the hornblende
peridotite had the highest sulfur content, so the degree of mixing with
the Archean sediments was small and the two-end-member isotope-
mixing model could generally reflect the contamination degree.

Samples with Ni contents above 0.4 wt% had low Ca (< 2 wt%) and
Ti (< 0.1 wt%) contents in the Poyi mafic-ultramafic intrusion (Fig. 7).
These results are consistent with the detrimental effects of the addition
of calcium and titanium on sulfide saturation in a magmatic system (Liu
et al., 2007; Li and Ripley, 2009). The marginal lithofacies of the Poyi
intrusion, such as the gabbro and olivine gabbro, had much higher Ca
and Ti contents, which may be one reason that those lithofacies did not
reach sulfide saturation. Marble is present in the Paleoproterozoic rocks
in the Poyi mining area (Fig. 3). The gabbro is in direct contact with the
marble (Fig. 11A), and calcite is commonly associated with pyroxene
grains in the pyroxenite (Fig. 11B). Thus, the Poyi mafic-ultramafic
rocks assimilated some marble. The assimilation of carbonate decreases
the sulfide solubility of magmas (Holwell et al., 2007; Lehmann et al.,
2007). Generally, the marginal lithofacies should have a higher con-
tamination degree. The hornblende peridotite is located in the center of
the intrusions (Fig. 4), which is perhaps an important reason for the
sulfide saturation in the hornblende peridotite.

Based on the above evidence, the Poyi intrusions were likely con-
taminated with sulfides from Archean sedimentary rocks at depth be-
fore emplacement and consolidation. This sulfide addition was im-
portant for the Poyi intrusion to reach sulfide saturation. However, the
incorporation of the country rocks during the emplacement and con-
solidation of the Poyi intrusions depressed the sulfide saturation.

Fig. 9. Plot of δ34S vs. Δ33S.
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6.3. Fractional crystallization

The increase in the S concentration of a melt because of the crys-
tallization of olivine, pyroxene, feldspar, and other minerals may lead
to the separation of so-called “cotectic” proportions of sulfide liquid
(Ripley and Li, 2013). Sulfide-poor but PGE-rich layers, such as those in
the Sonju Lake intrusion (Miller, 1999; Park et al., 2004), are thought to
result from the fractional crystallization of a tholeiitic melt. The whole-
rock Ni content is negatively correlated with the NiO content in olivine
(Fig. 8). This phenomenon was likely caused by the presence of sulfides
during crystallization because Ni preferentially entered the sulfides,
with the distribution coefficient between olivine and silicate magma
(2.86–13.6) (Takahashi, 1978) being far less than that between a sulfide
melt and silicate magma (300–1000) (Barnes and Maier, 1999).

Tao et al. (2007) proposed that sulfide saturation was reached be-
cause of olivine and chromite crystallization in the magma, thereby
producing PGE-enriched disseminated sulfide zones in the Jinbaoshan
intrusion in China. During crystallization, the olivine became gradually
richer in FeO but poorer in MgO. The distribution coefficient for Mn
between olivine and a basaltic melt is 0.42–0.917 (Bougault and
Hekinian, 1974; Ohtani et al., 1989), so Mn tends to be enriched in the
late stage of the melt. In Fig. 7, the whole-rock Ni content was nega-
tively correlated with the MgO and Fo contents and positively corre-
lated with the FeO and MnO contents in the olivine. Therefore, the

whole-rock Ni content had a close relationship with the crystallization
of olivine. We infer that the fractional crystallization of olivine was also
an important factor during sulfide saturation.

We also used the MELTS program by Ghiorso and Sack (1995) and
Asimow and Ghiorso (1998) to estimate the relationship between the
fractional crystallization of olivine and the SCSS. The parental magma’s
composition and primary temperature were required for this purpose.
We used the method of Chai and Naldrett (1992), the composition of
the most primitive olivine (i.e., Fo = 89.7) among the selected samples,
the olivine liquid Fe-Mg exchange coefficient [Kd, (FeO/MgO)Ol/(FeO/
MgO)Liq] of 0.3 ± 0.03 by Roeder and Emslie (1970), and the average
composition of the selected samples from Song et al. (2011), Xia et al.
(2013), Liu (2015) and found that the MgO and FeO contents in the
parental magma were 14.26 wt% and 6.28 wt%, respectively. We could
draw a best-fit line through the relationship between each major ele-
ment and MgO based on the major element data for the selected sam-
ples. Then, we could calculate the original content of each major ele-
ment based on a primary MgO content of 9.26 wt%. Thus, we could
determine the liquid composition of the parental magma (all in wt%):
MgO = 14.26, FeO = 6.28, Fe2O3 = 0.83, SiO2 = 49.44,
Al2O3 = 13.56, CaO = 10.98, K2O = 0.28, MnO = 0.11,
Na2O = 2.11, Cr2O3 = 0.06, P2O5 = 0.03, NiO = 0.05, TiO2 = 0.58
and LOI = 1.45.

The above calculations indicated the composition of the parental

Fig. 10. Quantitative simulation of the degree of con-
tamination by Paleoproterozoic gneiss rocks in different li-
thofacies in the Poyi Cu–Ni deposit. The gabbro data are
from Xia et al. (2013) and Yang (2011) (n = 6), the olivine
gabbro data are from Yang (2011) and Jiang et al. (2006)
(n = 10), the wehrlite data are from Yang (2011) (n = 1),
the hornblende peridotite data are from Xia et al. (2013)
(n = 1), and the dunite data are from Qin and Li (2011)
(n = 4). The Sr and Nd data are provided in Supplementary-
4.

Fig. 11. Evidence for the contamination of a carbonate
component in the Poyi mafic-ultramafic intrusions (A:
gabbro in direct contact with marble; B: calcite in pyrox-
enite; Cpx: clinopyroxenes; Hbl: hornblende; Cc: Calcite).
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magma. Then, we calculated the crystallization temperature of the
olivine with the highest Fo to be 1217 °C by using the formula by
Roeder and Emslie (1970), i.e., log (XOlMgO)/(XliqMgO) = 3740/
T− 1.87, where T is in Kelvin and X is the mole fraction.

We used the liquid composition of the parental magma and a fixed
logf O2 of FMQ +1 and pressure of 1 kbar in the Melts program to
simulate fractional crystallization between 1217 °C (the primary tem-
perature) and 1150 °C (Fig. 12).

In Fig. 12-A, the sole crystalline phase from 1220 °C to 1196 °C was
olivine, while chromite and clinopyroxene occurred at 1194 °C and
1170 °C, respectively. Sulfides mainly occurred in the interstitial space
of cumulus olivine (Fig. 6B) and in the olivine (Fig. 6E-2), chromite
(Fig. 6E-3) and boundary between the olivine and clinopyroxene
(Fig. 6E-2) in the hornblende peridotite, indicating that sulfide sa-
turation occurred during the crystallization of olivine and chromite but
before the crystallization of clinopyroxene. The lack of sulfides in du-
nite indicates that the magma was not sulfide-saturated when dunite
crystallized. The dunite experienced the cotectic crystallization of oli-
vine and chromite, and the average sulfur content in the dunite was
1600 ppm. We inferred the location of the dunite and hornblende in our
model based on this information, as shown in Fig. 12. The crystal-
lization of chromite caused the SCSS to drop faster (Fig. 12-A), which
should have been caused by the crystallization of chromite leading to a
slightly faster drop in the Fe mole fraction (XFe) in the residual melt
(Fig. 12-B). The clinopyroxene crystallization increased the XFe from
1170 °C to 1178 °C (Fig. 12-B). This increase in XFe created a higher
SCSS, but the crystallization of the clinopyroxene had no influence on
the SCSS (Fig. 12-A). The clinopyroxene crystallization rapidly de-
creased the CaO mole fraction in the residual melt (Fig. 12-C). This
reduction in the XCaO was beneficial to the SCSS drop, which probably
counteracted the effect of the increase in XFe on the SCSS. Fig. 12 shows
that the SCSS was greatly influenced by the crystallization of olivine
and chromite, which is consistent with our idea that the fractional
crystallization of olivine was an important factor during sulfide sa-
turation in the Poyi Cu-Ni deposit.

6.4. Metallogenic model for Poyi Cu-Ni deposit

Below, we summarize a metallogenic model for the Poyi Cu-Ni de-
posit, which contains a small amount of sulfides (Fig. 13), based on the
above evidence:

(1) The country rocks do not contain sulfides.
(2) The compositions of the country rocks hindered sulfide saturation.
(3) The Cu-Ni deposits generally contain disseminated ore.

Fig. 12. Model of the variation in the sulfur contents at sulfide saturation (SCSS) during
fractional crystallization. The modeling details were provided in the text. Ol = olivine,
Chr = chromite, Cpx = clinopyroxene.

Fig. 13. Metallogenic model for the Poyi Cu-Ni deposit.
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The main characteristics of this model are as follows (Fig. 13):

(1) This model can be divided into two stages. Prior to the emplace-
ment of the Poyi intrusions, the magma was contaminated with
sulfides from Archean sedimentary rocks, which was an important
factor during sulfide saturation in the Poyi intrusions. The second
stage occurred during the emplacement and consolidation of the
Poyi intrusions and involved the incorporation of country rocks,
which hindered sulfide saturation.

(2) The peripheral rocks for the Poyi intrusions are gabbros, whereas
the central rocks are peridotite, which were less contaminated by
the country rocks. The peridotite can be divided into central and
marginal facies, and the degree of crystallization differentiation
increases from the marginal facies to the central facies.
Additionally, disseminated ore mainly occurs in the central facies of
the peridotite. Relative to the olivine in the central facies, the oli-
vine in the marginal facies has higher MgO and Fo contents and
lower FeO and MnO contents.

7. Conclusions

(1) All the sulfides in the Poyi deposits showed positive Δ33S values
from 0.004 to 0.221‰ and negative δ34S values from −0.8 to
−3.5‰. The hornblende peridotites had the highest Ni contents.
These rocks also exhibited the highest Δ33S value of 0.221‰ and
the lowest δ34S value of −3.5‰, indicating contamination by sul-
fides from Archean sedimentary rocks. This factor was important
during the sulfide saturation of the Poyi intrusions. This con-
tamination probably occurred at depth before the emplacement of
the Poyi intrusions. During the emplacement and consolidation of
these intrusions, the incorporation of the country rocks hindered
sulfide saturation.

(2) The whole-rock Ni content was negatively correlated with the MgO
and Fo contents and positively correlated with the FeO and MnO
contents in the olivine. The sulfide saturation of the Poyi Cu-Ni
deposit was closely related to the crystallization of olivine and
chromite.
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