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Abstract

The Lengshuiging magmatic Ni-Cu ore deposit is hosted in four small mid-Neoproterozoic mafic-ultramafic
intrusions in the western margin of the Yangtze craton in China. The ore-bearing intrusions were emplaced into
early Neoproterozoic metamorphosed volcanic-sedimentary rocks, granites, and diorites. The intrusions are
dominated by lherzolite, olivine websterite, websterite, and gabbro, with sulfide mineralization associated with
ultramafic rocks in the lower parts of the intrusions. The forsterite contents of olivine crystals in the Lengshuig-
ing ore-bearing intrusions are up to 86 mol %, indicating that their parental magma experienced moderate
degrees of fractional crystallization. Olivine crystals in the intrusions are depleted in Ca (<1,000 ppm), a com-
mon feature for arc-type mafic-ultramafic intrusions worldwide. Moreover, clinopyroxene and Cr spinel in
the Lengshuiging ore-bearing mafic-ultramafic intrusions are remarkably similar to those in arc-type olivine-
clinopyroxene cumulates elsewhere in the world. Whole-rock samples from these intrusions are all character-
ized by moderate light rare earth element (REE) enrichments relative to heavy REEs, moderate to significant
degrees of negative Nb-Ta anomalies ([Th/Nb]x from 1.5-5), positive exa(t) from 1.1 to 5.8, and low (57Sr/%6Sr);
from 0.7038 to 0.7050. The isotope data indicate that the parental magma for these intrusions experienced only
minor degrees of crustal contamination that cannot fully account for the observed negative Nb-Ta anomalies
in the rocks. The data imply that the parental magmas were already depleted in Nb and Ta prior to crustal
contamination. Taken together, the data support the view of an arc setting for the Lengshuiging ore-bearing
mafic-ultramafic intrusions. The occurrence of rare rounded sulfide inclusions in some olivine and spinel crys-
tals in the intrusions indicates that immiscible sulfide droplets were present during olivine and spinel crystal-
lization. Like most other arc-type magmatic sulfide deposits, the platinum group element (PGE) tenors of
the Lengshuiging deposit are very low. The estimated initial contents of PGEs in the parental magma of the
Lengshuiging deposit are two orders of magnitude lower than those in PGE undepleted picrites of continental
flood basalt provinces such as the Emeishan and Siberian traps. The PGE depletions in the parental magma of
the Lengshuiqing deposit are likely due to previous sulfide segregation during magma ascent or sulfide reten-
tion in the source mantle during partial melting. The 034S, yos(t), and S/Se of the sulfide ores are from —4.0 to
1.3 %o, from 115 to 320, and from 4,800 to 12,500, respectively. These values are significantly different from
typical mantle values and indicate that addition of external sulfur played a major role in triggering sulfide satura-
tion in the magma. The results from this study confirm that arc-type mafic-ultramafic intrusions are capable of
hosting economically valuable magmatic Ni-Cu deposits and should be considered as part of global Ni explora-
tion programs.

Zhu et al., 2007; Munteanu et al., 2010a, 2011). However, the
interest in the Lengshuiqing deposit has increased as a result
of a group of researchers proposing that the Lengshuiqing and
Jinchuan deposits were related to the same mantle plume that
was presumably centered beneath the Yangtze craton (X. Li
etal., 2005, 2006). This hypothesis has significant implications
not only for Rodinia reconstruction but also for Ni exploration
in China (C. Li and Ripley, 2011). Thus, we have carried out
a comparative study between the Lengshuiqing and Jinchuan
deposits to evaluate this hypothesis.

The ages of the host intrusions of the Lengshuiging deposit
were determined previously using the zircon U-Pb method
(Zhou et al., 2006; Munteanu et al., 2010b). Limited whole-

Introduction

The Lengshuiging magmatic sulfide deposit is located in the
western margin of the Yangtze craton in the northern part of
the South China block (Fig. 1a). This deposit is one of sev-
eral Neoproterozoic magmatic sulfide deposits that occur in
cratonic margins in China (Fig. la). Examples include the
Qingmingshan deposit in the southern margin of the Yangtze
craton (848 + 4 Ma; Zhou et al., 2017), the Xingdi deposit in
the northern margin of the Tarim craton (737 + 2 Ma; Han et
al., 2016), and the Jinchuan deposit in the southwestern mar-
gin of the North China craton (831.8 + 0.6 Ma; Zhang et al.,
2010). Owing to its large size the Jinchuan deposit has been
studied extensively in recent years (Duan et al., 2016, and ref-

erences therein). In contrast, only a few studies of the small
Lengshuiging deposit have been carried out (Zhou et al., 2006;
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rock chemical and Sr-Nd isotope data for the host intrusions
were given in Zhou et al. (2006) and Zhu et al. (2007). The
compositions of olivine and sulfide ores (Ni, Cu, platinum
group element) in one of the mineralized mafic-ultramafic
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Fig. 1. (a) Schematic map showing the tectonic units of China and (b) schematic geologic map showing the Kangding-
Panzhihua area, western South China, illustrating Neoproterozoic magmatic rocks and the basement (modified after Zhu et
al., 2007). Symbols: (1) = Jinhe-Qinghe fault, (2) = Panzhihua fault, (3) = Xigeda fault. The zircon U-Pb isotope age data are

from X. Li et al. (2002) and Zhao and Zhou (2007a, b).

intrusions (the interconnected I-II intrusion) were given in
Munteanu et al. (2010a, b, 2011). In this paper we report
additional data such as S-Os isotopes and S/Se ratios for the
deposit, new platinum group element (PGE) data, systematic
mineral compositions (Cr spinel, olivine, and clinopyroxene),
and complementary whole-rock chemical and Sr-Nd isotope
compositions for the other two mineralized intrusions (101
and III). These data, together with geologic constraints, are
used to evaluate the competing geodynamic models (sub-
duction vs. mantle plume) that have been proposed for the
associated basaltic magmatism (X. Li et al., 2006; Munteanu
et al., 2010a, 2011) as well as the fundamental controls on
the genesis of this type of magmatic Ni-Cu ore deposit. The

implications of the results from this study for Ni exploration at
both global and regional scales are also discussed.

Geologic Background

The South China block consists of the Yangtze craton in the
north and the Cathaysia block in the south (Fig. la). The
Yangtze craton is separated from the North China craton by
the late Paleozoic-early Mesozoic Qinling-Dabie orogenic
belt to the north and is bounded by the Tibetan plateau to
the west. The basement of the Yangtze craton is composed of
Archean crystalline and high-grade metamorphic rocks, and
its sedimentary cover is composed of post-Archean low-grade
metamorphosed sedimentary sequences (Yan et al., 2003).
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Abundant felsic to mafic metavolcanic rocks are interbedded
within the Proterozoic strata that are exposed in the southern
and western margins of the craton (Greentree et al., 2006;
X. Li et al., 2006; Greentree and Li, 2008; Zhao et al., 2010).
Numerous mafic-ultramafic intrusions with zircon U-Pb ages
of 820 to 750 Ma are present in these areas (Zhou et al.,
2002a, b; Z. Li et al., 2003). Neoproterozoic to Permian strata
are mainly composed of clastic sedimentary rocks, carbonates,
and metavolcanic rocks.

Abundant Neoproterozoic (860-740 Ma) intrusive rocks
with compositions varying from granodiorites to mafic-ultra-
malfic rocks are exposed in the western margin of the Yangtze
craton from Kangding to Yanbian and Datian (Fig. 1b). In the
Yanbian region where the Lengshuiqing deposit is located,
numerous Neoproterozoic dolerite and picrite dikes have
intruded the Early Neoproterozoic Yanbian Group and large
diorite plutons (Fig. 2a; Electronic Supplement, Table Al).
The Yanbian Group is mainly composed of volcanic-sedimen-
tary rocks, such as pillow basalts, carbonaceous and tuffaceous
slates, sandstones, and conglomerates, all of which have expe-
rienced greenschist-facies metamorphism. Two large subduc-
tion-related diorite plutons that intrude the Yanbian Group,
the Guandaoshan pluton in the north and the Tongde pluton
in the south, yield zircon U-Pb ages of ~860 Ma (Sun and
Zhou, 2008) and ~825 Ma (Munteanu et al., 2010c), respec-
tively (Fig. 2a). These data indicate that the Yanbian Group
was deposited prior to 860 Ma, perhaps with the basal mem-
bers deposited prior to 920 Ma (X. Li et al., 2006; Sun et al.,
2008). The pillow basalts of the Yanbian Group show mid-
ocean ridge basalt (MORB)-like geochemical characteristics
and were thus thought to have formed in a rifted back-arc
basin (X. Li et al., 2006). A consensus that has emerged from
a decade-long debate is that the Yanbian region was an arc
system from ~920 to ~825 Ma (e.g., X. Li et al., 2006; Zhou et
al., 2006; Sun et al., 2007, 2008; Du et al., 2014). The younger
age is defined by the presence of the ~825 Ma Tongde sub-
duction-related diorite pluton in the region (Munteanu et
al., 2010c). The origin of the younger Neoproterozoic mafic-
ultramafic dikes and intrusions that were emplaced in the
region between 824 and 796 Ma is still debated (Fig. 2a).
Some researchers believe that they are mantle plume-related
(e.g., X. Li et al., 2006; Zhu et al., 2006, 2007, 2008, 2010)
whereas other researchers believe that they are subduction-
related (e.g., Zhou et al., 2002a, b, 2006; Munteanu et al.,
2010a, b). The main argument employed by the mantle-plume
proponents is a temporal correlation between these intrusions
and the ~827 Ma Gairdner Dyke Swarm in Australia that
was thought to be of mantle plume origin. The same argu-
ment was previously proposed by Z. Li et al. (1999) to link
the contemporaneous Neoproterozoic mafic-ultramafic intru-
sions in the southern margin of the Yangtze craton (Fig. la)
to the Gairdner Dyke Swarm in Australia. The opponents of
the mantle plume model emphasized the fact that the major-
ity of the Neoproterozoic mafic-ultramafic intrusive rocks in
the Yanbian region show arc-like geochemical characteristics.
Such characteristics include depleted mantle-like Sr-Nd iso-
tope compositions coupled with negative Nb-Ta anomalies
that cannot be explained by very low degrees of crustal con-
tamination (Zhou et al., 2006; Munteanu et al., 2010a, 2011).
A few younger mafic-ultramafic dikes, such as the 796 Ma
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picrite dike situated north of Tongde (Zhu et al., 2010) and
the 806 Ma dolerite dike located south of Yumen (Niu et
al., 2015) show ocean island basalt (OIB)-like geochemical
characteristics, similar to the compositions of the Permian
Emeishan flood basalts (Munteanu et al., 2017). Based on this
similarity and the fact that the Yanbian region is within the
footprint of the Permian Emeishan large igneous province,
Munteanu et al. (2017) suggested that the OIB-like dikes are
feeders of the Permian flood basalts and that the Neoprotero-
zoic zircon crystals in these dikes are xenocrysts that were
able to survive because of rapid cooling in such small intru-
sions. Because these dikes are volumetrically insignificant it
is difficult to extend genetic interpretations to the older (817-
809 Ma) mafic-ultramafic intrusions in the region. In addition
OIB-like mafic-ultramafic dikes are more common, but not
unique, to a mantle plume. It is possible that different types
of mantle-derived magmas that formed by different processes
at similar times (e.g., subduction-related, plume-related, or
rift-related) could be emplaced within the crust in close spa-
tial proximity. It is important to note that a large, younger
(~760 Ma), granodiorite pluton with arc characteristics (Zhao
and Zhou, 2007b) is present immediately south of Yanbian
(Fig. 1b); the presence of this pluton strongly supports the
view that the western rim of the Yangtze craton was still an
active continental margin at this time.

Geology of the Lengshuiqing Deposit and
Sample Descriptions

The Lengshuiging deposit contains ~30 million metric tonnes
of ore with average grades of 0.76 wt % Ni and 0.27 wt %
Cu (Zhu et al., 2007). The geology of the Lengshuiging mag-
matic Ni-Cu sulfide deposit was described previously by Zhu
et al. (2007) and Munteanu et al. (2010a, b, 2011). A brief
description based on the previous studies is given below. The
Lengshuiging deposit comprises several orebodies hosted in
four separate small mafic-ultramalfic intrusions in a small area,
numbered as I-II (interconnected at depth), III, IV, and 101
by mining geologists (Fig. 2b). The sizes of these intrusions
vary from several to tens of meters in width and more than
100 m in length. The I-II, III, and IV intrusions are exposed
on the surface. The 101 intrusion occurs ~150 m beneath the
surface. The I-II intrusion is composed of ultramafic rocks
(peridotites, pyroxenites) and mafic-intermediate rocks. The
IIT intrusion is exclusively composed of ultramafic rocks. The
IV intrusion is mainly composed of dioritic rocks, with minor
peridotites and granites. The 101 intrusion has an irregular
shape in cross section (Fig. 2¢) and is divided into two zones:
a gabbro zone and an olivine websterite zone. Sulfide min-
eralization mainly occurs within the olivine websterite zone
and occasionally within the gabbro zone that occurs near the
contact with the ultramafic rocks. A large sulfide-rich orebody
occurs in the lower, eastern part of the 101 intrusion, with a
length of ~100 m and thickness of ~80 m. The sulfide zone
tends to bifurcate westward.

The samples used in this study were collected from two drill
cores (ZK37801, ZK37802) of the 101 intrusion and a stock-
pile of sulfide ores from the III intrusion. Important ultra-
mafic rocks associated with sulfide mineralization in these two
intrusions are mainly lherzolite (Fig. 3a) and olivine websterite
(Fig. 3b). In these rocks, olivine + pyroxene occurs as cumulus
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Fig. 2. (a) Simplified geologic map of the Yanbian region (Zhu et al., 2007) showing several dioritic intrusions and mafic-
ultramafic intrusions and dikes with different ages (Electronic Supplement, Table Al); (b) simplified geologic map of the

Lengshuiqing Cu-Ni sulfide deposit (modified after Zhu et al.,

2007); (c) cross section and sampling sites on the borehole

ZK37801 to borehole ZK37805 from the 101 intrusion in Lengshuiqing deposit; (d) Stratigraphic variations of S, Cu, and Ni

(Wt %) in ZK37802. OIB = ocean island basalt.

phases, and some clinopyroxene, hornblende, and phlogopite
occur in the interstitial spaces. Variable degrees of hydrother-
mal alteration can be observed in the ultramafic rocks. Oliv-
ine is partially altered to serpentine plus secondary magnetite,
orthopyroxene is variably replaced by talc, and clinopyroxene

is partially altered to actinolite. The sulfide aggregates occur
interstitially to grains of olivine and pyroxene. With increasing
sulfide contents the type of sulfide mineralization is defined as
disseminated, net-textured, and massive (Fig. 3c-e). The sul-
fide assemblage is mainly composed of pyrrhotite, pentlandite,
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Fig. 3. Photographs of representative rocks and ores from the Lengshuiging sulfide deposit: (a) Iherzolite, (b) olivine web-
sterite, (¢) massive sulfide, (d) net-textured sulfide, (e) disseminated sulfide, (f) sulfide assemblage, (g) sulfide inclusion in
olivine, and (h) sulfide inclusion in spinel. Mineral abbreviations: Cp = chalcopyrite, Cpx = clinopyroxene, Ol = olivine, Opx
= orthopyroxene, Pn = pentlandite, Po = pyrrhotite, Sp = spinel, Sul = sulfide.
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and chalcopyrite (Fig. 3f). Zhu et al. (2007) reported the pres-
ence of minor amounts of cobaltite, pyrite, sphalerite, hessite,
and tsumoite. Pentlandite crystals are commonly subhedral
grains, irregular segregations, and flames produced by immis-
cibility that are enclosed by anhedral or subhedral grains
of pyrrhotite. Anhedral chalcopyrite grains generally occur
between the other sulfides or enclosed by pyrrhotite. Small,
rounded sulfide inclusions in olivine crystals (Fig. 3g) and Cr
spinel crystals (Fig. 3h) are rare but have been found in a few
samples.

Analytical Methods

Mineral chemical compositions were determined by wave-
length-dispersive X-ray analysis using a JXA-8100 electron
microprobe at Chang’an University, Xi’an, China. The analyti-
cal conditions were 20-nA beam current, 15-kV acceleration
voltage, 1-pm diameter beam size, and 20- to 60-s counting
times (Table 1). The concentrations of major elements, plus
Cu and Ni, in whole rocks were determined using X-ray fluo-
rescence (XRF) methods in the analytical laboratory of the
ALS Chemex Co Ltd in Guangzhou, China. Certified refer-
ence materials (NIM-GBWO07105, GBW07163, GBM908-10,
MRGeo08) were used as the standards (Table 2). The analyti-
cal precision was estimated to be better than 5%. The con-
centrations of trace elements in whole rocks were determined
using a Perkin-Elmer Sciex ELAN DRC-e inductively cou-
pled plasma-mass spectrometer (ICP-MS) in the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geo-
chemistry, Chinese Academy of Sciences, Guiyang, China.
Powdered samples (50 mg) were dissolved using HF + HNOs
in high-pressure Teflon bombs at ~190°C for 48 h (Qi et al.,
2000). Rh was used to monitor signal drift during ICP-MS
analysis. International reference materials (BHVO-2, BCR-2)
were used as the standards (Table 2). The analytical precision
was estimated to be better than 10%. The contents of S and Se
in whole rocks were measured using a LECO CS844 Carbon/
Sulfur Analyzer and an Agilent 7700X ICP-MS, respectively,
in the analytical laboratory of the ALS Chemex Co. Ltd in
Guangzhou, China. Certified reference materials (GGC-04,
GS310-8, OGGEOO08) were used as the standards (Table 3).
The analytical precisions were estimated to be 5% for S and
~10% for Se.

The concentrations of PGEs were determined by isotope
dilution (ID)-ICP-MS following an improved digestion tech-
nique using sealed beakers in stainless steel pressure bombs
(Qi et al., 2011). Powdered samples (3-5 g for massive and
net-texture ores, 5-8 g for disseminated ores) were dissolved
using HF in customized 120-ml PTFE beakers on a hot plate.
The dried residues were then digested using HF + HNOs
solution in stainless steel pressure bombs at 190°C for ~48 h.
The solutions were analyzed using an ELAN DRC-e ICP-MS
in the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang, China. The detection limits were estimated to be
<0.02 ppb for Pt and Pd and <0.01 ppb for Ir, Ru, and Rh
(Qietal., 2011). International reference material WGB-1 and
duplicate samples were analyzed together (Table 3).

Whole-rock powder samples for Sr-Nd isotope analyses
were spiked and dissolved using HF-HNO3-HClO4solution in
Teflon bombs. The conventional cation exchange techniques

YAO ET AL.

were used for element separation. The isotope measurements
were carried out using a Nu Plasma multicollector ICP-MS
in the State Key Laboratory of Environmental Geochem-
istry, Institute of Geochemistry, Chinese Academy of Sci-
ences, Guiyang, China. Mass fractionation correction for Sr
and Nd isotope ratios were based on $6Sr/%5Sr = 0.1194 and
H6Nd/MNd = 0.7219 (Nier, 1938; Wasserburg et al., 1981).
The U.S. Geological Survey (USGS) rock standard BCR-2 was
analyzed with our samples and yielded $7Sr/%6Sr = 0.705134 +
16 (n = 3, 20) and 43Nd/14Nd = 0.512637 = 12 (n = 3, 20)
(Table 4). These values are identical to the recommended val-
ues (http://georem.mpch-mainz.gwdg.de/sample_query_pref.
asp).

Igulfur isotope analyses were carried out at Indiana Univer-
sity using the continuous-flow method of Studley et al. (2002).
Sulfides were drilled under a microscope from polished sec-
tions using a 0.75-mm carbide drill bit. Between 0.1 and
0.2 mg of sulfide powder was placed in tin cups with approxi-
mately 1.5 to 2 mg vanadium pentoxide (V20s). Samples
were prepared in an elemental analyzer by flash combustion
at 1,800°C with a reactor column temperature of 1,010°C.
Measurements of produced SOz were made using a Finnigan
Delta V stable isotope ratio mass spectrometer, with results
reported in delta notation relative to Vienna-Canyon Diablo
Troilite (V-CDT). Results are given in per mil designation via
multiplication by 1,000 (Table 5). Analytical uncertainty was
less than +0.05%o. Sample reproducibility was +0.2%eo.

Re and Os isotopes were determined using a Triton-
plus thermal ionization mass spectrometer in the National
Research Center of Geoanalysis in Beijing, China, following
the procedures given in Du et al. (2004). Os was separated as
Os0y4 by distillation at 105° to 110°C and was trapped using
Milli-Q water. Re was extracted from the residue using ace-
tone in 5 M NaOH solution. 19°0s and $3Re were used to
correct the interference between Os and Re. The measured
ratios were corrected for isobaric oxygen interferences and
mass fractionation using the recommended !%Re/’8"Re =
0.59738 and 1920s/1850s = 3.08271 (Chao Li et al., 2015). Cer-
tified reference material (GBW04477) and duplicate samples
were analyzed together (Table 6).

Analytical Results

Mineral compositions

The compositions of olivine, Cr spinel, clinopyroxene, and
orthopyroxene from the Lengshuiqing intrusions are given in
Table 1. Olivine crystals in the 101 and III intrusions contain
75 to 83 mol % forsterite (Fo = 100 Mg/[Mg + Fe], molar),
400 to 2,200 ppm Ni, 1,580 to 4,100 ppm Mn, and <400 ppm
Ca. The forsterite contents of olivine in these intrusions are
within the range of those for olivine in the I-II intrusion (75—
86 mol %; Munteanu et al., 2010a, b). As shown in Figure
4a, the higher values of forsterite (81-86 mol %) in olivine of
the Lengshuiqging deposit are similar to those that define the
entire range of olivine compositions for the Jinchuan deposit
(C. Li et al., 2004). In the Lengshuiqing deposit, more primi-
tive olivine with forsterite >81 mol % are restricted to the
sulfide-mineralized rocks (S content >0.5 wt %). Olivine crys-
tals in the sulfide-barren samples (S content <0.5 wt %) have
lower forsterite contents (76-81 mol %). A sulfide-barren
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Table 2. Whole-Rock Major and Trace Element Compositions in the Lengshuiqing Intrusions and Mafic Dike in the Yanbian Region

Lengshuiqing IIT intrusions

LSQ1401 L.SQ1403 LSQ1404 L.SQ1405 LSQ1411 L.SQ1402 LSQ1406 LSQ1407
Rock type Clinopyroxenite  Clinopyroxenite  Clinopyroxenite ~ Clinopyroxenite ~ Clinopyroxenite ~ Websterite Ol websterite Ol websterite
SiOs 50.83 49.98 50.51 50.37 50.52 51.38 47.60 47.72
TiOg 0.96 0.73 0.73 0.69 0.74 0.75 0.60 0.59
AlyOs 6.69 5.49 5.11 7.76 8.39 4.94 4.10 4.27
FesO3 8.17 10.72 7.81 8.77 9.66 6.47 10.12 9.63
MnO 0.20 0.21 0.19 0.17 0.17 0.18 0.21 0.19
MgO 14.12 14.91 15.70 14.42 13.96 22.02 23.80 24.12
CaO 17.60 16.99 19.16 16.74 14.82 13.51 12.95 12.91
Na,O 0.89 0.76 0.65 0.77 0.95 0.56 0.46 0.44
K2O 0.47 0.16 0.09 0.24 0.69 0.13 0.10 0.08
P20s5 0.08 0.05 0.04 0.07 0.10 0.06 0.06 0.05
Total 100 100 100 100 100 100 100 100
Sc 52.3 68.8 66.0 64.4 45.7 60.9 57.3 64.2
\% 176 198 180 168 153 155 130 141
Cr 1,267 2,175 2,462 1,542 1,610 1,470 1,638 1,721
Co 580 264 374 450 349 531 477 383
Ni 4,658 12,104 5,225 13,901 2,013 3,531 6,256 2,053
Cu 16,896 5,635 9,674 12,008 10,153 14,303 12,102 10,051
Zn 84.2 148 111 160 98.5 116 411 124
Ga 6.71 6.56 5.49 6.47 8.69 6.08 3.36 4.59
Rb 6.04 2.67 2.34 3.94 9.94 2.77 2.84 2.71
Sr 135 113 97.8 237 240 81.7 72.4 89.7
Y 11.9 10.6 9.50 9.62 14.3 9.32 6.30 7.74
Zr 42.1 39.9 29.3 31.9 38.5 36.2 28.0 24.9
Nb 1.10 1.13 0.87 0.90 141 1.18 0.69 0.93
Cs 0.10 0.12 0.08 0.09 0.23 0.24 0.56 0.61
Ba 146 39.6 70.4 70.8 165 42.8 43.2 474
La 4.09 3.27 2.29 2.52 5.71 2.52 2.12 2.24
Ce 12.7 10.1 7.72 8.14 155 7.49 6.74 7.42
Pr 1.82 1.68 1.42 1.15 2.32 1.47 1.20 1.08
Nd 9.77 9.29 7.44 8.45 11.3 6.53 7.00 6.55
Sm 2.65 2.69 1.85 1.64 2.63 2.04 2.08 1.72
Eu 1.14 0.88 0.67 0.77 1.01 0.63 0.65 0.93
Gd 2.54 2.70 1.49 1.85 3.16 1.84 151 1.88
Tb 0.50 0.41 0.27 0.32 0.47 0.25 0.25 0.29
Dy 2.20 2.16 1.95 1.39 2.46 2.21 141 1.50
Ho 0.53 0.47 0.35 0.41 0.45 0.52 0.31 0.25
Er 0.97 1.35 0.85 1.04 1.26 0.82 0.65 0.65
Tm 0.15 0.13 0.12 0.09 0.17 0.12 0.10 0.07
Yb 0.83 0.89 0.92 0.66 1.07 0.95 0.49 0.60
Lu 0.13 0.11 0.11 0.09 0.15 0.10 0.04 0.09
Hf 0.82 1.57 1.41 0.87 1.28 1.43 0.46 0.96
Ta 0.24 0.22 0.22 0.23 0.18 0.23 0.18 0.27
Pb 4.81 7.15 19.4 5.71 7.01 10.1 18.9 13.5
Th 0.64 0.50 0.48 0.60 0.63 0.57 0.60 0.53
U 0.09 0.10 0.05 0.04 0.19 0.02 0.05 0.11
S (wt %) 12.1 5.51 7.36 8.20 6.36 10.1 9.46 6.91
Se 25.1 9.40 11.3 15.1 11.0 19.8 16.5 11.2
Lengshuiging III intrusions Mafic dike in Yanbian region
LSQ1408 L.SQ1409 LSQ1412 LSQ1414 LSQ1413 LSQI1410 TD1709
Rock type Ol websterite Ol websterite Ol websterite Ol websterite Lherzolite Dunite Dolerite dike
SiOs 47.82 47.34 49.98 47.09 44.30 40.97 50.64
TiOg 0.63 0.53 0.47 0.58 0.49 0.37 0.61
Al,Os 4.17 3.53 6.20 5.01 491 2.71 12.96
FeaOs 9.55 9.53 8.33 11.18 13.39 16.16 9.92
MnO 0.21 0.19 0.19 0.17 0.21 0.26 0.20
MgO 23.28 26.30 25.75 24.13 30.33 37.31 13.44
CaO 13.74 12.10 8.27 10.78 5.74 1.66 10.19
Na,O 0.45 0.38 0.50 0.73 0.37 0.29 1.66
K20 0.09 0.06 0.25 0.25 0.13 0.18 0.26
P05 0.05 0.04 0.06 0.10 0.12 0.09 0.11
Total 100 100 100 100 100 100 100
Sc 42.4 37.6 28.2 36.2 22.7 15.0 33.3
\Y% 134 112 101 132 98.4 37.9 228
Cr 1,770 1,610 699 1,320 1,310 387 1,010
Co 330 331 299 115 263 719 46.9
Ni 1,302 1,318 1,302 1,380 1,742 3,044 175
Cu 7,906 8,094 7,379 565 5,092 18,939 17.2
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Lengshuiqing IIT intrusions

Mafic dike in Yanbian region

LSQ1408 LSQ1409 LSQ1412 LSQ1414 LSQ1413 LSQ1410 TD1709

Rock type Ol websterite Ol websterite Ol websterite Ol websterite Lherzolite Dunite Dolerite dike
Zn 132 178 738 82.4 135 151 145
Ga 5.35 4.31 5.95 6.14 6.19 2.61 13.5
Rb 3.33 1.07 5.32 3.81 2.28 1.94 1.84
Sr 86.9 75.7 175 145 157 64.9 314
Y 104 7.81 6.84 10.3 7.72 2.94 10.9
Zr 26.0 18.9 21.9 41.6 36.4 16.5 53.5
Nb 0.53 0.54 0.62 1.37 1.27 0.92 1.95
Cs 0.16 0.31 0.39 0.38 0.66 0.09 0.06
Ba 24.7 14.0 66.8 90.9 28.6 31.8 125
La 2.32 1.76 2.84 4.74 4.15 1.84 7.94
Ce 7.65 6.01 7.95 11.0 9.70 3.52 17.2
Pr 1.42 1.04 0.99 1.62 1.25 0.48 2.30
Nd 7.65 5.38 5.43 8.08 6.42 2.30 10.1
Sm 2.45 1.80 1.34 2.07 1.49 0.59 2.12
Eu 0.65 0.70 0.49 0.77 0.50 0.20 0.85
Gd 2.28 1.87 1.40 2.11 1.31 0.57 2.23
Tbh 0.31 0.26 0.18 0.31 0.21 0.07 0.31
Dy 1.75 1.3 1.16 1.76 1.30 0.45 1.83
Ho 0.35 0.25 0.20 0.33 0.20 0.07 0.38
Er 0.91 0.71 0.70 0.93 0.65 0.26 1.16
Tm 0.12 0.07 0.07 0.13 0.13 0.04 0.17
Yb 0.76 0.59 0.55 0.77 0.63 0.29 1.05
Lu 0.09 0.05 0.09 0.10 0.07 0.03 0.16
Hf 0.98 0.63 0.54 1.24 0.98 0.45 1.37
Ta 0.09 0.07 0.11 0.12 0.12 0.07 0.12
Pb 18.5 7.35 11.6 5.96 2.15 14.0 1.31
Th 0.16 0.19 0.30 0.53 0.39 0.17 1.02
U 0.01 0.01 0.05 0.12 0.07 0.01 0.16
S (wt %) 6.26 5.95 5.68 3.48 14.7
Se 11.6 9.80 10.1 5.00 13.5

NIM-GBWO07105! NIM-GBWO07105 NIM-GBWO07105 GBWO071632 GBWO07163 GBWO07163  GBM908-103  GBM908-10
Rock type Expected This study This study Expected This study This study Expected This study
SiO2 44.60 44.20 44.80 47.90 47.40 47.20
TiOg 2.37 2.37 2.37 0.52 0.52 0.53
AlO3 13.85 13.90 14.00 11.20 11.10 11.15
Feo O3 13.40 13.35 13.35 11.65 11.50 11.60
MnO 0.17 0.17 0.17 0.49 0.48 0.48
MgO 777 7.70 7.72 1.39 1.29 1.29
CaO 8.81 8.88 8.89 4.70 4.62 4.64
NaO 2.90 2.87
K20 2.32 2.32 2.32 3.10 2.99 3.08
P205 0.95 0.95 0.95 0.13 0.13 0.13
total
Sc
A%
Cr
Co
Ni 141 141 134
Cu 479 479 479 10,505 10,305 10,305
Zn
Ga
Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
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NIM-GBWO07105"  NIM-GBWO07105 NIM-GBWO07105 GBWO071632  GBW07163 GBWO07163  GBM908-10°>  GBM908-10

Rock type Expected This study This study Expected This study This study Expected This study
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U
S (wt %) 0.008 0.012 0.016 6.75 6.75 6.75
Se

MRGeo08* MRGeo08 BHVO-2> BHVO-2 BHVO-2 BCR-2> BCR-2 BCR-2
Rock type Expected This study Expected This study This study Expected This study This study
SiOs
TiOs
AlOs
FGQO:}
MnO
MgO
CaO
NaxO 2.66 2.64
K20
P05
total
Sc 32 28.6 29.2 33 31.9 32.2
\Y 317 276 285 416 226 346
Cr 280 255 247 18 20.0 19.7
Co 45 42.6 42.9 37 36.2 36.4
Ni 119 112 113 18 31.5 14.5
Cu 127 121 122 21 27.0 27.7
Zn 103 131 133 127 154 154
Ga 22 20.7 20.9 23 21.7 21.3
Rb 9.11 10.5 10.3 46.9 49.5 50.0
Sr 396 449 441 340 379 379
Y 26 25.3 25.6 37 34.0 34.0
Zr 172 197 196 184 213 212
Nb 18.1 17.8 17.5 12.6 12.3 12.2
Cs 0.1 0.09 0.11 1.1 1.19 1.16
Ba 131 164 162 677 776 754
La 15.2 18.1 17.6 24.9 28.2 28.2
Ce 37.5 45.1 434 52.9 60.0 59.5
Pr 5.35 5.85 5.75 6.7 7.54 7.35
Nd 24.5 26.4 25.6 28.7 29.5 29.8
Sm 6.07 6.47 6.92 6.58 7.01 6.77
Eu 2.07 2.36 2.31 1.96 2.01 2.12
Gd 6.24 6.30 6.50 6.75 6.69 6.79
Tb 0.92 1.03 1.02 1.07 1.13 1.17
Dy 5.31 5.34 5.31 6.41 6.33 6.30
Ho 0.98 1.05 1.03 1.28 1.37 1.37
Er 2.54 2.62 2.67 3.66 3.66 3.77
Tm 0.33 0.36 0.32 0.54 0.58 0.53
Yb 2 2.02 1.99 3.38 3.49 3.31
Lu 0.274 0.30 0.28 0.503 0.55 0.53
Hf 4.36 4.76 4.69 49 5.18 5.00
Ta 1.14 1.38 1.27 0.74 0.88 0.83
Pb 1.6 1.50 1.59 11 11.0 11.0
Th 1.22 1.28 1.28 5.7 6.11 6.00
U 0.403 0.47 0.46 1.69 1.76 1.74
S (wt %)

Notes: oxides and S in wt %; trace elements in ppm
Abbreviations: Ol = olivine

1 Expected data of the NIM-GBWO07105 are from https://www.lgestandards.com/

2 Expected data of the GBW07163 are from http:/Awvww.ncrm.org.cn/

3 Expected data of the GBM908-10 are from http:/Avww.geostats.com.au/

4 Expected data of the MRGeo08 are from http://www.ore.com.aw/

5 Expected data of the BHVO-2, BCR-2 are from http://georem.mpch-mainz.gwdg.de/sample_query_pref.asp
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Fig. 4. Comparisons of the compositions of silicate minerals (olivine, clinopyroxene, and Cr spinel) in Lengshuiqing and
Jinchuan deposits. (a) Average Ni forsterite in olivine. (b) Average Ca forsterite in olivine. (¢) Alz-TiOz in clinopyroxene. Al
is the percentage of the tetrahedral site occupied by Al (Le Bas, 1962). Cpx is clinopyroxene. The field of Mid-Atlantic ridge
magmatic cumulates are from Loucks (1990). (d) TiOs vs. AlyOs contents in Cr spinel. The fields for continental flood basalts
(CFB), ocean island basalts (OIB), mid-ocean ridge basalts (MORB) and island arc basalts in spinel are from Kamenetsky et
al. (2001). Data for Emeishan are from C. Li et al. (2016). Data for Jinchuan are from Barnes and Tang (1999), C. Li et al.
(2004), Chen et al. (2009), and Tonnelier, (2010). Data for Lengshuiqing are from this study and Munteanu et al. (2010a, b).
Data for rift-/plume-related cumulates are from Barnes and Kunilov (2000) (Noril'sk I and Talnakh), Wang et al. (2005, 2014)
(Jinbaoshan, Abulangdang), Tao et al. (2007, 2008) (Jinbaoshan, Limahe), Bai et al. (2012) (Hongge), and Tang et al. (2013)
(Zhubu); data for arc cumulates are from Thakurta et al. (2008) (Duke Island Complex), Scheel et al. (2009) (Turnagain), Xie

et al. (2012) (Heishan), and Chusi Li et al. (2015a) (Xiarihamu).

olivine websterite sample from the 101 intrusion (LSZ49)
shows high variation in olivine forsterite contents from 78
to 83 mol %. Olivine crystals in the sulfide-barren samples
exhibit a weak positive forsterite and Ni correlation, consis-
tent with the combined effects of fractional crystallization
and reequilibration with interstitial silicate melt (C. Li et al.,
2007). The Ni contents of olivine crystals in the sulfide-miner-
alized samples, especially those with lower forsterite contents,
are highly scattered and consistent with variable degrees of
olivine-sulfide Fe-Ni exchange reactions (C. Li et al., 2007).
As shown in Figure 4b, Olivine crystals in the Lengshuiging
101 and IIT intrusions are all depleted in Ca (i.e., <1,000 ppm
Ca), which is common for arc-type basalts and mafic-ultra-
mafic intrusions worldwide (i.e., Kamenetsky et al., 2006; C.
Lietal., 2012). In contrast, only some of the olivine crystals in
the Jinchuan intrusion show Ca depletion (Fig. 4b).

The Mg# (100 Mg/[Mg + Fetetdl] molar) of clinopyroxene
crystals in the ultramafic rocks of the 101 and III intrusions
vary from 79 to 87. In a plot of Alz (100 AlV / [AIV + AIVI])
vs. TiOs contents (Fig. 4c), clinopyroxene crystals of the
Lengshuiging intrusions plot within the field for arc cumu-
lates as defined by intrusions such as the Heishan mafic-ultra-
malfic intrusion in the southern margin of the Central Asian
orogenic belt in northern Xinjiang (Xie et al., 2012), the Xiari-
hahu mafic-ultramafic intrusion in the Qinghai-Tibet plateau
(Chusi Li et al., 2015a), and the Duke Island mafic-ultramafic
complex in southern Alaska (Thakurta et al., 2008). In con-
trast, clinopyroxene crystals of the Jinchuan intrusion plot
in the field for rift- or plume-related cumulates such as the
Hongge, Jinbaoshan, Limahe, and Zhubu mafic-ultramafic
intrusions in the Permian Emeishan large igneous province
(Tao et al., 2007, 2008; Bai et al., 2012; Tang et al., 2013).
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Table 6. Re-Os Isotopes of the Lengshuiging Magmatic Ni-Cu Ore Deposit
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(ppb)
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1.666 x 10-'! year! (Smoliar et al., 1996) were used in the calculations; the yos(t) and (170s/1550s); of the Lengshuiqing intrusions were

(Walker and Morgan, 1989), a decay constant Age

calculated using age of 817 Ma

Abbreviations: Ol = olivine

7
! Duplicate samples

0.1275

Uncertainties of Re-Os isotope compositions are reported for 1o standard errors; yos = 100([*70s/1850s Jiniia/[ 570s/1830s ] cuur-1); a present-day (1570s/180s)now initial = 0.3972, (170s/1%50s)now initial

2 Expected data of the GBW04477 are from http://swvww.ncrm.org.cn/
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with a cumulate origin for the former. The abundances of all
REEs are generally higher in the gabbros than in coexisting
ultramafic rocks, consistent with a more fractionated parental
magma for the gabbro and/or the presence of higher amounts
of REE-rich trapped liquid. The mantle-normalized patterns
of some immobile incompatible trace elements, including
some high field strength elements (HFSE), for the Lengshuiq-
ing intrusions are illustrated in Figure 6b. Pronounced
negative Nb-Ta anomalies are present in the Lengshuiqing
mafic-ultramafic rocks as well as in a coeval dolerite dike. The
dike is fine grained due to rapid cooling, and its bulk composi-
tion is presumed to be close to that of the parental liquid. As
shown in Figure 6b, these chemical features are common for
continental arc basalts and extremely rare for mantle plume-
derived magma such as OIBs.

S, Se, and PGE abundances

The sulfide-bearing samples (0.5 wt % S) from the
Lengshuiging mafic-ultramafic intrusions contain 400 to
2,480 ppm Ni, 40 to 1,390 ppm Cu, 3.0 to 20.3 ppm Se, 4.79
to 45.6 ppb Pd, and 0.02 to 1.99 ppb Ir (Table 3). The listed
values for Ni have been corrected for contribution from oliv-
ine based on visually estimated abundances of olivine in thin
sections and the average Ni contents of the olivine. Strong
positive correlations are present between Se and S (Fig. 7a)
and between Ni and S (Fig. 7b). Weak positive correlations
are present between iridium subgroup PGEs (IPGEs; Ir, Ru,
Rh) and S (Fig. 7c-e) and Pd and S (Fig. 7f). No correlation
exists between Pt and S.

We have used the method of C. Li et al. (2001) to esti-
mate the abundances of pyrrhotite (FerSg), pentlandite
(Fey45Niy5Ss), and chalcopyrite (CuFeSs) in 100% sulfide and
the equation of Barnes and Lightfoot (2005) to calculate the
metal tenors in bulk sulfide (i.e., 100% sulfides). The results
show good correlations between IPGEs (Ir, Ru, Rh; Fig.
8a, b), no correlation between a palladium subgroup PGE
(PPGE; Pt and Pd) and an IPGE such as Ir (Fig. 8c), and no
correlation between Ni and Cu (Fig. 8d) in bulk sulfide. The
proportions of pyrrhotite, pentlandite, and chalcopyrite for
most samples are 75 to 85 wt %, 14 to 17 wt %, and 2 to 7 wt
%, respectively. Two other samples (L.SQ1403 and L.SQ1405)
contain 15 to 20 wt % chalcopyrite in 100% sulfide. The man-
tle-normalized chalcophile element patterns for the bulk sul-
fide ores (recalculated to 100% sulfides) of the Lengshuiqing
deposit, which show depletions of PGEs relative to Ni and Cu
plus a negative or positive Pt anomaly in almost every sample
from the deposit, are illustrated in Figure 9. The PGE tenors
of the Lengshuiqing deposit are significantly lower than those
of the Jinchuan deposit.

Sr-Nd-S-Os isotopes

Whole-rock Sr-Nd isotope compositions of the Lengshuiging
mafic-ultramafic intrusions are given in Table 4. The calcu-
lated exa(t) values (t = 817 Ma; Munteanu et al., 2010b) and
initial (87Sr/%6Sr); ratios for these intrusions vary from 1.1 to
5.8 and from 0.7038 to 0.7050, respectively. The enq(t) values
for the Lengshuiging intrusions are strikingly different from
those for the Jinchuan intrusion (Fig. 10). The Jinchuan intru-
sion is characterized by negative exq(t) values as low as —12,
consistent with a highly enriched source mantle (Duan et al.,
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Fig. 7. (a-f) Plots of chalcophile element concentrations vs. S contents in whole rocks from the Lengshuiqing sulfide deposit.

Data for mantle are from Eckstrand and Hulbert (1987).

2016). In contrast, the Lengshuiqing intrusions are character-
ized by positive exq(t) values as high as 6, consistent with a
depleted mantle source. Another important feature is that the
Sr-Nd isotope systematics of the Lengshuiqing intrusions and
Cenozoic arc basalts are similar (Fig. 10).

Sulfur isotope compositions of the Lengshuiging Ni-Cu ore
deposit are listed in Table 5. One sample has 034S = —4.0%o.
The remaining samples have 6%S values varying between
—1.0%o0 and 1.3%o. These values partially overlap the MORB

values of Labidi et al. (2013, 2014), but the range is signifi-
cantly wider than that defined by the MORB samples (Fig.
11).

Whole-rock Re-Os concentrations and isotope ratios in
the Lengshuiqing deposit are given in Table 6. The initial
1870/1880s ratios and yos(t) values are from 0.261 to 0.510
and from 115 to 320, respectively. Overall, the yos(t) values
for the Lengshuiqing deposit are higher than those for the
Jinchuan deposit (Fig. 12a). No correlation between the yos(t)
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values and S/Se ratios is observed in the samples from the
Lengshuiqing deposit (Fig. 12b).
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Fig. 9. Mantle-normalized Ni-platinum group element-Cu patterns for the
Lengshuiging sulfide deposit. Data for Jinchuan are taken from C. Li and
Ripley (2011). The normalization values are from Barnes and Maier (1999).

Modeling and Discussion

Oxidation state

The Fe-Ni exchange coefficient between olivine and sulfide
liquid, or Kp ([Xnis/Xres]3Hia/[Xxnio/Xre0]?!, molar), is a func-
tion of temperature and fo, (Brenan, 2003). At constant pres-
sure, these two variables together define the oxidation state of
a magmatic sulfide system. Barnes et al. (2013) used available
experimental data to calibrate the relationship between the
Kp and oxidation state of sulfide-bearing magmatic systems.
We have used the empirical equation of Barnes et al. (2013)
to estimate the oxidation state of the Lengshuiqing magmatic
sulfide deposit. The results are illustrated in Figure 13. The
estimated oxidation state for the Lengshuiqing deposit is close
to QFM + 1 (i.e., fo, one log unit higher than the value of the
quartz-fayalite-magnetite buffer), which is similar to the esti-
mated oxidation states of the two most important magmatic
sulfide deposits in China, the rift-related Jinchuan deposit
(C. Li and Ripley, 2011) and the arc-type Xiarthamu deposit
(Chusi Li et al., 2015a), but is more oxidized than the Voisey’s
Bay deposit associated with the Nain Anorthosite Suite in
Labrador, Canada (C. Li and Naldrett, 1999). The elevated
Jfo, values alone are insufficient to distinguish processes such
as crustal contamination of a plume-derived magma from
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Fig. 10. Plot of whole-rock exa(t) vs. (57S1/56Sr); for the Lengshuiqing sulfide deposit. The oceanic mantle array is from Zindler
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www.petdb.org).

derivation of oxidized magma in an arc setting as a result of
partial melting of metasomatized asthenospheric mantle, per-
haps followed by crustal contamination.

Geochemical and geologic inferences on the origin of plume
vs. arc magmatism in the Lengshuiqing region

There are two competing explanations for the observed
negative Nb-Ta anomalies in the Lengshuiqing intrusions
(Fig. 6): a primary signature of subduction-related magma
vs. crustal contamination of mantle plume-derived or con-
tinental rift-related magma. As shown in Figure 10, mixing
calculations based on Sr-Nd isotope data indicate <5 wt %

[ Lengshuiqing

6 MORB

Frequency

-4 -3 2 -1 0 1 2 3
5*S (% VCDT)

Fig. 11. Histogram of 03!S values of sulfides from the Lengshuiqing sul-
fide deposit. The range of 634S for mid-ocean ridge basalts (MORB) is ~1.57
to 0.60%o, from Labidi et al. (2013, 2014). VCDT = Vienna-Canyon Diablo
troilite.

crustal contamination for the Lengshuiging intrusions. It is
unlikely that such small amounts of crustal contamination can
fully account for the large negative Nb-Ta anomalies in the
Lengshuiging intrusions (Fig. 6). The negative Nb-Ta anom-
alies in the Jinchuan intrusion (Fig. 6) are more consistent
with crustal contamination of rift-related magma, because
the degrees of crustal contamination inferred from the Sr-Nd
isotope data are much higher, up to 30% (Fig. 10). Thus, we
favor the interpretation that the Lengshuiqing intrusions are
derived from arc basalts. Such a view is also supported by the
chemical compositions of rock-forming minerals such as oliv-
ine, Cr spinel, and clinopyroxene in the intrusions (Fig. 4). In
addition, the association of the contemporary Tongde diorite
batholith and the large age span of Neoproterozoic basaltic
magmatism from ~860 to ~740 Ma in the region are consis-
tent with an arc model rather than the mantle plume model.
Finally, recent seismic data from the SINOPROBE project
also support the interpretation that the western rim of the
Yangtze craton was a subduction zone in the Neoproterozoic
(Gao et al., 2016).

Controls on PGE tenors

Strong positive correlation between Niand S in the Lengshuig-
ing deposit (Fig. 7b), which is consistent with similar propor-
tions of pentlandite in the bulk sulfide, indicates that the Ni
tenors of bulk sulfide ores are mainly controlled by magmatic
sulfide liquids with similar Ni compositions. A weaker cor-
relation between Cu and S can be explained by sulfide min-
eral fractionation at the sample scale. The lack of correlation
between Pt and S is consistent with the presence of both posi-
tive and negative Pt anomalies in the samples (Fig. 9). Weak
correlations between other PGEs and S (Fig. 7c-f) and good
correlations between IPGEs (Fig. 8a, b) reflect variable PGE
compositions in the bulk sulfide ores. The main controls on
such variations, as summarized in Naldrett (2011), are (1)
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Fig. 12. Plots of (a) exa(t) vs. yos(t) and (b) yos(t) vs. S/Se values for the Lengshuiqing sulfide deposit. Nd and Os isotope data
for Jinchuan intrusion are from Zhang et al. (2004), X. Li et al. (2005), and Yang et al. (2005, 2008).

variable initial PGE contents in magma, (2) variable R factors
(magma/sulfide mass ratios), and (3) fractional crystallization
of monosulfide solid solution (MSS) from sulfide liquid. Com-
monly the last process has greater effect on the chalcophile
element compositions of semimassive and massive sulfide
ores than on compositions of disseminated and net-textured
sulfide ores (Naldrett et al., 1994). Since our main concerns
for the Lengshuiqing deposit are the first two variables, in the
following we will focus on the disseminated and net-textured
sulfide ores of the deposit. Initial magma PGE contents and
R factors can be estimated using the equation of Campbell
and Naldrett (1979). Due to their extremely high partition
coefficients (D values) between sulfide liquid and magma,
the concentrations of PGEs in a sulfide liquid depend on
both R factors and their initial contents in magma. Hence, it
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Fig. 13. The oxidation state of the Lengshuiging sulfide deposit determined
using olivine compositions and Ni contents in bulk sulfide. The base of the
plot and the data for Jinchuan and Voisey’s Bay deposits are from Barnes et al.
(2013). Data for Xiarihamu are from Chusi Li et al. (2015a).

is important to first estimate the R factors using other chal-
cophile elements that have significantly lower D values such
as Ni or Cu. Due to the effect of olivine fractional crystal-
lization, the contents of Ni in magma are more variable than
Cu. Thus, we use Cu in our calculation. Using an experimen-
tal Dc, value of 1,000 for the basaltic system (Ripley et al.,
2002; Mungall and Brenan, 2014) and an initial Cu content
of 100 ppm, the upper limit for primitive arc basalts (Lee et
al., 2012), we have obtained an R factor of ~150 for a dissemi-
nated sulfide ore sample with the lowest Cu tenor (~1 wt %)
in the Lengshuiqing deposit. This value is used as the lower
limit for the deposit. Using Pd and Ir to represent PPGEs
and IPGEs, respectively, and the recommended D values of
105 for these elements (Mungall and Brenan, 2014), the initial
concentrations of Pd and Ir in the Lengshuiging magma are
estimated to have been 0.25 and 0.006 ppb, respectively (Fig.
14). The effects of MSS fractional crystallization shown in the
figure are estimated using the MSS/liquid D values from C.
Li et al. (1996). The Lengshuiging samples all plot within the
field composed of sulfide fractionated liquid and MSS. The
estimated initial contents of Pd and Ir in the Lengshuiqing
magma are about two orders of magnitude lower than the
average values for PGE undepleted picrites of continental
flood basalt provinces such as Emeishan (C. Li et al., 2016)
and Siberia (Lightfoot and Keays, 2005) but similar to the
results for two major subduction-related magmatic sulfide
deposits in China: the Heishan (Xie et al., 2014) and Xijari-
hamu (Zhang et al., 2017) deposits. Therefore, other than the
weak influence of postmagmatic hydrothermal alteration and/
or nugget effects (especially for Pt), the PGE tenor variations
of the Lengshuiqing deposit can be explained by variable
R factors, and the weak correlations between PGEs and S can
be attributed variable amounts of MSS and coexisting sulfide
liquid in the assemblages.

Causes of sulfide saturation

The addition of crustal sulfur into mantle-derived magmas
is widely known to be the most effective process for the
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trends can be explained by sulfide liquid fractionation.

formation of magmatic sulfide ore deposits (e.g., Ripley and
Li, 2003; Robertson et al., 2015; Ripley et al., 2017). The
wider range of 43S values compared to the range of MORB
values for the Lengshuiqing deposit (Fig. 11) is consistent
with the involvement of crustal sulfur in the genesis of the
Lengshuiqging deposit. This is also supported by S/Se ratios
for the Lengshuiqging deposit (Fig. 7a), which are displaced
from mantle ratios (2,850—4,350; Eckstrand and Hulbert,
1987) toward those of the crust (>20,000: Eckstrand et al.,
1989). Another line of evidence that supports the importance
of crustal contamination in the genesis of the Lengshuiging
deposit is the elevated yos(t) values (Fig. 12). In crustal envi-
ronments Os is commonly associated with sulfides or organic
matter. Because Sr and Nd, which are lithophile elements that
typically occur in silicate minerals rather than sulfides, do not
show isotopic evidence for significant crustal contamination
(Fig. 10), selective contamination involving sulfide minerals
and/or organic matter in country rocks is indicated.

The forsterite contents of olivine in the Lengshuiqing
deposit are 75 to 86 mol %. The higher end is 4 mol %
lower than expected for olivine crystallizing from a primi-
tive mantle-derived magma such as the parental magma for
the arc-type Xiarihahu magmatic sulfide deposit (Chusi Li
et al., 2015a). The results of MELTS simulation by these
authors indicate that the most primitive olivine compositions
from the Lengshuiging deposit represent ~13% fractional
crystallization of olivine alone from a magma derived from
primitive asthenospheric mantle in an arc setting. At 30 kb
(~90 km depth), the content of S in a primitive arc magma in
equilibrium with olivine of Fogo, consistent with derivation
from the parental magma for the Xiarihamu deposit (Chusi
Li et al., 2015a), is estimated to be ~1,500 ppm using the
equation of C. Li and Ripley (2009). After 13% fractional
crystallization, the content of S in the fractionated liquid will

increase to 1,724 ppm. At 2 kb (~6 km depth), the S content
at sulfide saturation in the fractionated magma is estimated
to be ~2,000 ppm using the equation of C. Li and Ripley
(2009), which is 276 ppm higher than the actual content of
S in the magma. The modeling results indicate that sulfide
saturation in the Lengshuiging magma was not triggered by
fractional crystallization alone. Other factors such as selec-
tive assimilation of crustal sulfides also played an important
role.

Genetic model and exploration implications

Regional geologic constraints summarized by previous
researchers and the petrological and geochemical evidences
from this study strongly support the view that the Lengshuig-
ing magmatic sulfide deposit is related to arc basaltic magma-
tism (Fig. 15a). The inferred different tectonic settings for the
Lengshuiging (subduction-related) and Jinchuan (rift-related)
magmatic sulfide deposits help to explain many different min-
eralogic and geochemical features of these two deposits that
have similar ages but occur in different Precambrian conti-
nental blocks in China (Fig. la).

The recognition of the Lengshuiqing magmatic sulfide
deposit as an arc-type deposit bears some significant impli-
cations for Ni exploration. The fact that sulfide saturation
took place during or prior to the crystallization of host silicate
minerals, together with the fact that sulfide and olivine accu-
mulated together in such small bodies (Fig. 2b, c), lead us to
propose an open ore-forming system for each of the miner-
alized mafic-ultramafic intrusions in the Lengshuiqing area.
We envision that the magma was charged with olivine and
small immiscible sulfide liquid droplets upon arrival. Most of
the olivine and sulfide droplets settled down to form sulfide-
olivine crystal mushes, and much of the transporting magma
continued to ascend to the higher levels (Fig. 15b).
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Fig. 15. Conceptual genetic models for the Lengshuiqing magmatic sulfide deposit, (a) showing that the host intrusions are
the mafic-ultramafic intrusions formed from subduction-related mafic magma and (b) showing that the sulfide droplets and
olivine crystals carried by the ascending magma settled down to the base of the intrusions to form the orebodies.

Globally, the Lengshuiging deposit provides another good
example for Ni exploration in Paleozoic and Precambrian oro-
genic belts that have undergone significant uplift and erosion.
Arc basaltic magmatism is commonly very protracted, so at
the regional scale the exploration targets are not limited to
the mafic-ultramafic intrusions that are truly coeval with the
Lengshuiqing sulfide ore-bearing intrusions. As shown in Fig-
ure 2a, there are numerous Neoproterozoic mafic-ultramafic
intrusions, including the Lengshuiging sulfide ore-bearing
intrusions, in the Yanbian region in the western margin of the
Yangtze craton. The ages and sizes of these Neoproterozoic
mafic-ultramafic intrusions may vary significantly, but they
should all be evaluated for the potential of hosting arc-type
magmatic sulfide deposits.

Conclusions

The most important findings from this study are given
below:

1. The host intrusions of the Neoproterozoic Lengshuiging
magmatic Ni-Cu ore deposits in the western margin of the
Yangtze craton, such as the 101 and III mafic-ultramafic
intrusions, resemble arc cumulates based on similarities in
mineral compositions and trace element geochemistry.

2. Olivine chemistry indicates that the parental magma for
the Lengshuiging ultramafic rocks was a moderately frac-
tionated basaltic magma.

3. S/Se and Sr-Nd-Os-S isotopes reveal that crustal contami-
nation of the magma was selective instead of wholesale.

4. Both fractional crystallization and addition of crustal sul-
fur may have played an important role in triggering sulfide
saturation in the Lengshuiging magma.

5. Other subduction-related mafic-ultramafic intrusions of
Neoproterozoic ages in the Yanbian region in the western
margin of the Yangtze craton are good exploration targets
for Lengshuiging-type magmatic Ni-Cu deposits.
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