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ARTICLE INFO ABSTRACT

Keywords: Giant magmatic Ni-Cu sulfide deposits in the world are hosted mainly in pristine gabbro-dolerite sills (e.g., the
Ni-Cu.sulﬁde deP°Sit first largest in the Noril'sk region) and norite bodies (e.g., the second largest in Sudbury, Duluth, and Voisey's
Selective alteration Bay), implying the petrogenic relationship between the giant deposits and anhydrous parental magmas. In
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contrast, the third largest Jinchuan deposit is hosted in dunite- and lherzolite-dominated peridotite bodies and
characterized by the presence of hydrous minerals (e.g., hornblende and phlogopite) and intensive serpentini-
zation of olivine. The role of water in the formation of the magmatic Ni-Cu sulfide deposit remains unclear. To
reveal the potential linkage between sulfide mineralization and ‘water’ (i.e., hydrous minerals), a detailed
petrographic investigation of the Jinchuan deposit and the associated mineral chemistry analyses have been
conducted in this study. The distribution of serpentinization of olivine in the Jinchuan deposit is unevenly, being
more pervasive in the sulfide-bearing rocks compared to sulfide-free rocks. The degree of serpentinization de-
creases systematically in general sequence outwardly from the core net-textured dunite to the outer disseminated
lherzolite at orebody-scale. In the sulfide-bearing rocks, the serpentinization is more intensively observed in the
sulfide-rich portions compared to the sulfide-poor portions at thin section-scale. We consider sulfide content-
dependent serpentinization as ‘selective alteration’, which is distinct from post-magmatic modifications and
should have occurred coevally with sulfide liquid emplacement and sulfide crystallization. The selective alter-
ation with dependence on sulfide contents is caused by hydrous fluids released from sulfide crystallization,
because the crystallized sulfides cannot structurally accommodate hydrous components which previous latching
onto the sulfide liquid. The olivine grains in sulfide-bearing rocks are reversely zoned with respect to Ni (Ni-poor
cores, Ni-rich rims) and Co (Co-rich cores, Co-poor rims) which can be interpreted by stages of sulfide liquid-
olivine Ni-Co exchange and Fe-Ni exchange. Comparison of intra-grain elemental distributions of olivine
grains shows that hydrous fluid activity enhanced elemental exchange between olivine and sulfide liquid.
Interestingly, the presence of hydrous minerals, protects olivine from selective alteration, suggesting that the
hydrous minerals were formed during syn-mineralization fluid activity. These features are linkage between the
inferred fluids compounded with sulfide droplets in previous experiments and their transfer and fate in natural
magmatic sulfide deposits. The selective alteration proposed here, formed during the syn-mineralization stage
and indicate that the fluid activity is instrumental in the formation of magmatic sulfide ores. The selective
alteration may be a common characteristic in ultramafic rock-hosted magmatic sulfide deposits and a pathfinder
for mineral exploration.

1. Introduction concentration of sulfide droplets from mafic-ultramafic magmas and
partitioning of ore-forming elements into immiscible sulfide liquid
Magmatic sulfide deposits form following segregation and (Naldrett et al.,, 2011). Most world-scale magmatic Ni-Cu sulfide
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deposits in the world are genetically related to pristine mafic rocks. For
example, the Noril'sk-Talnakh Ni-Cu sulfide deposit, being the largest in
the world, is hosted in gabbros and dolerites (Duzhikov et al., 1992),
whilst the others are mainly hosted in norites and quartz diorites (e.g.,
Sudbury deposit, Lightfoot and Doherty, 2001), troctolitic and gabbroic
rocks (e.g., Duluth deposit, Ripley et al., 2007) and troctolites (e.g.,
Voisey's Bay deposit, Lightfoot and Naldrett, 1999). In contrast, Jin-
chuan deposit, as the third largest magmatic Ni-Cu sulfide deposit is
distinctively hosted in ultramafic dunite- and lherzolite-dominated
peridotite body (e.g., Chai and Naldrett, 1992; Tang and Li, 1995).
The different lithologies of the host rocks between the Jinchuan deposit
and other deposits imply the differences in the nature and evolution of
their parental magmas.

Volatiles (e.g., water, halogens) are essential components in most
mafic and ultramafic magmas (Lowenstern, 2001; Métrich and Wallace,
2008; Wallace et al., 2015). The presence of water in basaltic melts can
alter their liquid lines of descent (Gaetani et al., 1993). The addition of
water in anhydrous basaltic melts would change their cumulates evo-
lution path from dunite-troctolite-gabbro to dunite-wehrlite-gabbro
(Gaetani et al., 1993; Niu, 2005). The host rocks of most sulfide de-
posits except Jinchuan are consistent well with the evolution path of
cumulates (dunite-troctolite-gabbro) of anhydrous magmatic systems,
indicating the parental magma of Jinchuan sulfide is likely hydrous.
However, the contribution of hydrous components and to what extent it
contributes to the formation of giant magmatic sulfide deposit remains
enigmatic.

In addition to altering the liquid and cumulate compositions, vola-
tiles can also modify the density and viscosity of magmas significantly
(Dingwell et al., 1996; Giordano et al., 2008; Hui and Zhang, 2007;
Lesher and Spera, 2015). On basis of experimental studies, Mungall et al.
(2015) hypothesized that spontaneous attachment of sulfide droplets to
vapor bubbles because of surface tensions would form low-density
compound drops, which are feasible for the upward migration of sul-
fide liquid. This hypothesis has been verified by the occurrence of
globular compound sulfide drops in the Noril'sk deposit (Barnes et al.,
2019; Le Vaillant et al., 2017; Schoneveld et al., 2020). Nevertheless, the
fate of volatiles that make up of compound drops after metallogenic
processes has not been addressed well in the literature. The crystalli-
zation of hydrous minerals and water-related alteration cannot be
commonly observed in most sulfide deposits which hinders the investi-
gation on the potential syn- or post-mineralization hydrous fluid activ-
ities. The Jinchuan intrusion composed of typical cumulates from
hydrous basaltic magmatic system have abundant hydrous minerals (e.
g., phlogopite and hornblende) and intensive serpentinization. To reveal
the effects of hydrous fluids in Ni-Cu sulfide mineralization and the fate
of fluids afterward, we present detailed petrographic and mineralogical
characteristics of hydrothermal alteration of Orebody 1 in the Jinchuan
deposit. In this study, the origin, role and fate of hydrous fluids in the
formation of magmatic sulfide deposits have been constrained by
establishing the genetic link among the presence of hydrous minerals,
olivine serpentinization and sulfide mineralization.

2. Geology of the Jinchuan Ni-Cu sulfide deposit

The Jinchuan magmatic Ni-Cu sulfide deposit is located at the
eastern part of the Longshoushan Terrane in the North China Craton
(Fig. 1a). The Longshoushan Terrane consists mainly of Paleoproter-
ozoic and Mesoproterozoic metamorphic units and is unconformably
overlain by Neoproterozoic and Paleozoic conglomerates, sandstones,
and limestones (Fig. 1b; Chai and Naldrett, 1992; Tang and Li, 1995;
Song et al., 2006). The mafic-ultramafic magmatism in the Long-
shoushan Terrane is dominantly Neoproterozoic, represented by the
Jinchuan ultramafic intrusion (e.g., Li et al., 2005; Zhang et al., 2010).

The Jinchuan intrusion (827 Ma, Li et al., 2004b; 812 Ma, Li et al.,
2005; 832 Ma, Zhang et al., 2010) intruded Paleoproterozoic migma-
tites, gneisses and marbles of the Longshoushan Group. The intrusion is
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about 6500 m long, 20 to 500 m wide, and generally strikes NW-SE
(Fig. 1c). The vertical downward extension of the intrusion is more
than 1100 m in its central part (Fig. 1d). The intrusion is composed
almost entirely of peridotites, including dunite, lherzolite, and olivine
wehrlite, with minor pyroxenite and troctolite (Tang and Li, 1995). It is
divided by a series of NE-SW-trending, subvertical strike-slip faults Fg,
F16.1, and Fo3 into Segments III, I, IT and IV from west to east (Fig. 1c, d).
To the west of fault Fy5 3, Segments III and I consist mainly of fine-
grained dunite and lherzolite with minor pyroxenite in the sulfide-free
upper unit and coarse-grained lherzolite and dunite in the sulfide-
bearing lower unit (Chen et al., 2009, 2013; Song et al., 2012).
Segment I contains Orebody 24 (Fig. 1d) that occurs above the basal
pyroxenite and may be in contact with the footwall of the country rocks
(Chen et al., 2013). On the opposite site of fault F15_1, Segments Il and IV
comprise mainly of medium- to coarse-grained lherzolite and dunite
(Song et al., 2009). Segment II hosts the largest sulfide Orebody 1 in the
western part, while the second largest sulfide Orebody 2 is hosted in the
eastern part (Fig. 1d). The bulk of the economic resource in the Jinchuan
deposit is made up of net-textured ores with typical sulfide contents of
about 15-40 vol%, extensive low-grade disseminated ore haloes with
typical sulfide contents of about 5-15 vol%, and extremely high-grade
disseminated ores with typical sulfide contents of about 70-90 vol%.
The net-textured ores usually occur in the interior parts of the intrusion,
whereas disseminated ores typically occur in the exterior parts of the
intrusion (Fig. 1d). Sulfide minerals are mainly pyrrhotite, pentlandite
and chalcopyrite.

3. Samples descriptions and analytical methods
3.1. Sample descriptions

Seventy-eight samples investigated in this study were collected from
the interior of Orebody 1 in the Segment II of the Jinchuan intrusion at
three levels in the underground tunnels. Samples JCO1, JC0O3, JCO5 and
JCO7 were sampled at elevations of 1018 m (Fig. 2a), 934 m (Fig. 2b),
814 m (Fig. 2¢) and dump, respectively. Sample JC04 is from the
enclosing intrusive host abutting the hanging wall of Orebody 1 at 934 m
(Fig. 2b). From the above-mentioned samples, the following sub-
samples, JCO1-16, JC03-2, JC03-3, JC03-5, JC03-10, JC03-18, and
JC03-19 were recovered from the interior fault zones (Fig. 2a-b);
whereas sub-samples JC01-11, JC01-12, JCO01-13, JCO01-14, and
JCO01-15 were recovered from broken margin (Fig. 2a).

The lherzolite samples (JC04-1 to JC04-4) from elevation 934 m
consist of olivine (50-70 vol%), clinopyroxene (10-15 vol%), ortho-
pyroxene (10-15 vol%), and plagioclase (2-5 vol%), with minor
phlogopite, hornblende and chromite. Olivine is anhedral and
commonly enclosed by interstitial clinopyroxene or orthopyroxene
grains. The sulfide-disseminated lherzolite samples corresponding to the
disseminated ores (JCO1-1 to JCO1-5; JCO1-11 to JC01-15; JCO1-19 to
JC01-23; JC03-33 to JC03-38) were recovered at 1018 m and 934 m
levels. They contain 60-85 vol% olivine, 10-30 vol% pyroxene (clino-
pyroxene > orthopyroxene), 5-10 vol% sulfide, 5-10 vol% hornblende,
and 5-10 vol% phlogopite, with minor chromite which occurs as
interstitial grains or as small inclusions in olivine. The rest of the sam-
ples are the sulfide-(patchy) net-textured dunites corresponding to the
(patchy) net-textured ores. They contain 60-80 vol% olivine, 15-40 vol
% sulfide, and 1-8 vol% pyroxenes (clinopyroxene > orthopyroxene)
with minor phlogopite, apatite, hornblende, and chromite crystals.

3.2. Analytical methods

Textural and mineralogical investigations were conducted using
TM4000plus scanning electron microscopy system equipped with
Bruker Quantax 75 energy-dispersive spectroscopy at the Institute of
Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). Back-
scattered electron (BSE) images were obtained at an accelerating voltage
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Fig. 1. (a) Tectonic units of China. (b) Simplified regional geological map of the Longshoushan Terrane (modified after Li and Ripley, 2011 and Duan et al., 2015).
(c-d) Geological map and longitudinal section of the Jinchuan deposit (modified after Song et al., 2012).
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of 15 kV and 20 kV to illustrate texture and alteration features between
sulfide aggregates and silicate minerals. Semi-quantitative chemical
analyses were used to identify minerals at 20 kV accelerating voltage.
The acquisition time of each spot was 15 s, ensuring the spectrum area
exceeded 2.5 x 10° counts.

In-situ major element compositions of minerals were determined on
thin sections using a JEOL JXA8100 electron probe microanalyzer
(EPMA) at IGGCAS. The analytical conditions were accelerating voltage
of 15 kV, 10 nA beam current, 5 pm beam spot and 10-30 s counting
time on peak. Natural and synthetic minerals were used for standard
calibration, and a program based on the ZAF procedure was used for
matrix corrections. Analytical uncertainties for all elements analyzed
were better than 1-2%.

In-situ trace element analyses of olivine were conducted on thin
sections using a 193 nm Coherent GeoLasPro ArF Excimer laser coupled
to an Element XR, Thermo Fisher inductively coupled plasma mass
spectrometer (LA-ICP-MS) at IGGCAS. Prior to LA-ICP-MS analysis, thin
sections previously coated with carbon for EPMA analyses were treated
with 3% HNOs, followed by de-ionized water and ethylene to clean the
surfaces. Each analysis was performed using 44 pm diameter ablating
spots at 5 Hz with an energy of ~100 mJ per pulse for 40 s after
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measuring the gas blank for 20 s. Standard reference materials NIST610
and NIST612 were used as external standards to produce calibration
curves. Raw data processing was carried out offline using GLITTER 4.0
program.

4. Results
4.1. Post-magmatic modification features in the Jinchuan deposit

In this section, we recognize and describe typical post-magmatic
hydrothermal alteration imprinted on the sulfide-bearing rocks with
the aid of cracks that might serve as pathways of external fluids at
varying scales.

The samples collected from highly sheared faults in the Orebody 1
(Fig. 2a-b) are sulfide-net-textured dunites. They have experienced the
most pronounced hydrous alteration (Fig. 3a-d), especially confined
sample margins with metallic coloration (Fig. 3a, b). In these samples,
the original serpentine mesh texture has been totally overprinted by
shear zones, and all silicate phases are completely serpentinized and
have indistinct grain boundaries. There are remnants of chromite in-
clusion mostly rimmed by altered Cr-magnetite (Fig. 3c). Net-textured

Pb-Te alloy

20KV 11.9mm X60 BSE M T Sooum

Fig. 3. Representative microphotographs of the post-magmatic alteration of samples from Orebody 1 in the Jinchuan deposit. (a-c) Net-textured samples from
sheared-fractures infillings are replaced completely by serpentine, magnetite and sulfate with occurrences of dolomite and (d) sphalerite and Pb-Te alloy. (e) Samples
from the broken margin of orebody show heterogeneous hydrothermal alteration of (f) silicate minerals and (g) sulfide minerals. (h-j) Samples from the interior of the
orebody are crosscut by microfractures and exhibit limited hydrothermal alteration centered on the fractures. Abbreviations: Ol, olivine; Cpx, clinopyroxene; Opx,
orthopyroxene; Hbl, hornblende; Pl, plagioclase; Srp, serpentine; Sul, sulfide; Po, pyrrhotite; Pn, pentlandite; Ccp, chalcopyrite; Sp, sphalerite; Mag, magnetite; Ilm,

ilmenite; Dol, dolomite.
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sulfides are commonly replaced by Fe-oxide or Fe-sulfate occurring as
irregular rims on sulfide aggregates (Fig. 3c). Pb-Te alloy and sphalerite
are occasionally present (Fig. 3d).

The samples recovered from broken margin of the orebodies (Fig. 2a)
also display heterogeneous hydrothermal alteration (Fig. 3e-g). Their
silicate minerals are partially or completely altered (Fig. 3e, f), whereas
most sulfide aggregates have fresh interior and are surrounded by thin
magnetite rims (Fig. 3e, g) that may have resulted from self-oxidization
or alteration of adjacent silicate minerals. Other samples are occasion-
ally penetrated by millimeter-scale micro-fractures and display veinlet
hydrothermal alteration centered on the micro-fractures, but generally,
the majority remain unblemished by hydrothermal activity (Fig. 3h-j).

These post-magmatic modifications of sulfide-bearing rocks are
spatially concentrated along the cracks (Fig. 3). The modifications are
spatially heterogeneous and have no defined distribution at orebody-
scale. It effectively modified the chemical compositions of the primary
silicate minerals (Fig. 3c, e-j) and destroyed the original mesh texture in
olivine (Fig. 3c, e, g, h) and cumulus texture of the rocks (Fig. 3e-f, i-j).

(el Disseminated ore S
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The primary sulfide minerals are also vulnerable to the post-magmatic
modifications. The sulfide aggregates are cross-cut by micro-fractures
(Fig. 3h) and rimmed by secondary magnetite and/or sulfate (Fig. 3c,
e, g). Petrographically, the most identifiable features of post-magmatic
modifications are the spatial heterogeneity of overprinting on the orig-
inal mesh texture (Fig. 3c, e-j) and secondary oxide and/or sulfate
around sulfide aggregates (Fig. 3c, e, g).

4.2. Alteration features of olivine dependence on sulfide contents

In the net-textured ores containing 30-40 vol% sulfide, serpentini-
zation of cumulus olivine is commonly pervasive, but the continuum of
sulfide minerals enclosing cumulus olivine remain unaffected by hy-
drothermal alteration (Fig. 4a, b). Relict olivine occurs as islands within
serpentine mesh texture (Fig. 4b). In most cases, the percentages of
serpentine plus magnetite are equal to or higher than those of the
remaining olivine (Fig. 4b). Notwithstanding the high serpentinization
intensity of the cumulus olivine, the olivine-sulfide interfaces are regular

Fig. 4. Back-scattered electron (BSE) images showing representative alteration features of decreasing alteration intensity with decreasing sulfide contents from (a-b)
net-textured ore through (c-d) patchy net-textured ore to (e-f) disseminated ore at orebody-scale.
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and smooth in the samples (Fig. 4a, b).

In the patchy net-textured ores containing 10-30 vol% sulfide, the
serpentinization is extensive (Fig. 4c, d) but the degree is lower than that
in the net-textured ores (Fig. 4a, b). The discontinuous sulfide minerals
around the altered olivine grains remain fresh (Fig. 4d). The percentages
of serpentine plus magnetite are commonly less than those of relict
olivine (Fig. 4d).

In the disseminated ores containing 5-10 vol% sulfide, the serpen-
tinization intensity is generally lower (Fig. 4e, f) than that in the net-
textured ores (Fig. 4a, b) and patchy net-textured ores (Fig. 4c, d) and
the disseminated sulfide minerals remain unaffected by hydrothermal
alteration (Fig. 4e, f). The serpentine and magnetite present along the
intra-grain fractures and grain boundaries, and the percentages of
serpentine plus magnetite are significantly less than those of the relict
olivine (Fig. 4f).

The above systematic decline in the degree of serpentinization from
net-textured ores, through patchy net-textured ores, to disseminated
ores at orebody-scale (Fig. 4) indicates a dependence of alteration in-
tensity on the sulfide contents. At thin section-scale, the olivine grains
occurring in the sulfide-rich part are consistently characterized by
higher degree of alteration intensity than those in the sulfide-barren part
(Fig. 5).

4.3. Alteration features of olivine dependence on olivine-sulfide texture

There are two types of contact relationship between olivine and
sulfide in the sulfide-bearing rocks: Type I, olivine is partially in contact
with the sulfide aggregates; Type II, olivine is exclusively enclosed by
sulfide aggregates (Fig. 6). In Type I, there is an envelope of serpentine
around olivine at the olivine-sulfide interface (Fig. 6a). The Type I
olivine displays decreasing serpentinization intensity from the olivine-
sulfide interface to the core (Fig. 6a). In Type II, irregular patches of
serpentine formed by replacement of olivine are restricted along the
olivine-sulfide interface. The portions abutting other olivine grains are
less serpentinized than those adjacent to the sulfide aggregates. No
obvious relationships between the serpentinization intensity and the
interstitial sulfide species in the studied samples can be observed
(Fig. 7). The above-mentioned alteration features show that the degree
of serpentinization decreases along the distance far away the sulfide
aggregates (Fig. 6) and has no dependence on the sulfide species (Fig. 7).
Similar alteration features are shown in Fig. 5b as well.

4.4. Alteration features of olivine dependence on hydrous minerals

The pristine hydrous minerals occur as fine-grained interstitial
phases and make up <10 vol% of the sulfide-bearing rocks. Intergrown
textures of hydrous minerals, sulfide minerals and pyroxenes are
pervasively developed (Fig. 8). In Fig. 8a, the mere presence of phlog-
opite and hornblende on the right of the sulfide aggregates. The uneven
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distribution of hydrous minerals causes the olivine grains on the same
side to display lower alteration intensity in the interior of the olivine and
along the olivine-sulfide interface compared to olivine grains on the
other side of sulfide aggregates (Fig. 8a). In Fig. 8b, when individual
olivine grain sandwiched between hornblende (left) and sulfide (right),
the serpentinization intensity at the olivine-hornblende interface is
much lower than that at the olivine-sulfide interface. The above dis-
crepancies in alteration intensity suggest that the presence of the hy-
drous minerals would protect the adjacent olivine grains from
serpentinization (Fig. 8).

4.5. Olivine compositional variations

Major element compositional profiles determined by EPMA are listed
in Table S1. The olivine grains in the net-textured ores have a wide range
of intra-grain Fo contents, ranging from 79.7 to 85.2, but the variation of
Fo content in individual olivine grain is essentially <2. In the olivine
grains with Fo contents higher than 82 from net-textured ores, the
compositional zoning profiles of Fo and Ni are commonly observed. The
Fo and Ni decrease from the core of olivine to the rim in contact with
sulfide (Table S1; Fig. 9a-b). The olivine grains with medium Fo contents
(80-82) from the net-textured ores exhibit relatively scattered distri-
butions in Fo and Ni contents (Table S1; Fig. 9¢c-d). In the olivine grains
(Fo = 79.2-82.6) from the patchy net-textured ores, no Fo content
zoning has been observed (Table S1; Fig. 9e-h) especially in olivine with
Fo content of Fo82 (Fig. 9e) and Fo80 (Fig. 9h). We note that Fig. 9f
shows an asymmetrical variation in Fo content zoning profiles in olivine
grain. The olivine grain rim adjacent to the sulfide displays an imme-
diately sharp decrease in Fo contents but the part in contact with
orthopyroxene is homogenous (Table S1; Fig. 9f). The intra-grain Ni
contents show no systematic variation with varying Fo contents
(Table S1; Fig. 9e-h). The olivine grains from disseminated ores have
intra-grain Fo contents range from 79.8 to 83.8 (Table S1; Fig. 9i-k). The
olivine grains have trends to approach Fo82 at the rims in contact with
interstitial silicate minerals and scattered Ni distributions at grain-scale
(Fig. 9i, k). An exception is in Fig. 9j, which shows the relative homo-
geneity in Fo contents but Ni contents systematically decrease from the
core to the rim.

In comparison to the ores, the olivine grains in the sulfide-free
lherzolite bordering clinopyroxene have highly variable Fo contents
from 76.6 to 81.8 (Table S1; Fig. 91). The intra-grain elemental distri-
bution shows no chemical zoning from the core to the rim (Fig. 91). In
summary, the intra-grain profiles indicate that the general heterogeneity
in Fo and Ni contents of olivine occurs both at grain- and orebody-scale.
The individual olivine grains from sulfide-bearing rocks have relatively
narrow ranges of Fo contents and remarkable zoning patterns in Fo and
Ni contents from the core to the rim (Fig. 9a-k). In contrast, the indi-
vidual olivine grains from the sulfide-free lherzolite span lower and
wider range of Fo contents (up to 6) without apparent compositional

P

~

Fig. 5. The BSE images showing representative alteration features of olivine affected by sulfide contents at thin section-scale. (a) Olivine grains at the left sulfide-rich
part are more serpentinized than that at the right sulfide-poor part. (b) Olivine grains isolated from sulfide at the right part are more serpentinized than that isolated
from clinopyroxene at the left part. Abbreviations: Phl, phlogopite and others are same as Fig. 3.
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Fig. 6. BSE images showing representative alteration features in different olivine-sulfide texture. (a) The completely serpentinized Type I olivine and partially
serpentinized Type II olivine. (b) Serpentinization of Type I olivine along the olivine-sulfide interface. Abbreviations: Chr, chromite and others are same as Fig. 3.
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Fig. 8. BSE images showing representative alteration features of olivine affected by phlogopite and hornblende.
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Fig. 9. BSE images and compositional profiles of Fo contents and concentrations of Ni in representative olivine determined by EPMA. Olivine grains from (a-d)
sulfide-net-textured dunites, (e-h) sulfide-patchy net-textured dunites, (i-k) sulfide-disseminated lherzolites and (1) sulfide-free lherzolite. Each intra-grain profile

starts from P and ends at P'.

gradients in Fo contents (Fig. 91).

Trace element compositional profiles of olivine determined by LA-
ICP-MS are listed in Table S2. The olivine grains in the net-textured
ores are relatively higher in Ni (1925-2467 ppm) concentrations and
Ni/Co ratios (10.2-15.3), and lower in Mn (1549-1886 ppm) and Co
(136-193 ppm) concentrations (Fig. 10a-b) than those in the host
lherzolite (Mn 1806-2506 ppm, Co 178-222 ppm, Ni 1536-1840 ppm,
Ni/Co 7.32-10.3; Fig. 10c). They show symmetric reverse zonings in
terms of Ni (Ni-poor cores, Ni-rich rims) and Co (Co-rich cores, Co-poor
rims) (Fig. 10a-b). However, the normal zoned olivine grain in the host

lherzolite shows Co enrichment and Ni depletion in the rims (Fig. 10c).

In the lherzolite-hosted olivine, Mn contents have negative correla-
tions with Ni contents and Ni/Co ratios but positive correlation with Co
contents (Fig. 10f). These relationships are reversed in the olivine in net-
textured ores containing hydrous minerals, in which Mn contents are
positively correlated with Ni contents and Ni/Co ratios but negatively
correlated with Co (Fig. 10d). No correlations between Ni/Co ratios, Mn
and Ni contents can be observed in the olivine grains from hydrous
minerals-poor ores (Fig. 10e).
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Fig. 10. BSE images and Mn-Ni-Co-Ni/Co covariations in representative olivine grains determined by LA-ICP-MS. (a-b) Reverse zonings of Ni, Co and Ni/Co ratio in
olivine from sulfide-net-textured dunites. (c) Normal zoned olivine crystal from sulfide-free lherzolite. Correlations of Mn with Ni, Co and Ni/Co ratio in olivine from
(d) hydrous mineral-rich net-textured ore and (e) hydrous mineral-poor net-textured ore that contrary to (f) sulfide-free lherzolite.

5. Discussion

5.1. Selective alteration relevant to post-magmatic hydrothermal
alteration or syn-mineralization?

Previous studies on the post-magmatic modifications of the
magmatic sulfide deposits have described the development of low-

temperature water-rock processes (e.g., Li et al., 2004a, 2008) and
remobilization of metal elements (e.g., Farrow and Watkinson, 1996;
Lightfoot et al., 2017; Liu et al., 2016; Mansur et al., 2021). The Jin-
chuan deposit has long been thought to have suffered intensive post-
magmatic modifications (Ripley et al., 2005), which resulted in the
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secondary addition of a wide variety of hydrous minerals including
serpentine, tremolite, actinolite, talc, and chlorite (Chai and Naldrett,
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1992; Barnes and Tang, 1999; Li et al., 2004a; Ripley et al., 2005; Song
et al., 2012) as well as platinum-group elements mineralization (Pri-
chard et al., 2013; Yang et al., 2006; Yang et al., 2018). In the studied
samples from the Jinchuan deposit, the post-magmatic modifications of
sulfide-bearing rocks are observed being focused along the cracks at
varying scales from thin section to orebody (Fig. 3) and petrographically
overprinted on the original mesh texture in olivine (Fig. 3c, e-j). The rim
of sulfide aggregates has been oxidized to secondary magnetite (Fig. 3c,
e, g).

The selective alteration, proposed in podiform chromite deposits (Su
et al., 2020) and Honggqiling Ni-Cu deposit (Cui et al., 2022), in the
Jinchuan deposit displays distinct petrographic features with post-
magmatic hydrothermal alteration. It is characterized by systematic
serpentinization of the original olivine in association with pristine sul-
fide at varying scales (Figs. 4-8). The objects constitute the selective
alteration including cumulus olivine, sulfide aggregates, primary hy-
drous minerals (phlogopite, apatite, and hornblende), with original
mesh-textured olivine grains in the Jinchuan deposit. The degree of
selective alteration is dictated by the sulfide contents (Figs. 4-5), olivine-
sulfide textures (Fig. 6), and the occurrence of interstitial hydrous
minerals (Fig. 8). The post-magmatic alterations locally modified the
chemical composition of the silicate minerals and the sulfide minerals.

Both the post-magmatic and selective alteration involve the intro-
duction of hydrous fluids (Cui et al., 2022). If the hydrous fluids were
derived from external sources postdating the mineralization processes,
the alteration would yield two kinds of results: (1) at orebody-scale, the
alteration intensity would decrease progressively inward to the center of
the intrusion (Ripley et al., 2005); (2) at thin section-scale, the inter-
stitial anhydrous silicate phases such as pyroxene enclosing the olivine
would also be altered (Fig. 3e-f, i-j). However, the selective alteration
shows alteration intensity increase inward to the core at orebody-scale
(Fig. 4) indicating the alteration results from syn-mineralization hy-
drous fluids. Furthermore, the hydrous minerals, intergrown with the
interstitial sulfide and pyroxenes, can lower the degree of selective
alteration (Cui et al., 2022), suggesting that the hydrous minerals
formed during syn-mineralization fluid activity as well.

In the Jinchuan deposit, the decrease of 520 values of the olivine as
the increase of degree of the serpentinization (Ripley et al., 2005) may
suggest the equilibrium between olivine, serpentine and water reached.
The higher §'80 values of the olivine than serpentine (Ripley et al.,
2005) therefore indicate the mineral/water oxygen fractionation factor
of olivine is higher than serpentine. Since the mineral/water oxygen
fractionation factor is a function of temperature (Vho et al., 2019), the
serpentinization of olivine require high-temperature (Vho et al., 2019)
that are consistent with magmatic temperature (Bindeman, 2008).

5.2. Direct origin, role, and fate of hydrous fluids in the Jinchuan Ni-Cu
sulfide deposit

Hydrous fluids with high content soluble volatiles play a critical role
in magma transportation and ore-forming process. During the ascent of
the ore-bearing high-Mg parental basaltic magmas, exsolution of vola-
tiles would cause gas bubble nucleation, growth, and possible coales-
cence (Métrich and Wallace, 2008; Mungall, 2015; Yao and Mungall,
2020). The vapor bubble is spontaneous attached to the stable sulfide
phases to form the compound drops because of the surface tension
(Botcharnikov et al., 2013; Mungall et al., 2015; Mungall and Brenan,
2014; Mungall and Su, 2005). The compound drops are evidenced by
natural globular sulfide ore textures (e.g., Barnes et al., 2019; Barnes
et al., 2020; Le Vaillant et al., 2017; Liu et al., 2010; Schoneveld et al.,
2020) and numerical modeling (Chung and Mungall, 2009; Yao et al.,
2019; Yao and Mungall, 2020). The attachment of sulfide droplets to
low-density vapor bubble increases the ability of sulfide liquid to
migrate upward to shallow metallogenic system (Edmonds, 2015; Le
Vaillant et al., 2017; Mungall et al., 2015; Yao et al., 2019; Yao and
Mungall, 2020).
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The vapor bubbles that latched onto the sulfide droplets due to
surface tension can be a potential candidate for the hydrous fluid ac-
tivities happened in the Jinchuan deposit. When the compound drops
rise to the shallow, the immiscible fluids released during the crystalli-
zation of sulfide minerals would penetrate into and hydrate the adjacent
cumulus olivine, resulting in the selective alteration. The extent of fluid-
olivine reaction would depend on the volume of fluids that dictates the
upward migration of sulfide liquid suggesting that more sulfide minerals
as intercumulus phases need more fluids to form low-density compound
drops and subsequently released. In other word, the high content of
sulfide can be an indicator of higher degree of hydrous fluid activity,
which is analogous to the positive relationship between proportions of
chromite and degrees of fluid activity in chromite deposits (Su et al.,
2020, 2021). Therefore, the serpentinization of olivine generally in-
creases with increasing modal abundance of interstitial sulfide minerals.
This mechanism can be responsible for the unequal intensity of alter-
ation between the olivine grains (Figs. 4, 5) as well as between the
pristine interstitial pyroxenes and the serpentinized cumulus olivine
(Figs. 3a, 5b). Since primary hydrous minerals can hold water in the
crystalline structure, crystallization of small amounts of hydrous min-
erals would incorporate a portion of water in their structure (Su et al.,
2020) and lower the fluids contents in the interstitial vapor-sulfide-
silicate system. Therefore, the cumulus olivine grains immediately
adjacent to the hydrous minerals would be less altered than those which
are out of reach of uptake of fluids by hydrous minerals. In some in-
stances, the olivine grains are petrographically protected from selective
alteration by pristine hydrous minerals (Fig. 8). As shown above, part of
the hydrous fluid released from sulfide liquid was involved in serpen-
tinization, and another part was trapped in primary hydrous minerals.
The process of serpentinization is isochemical for major elements (Si,
Mg, Fe) in olivine, whereas minor and trace elements such as Ca, Al, Cr
are supposed to lost to hydrous fluids (Shervais et al., 2005). Thus, the
hydrous fluids became progressively enriched in Ca, Al, Cr which are
favorable to the saturation of apatite and hornblende. Besides, the het-
erogeneity of chlorapatite in sulfide-bearing rocks and relative lower Ce
anomalies (8Ce) fluorapatite in lherzolite imply the reducing redox state
(Liu et al., 2021) and enrichment of F as the hydrous fluids evolve.

Empirical and experimental olivine/liquid partition coefficients
(Olivine/liquidpyy - gogest that growth of olivine would produce Ni
decreasing from core to rim (Fig. 10c) and negative correlation between
Ni and Mn (Fig. 10f) at grain-scale (e.g., Bédard, 2005; Hirschmann and
Ghiorso, 1994). Co is a compatible element in olivine, but only constant
to increasing Co in planetary olivine is observed because of the
increasing °1Vine/liauidp . - and decreasing Co concentrations in silicate
melts (Fig. 10c; Papike et al., 1999; Herd et al., 2009). Thus, the growth
of olivine would produce positive correlation of Co with Mn (solid line in
Fig. 11b) and systematic decrease in Ni/Co (Fig. 10f). Therefore, the
distributions of Ni (Ni-rich cores, Ni-poor rims), Co (Co-poor cores, Co-
rich rims) and Mn (Mn-poor cores, Mn-rich rims) in normal zoned
olivine from sulfide-free lherzolite (Fig. 10c, f) behave as expected for
being consistent with the fractional crystallization model. The Fe-Ni
exchange between olivine and sulfide liquid would produce a negative
relationship between Fo and Ni contents in olivine (Fig. 11a; Li et al.,
2003). As a result of the positive correlation between the exchange-
coupled pair of elements (i.e., Fe-Ni pair), reverse zoning of Ni can be
developed (Fig. 10a-b) and the original negative Fe-Ni correlation can be
turned upside down (Fig. 11c). Moreover, the feasible Co-Ni exchange
could also be developed in same samples. The reverse zoning with
respect to Co (Fig. 10a-b) can be explained by Ni-Co exchange preceding
Fe-Ni exchange owing to the dependence of Co to Ni. The inverse cor-
relation between Mn and Co in olivine from sulfide-bearing rocks
(dashed line in Fig. 11b) contrary to sulfide-free lherzolite (solid line in
Fig. 11b) may indicate that Co migrates from olivine to sulfide liquid
during sulfide liquid-olivine Ni-Co exchange (Fig. 11d).

Previous studies suggest that the Fe-Ni exchange between olivine and
sulfide liquid is dependent on temperature, melts composition, oxygen
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fugacity and sulfur fugacity (e.g., Barnes et al., 2013; Brenan, 2003).
However, the significant correlations of Ni, Co and Ni/Co with Mn in
olivine has been observed in net-textured ores with hydrous minerals
(Fig. 10d), which has not been found in the hydrous minerals-poor net-
textured ores (Fig. 10e). This suggests the effect of fluids on the
elemental exchange process cannot be neglected. The fluids may serve as
an agent for elemental exchange similar to the fluid-mediated elemental
exchange between olivine and chromite in ophiolites (Su et al., 2021).
The more fluid involves, the more completion the elemental exchange
proceeds to, indicating the involvement of fluids enhanced the
elemental diffusive efficiency between olivine and the intercumulus
liquids. As mentioned above, a combination of fractional crystallization
and sulfide liquid-olivine Fe-Ni exchange may have contributed to the
overall variation of olivine compositions in the Jinchuan deposit, the
involvement of fluids in the sulfide-bearing rocks cannot be ruled out.
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5.3. Application in magmatic Ni-Cu sulfide deposits related to hydrous
parental magma

Majority of the §°*S values of the sulfide of the Jinchuan deposit
range from —2 to +2 %o (Duan et al., 2016; Gao et al., 2022; Ripley et al.,
2005), similar to that of the orogenic magmatic Ni-Cu sulfide deposits.
Examples include Hongqiling (6%*s = —2.2t0 +0.9 %o, Hao et al., 2014),
Piaohechuan deposit (8%%s = —0.5 to +1.0 %o, Wei et al., 2019), Kala-
tongke (5%*s=-1.86to +1.74 %o, Tang et al., 2020) in the Central Asian
Orogenic Belt and many Ni-Cu deposits (5**S = —1 to +2.8 %, Papunen
and Makela, 1980) in the Kotalahti and Vammala belts in Finland. These
values are close to the range characteristic of mantle-derived sulfur 54,
which undermine the effect of external sulfur on the sulfide saturation.
Yao et al. (2019) showed that at a pressure of 200 MPa, the anhydrous
parental magma of Talnakh (Krivolutskaya et al., 2001) may carry <5
vol% sulfide liquid, whereas the hydrous magmas containing about 3-4
wt% Ho0 (Plank et al., 2013) may carry >15 vol% sulfide liquid. This
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indicates the very efficient collection of mantle-derived sulfide from
appropriate volumes of magmas (Ripley and Li, 2013), especially the
hydrous magmas. Previous studies demonstrate that the low-density
sulfide-volatile compound drops can transport upward by flotation
(Mungall, 2015; Yao et al., 2019; Yao and Mungall, 2020). This study
proposes a model for the genesis of syn-mineralization selective alter-
ation (Fig. 12) that may also exist in the orogenic magmatic Ni-Cu sul-
fide deposits for the existence of volatile.

In the metallogenic system, the fractionation of mafic-ultramafic
parental magma would produce cumulus crystals and evolved melt
that may then be squeezed into the shallow structural traps (Fig. 12a).
Injection of a pulse of sulfide liquid would disturb the accumulated
crystals and take up the intercumulus space (Fig. 12b). This process
would ultimately lead to the formation of different sulfide-silicate tex-
tures depending on the intercumulus phases and their contents. The Ni-
Co exchange and Fe-Ni exchange between sulfide liquid and olivine
produced reverse zonings of Ni and Co in olivine (Fig. 10a-b). When the
sulfide liquid starts to crystallize (Fig. 12c), the fluids attached to the
sulfide liquid would be released because sulfide minerals are structurally
incompatible with water. Subsequently, the hydrous fluids would hy-
drate the adjacent cumulus phases (mostly olivine in the Jinchuan de-
posit), giving rise to the selective alteration. Therefore, the more
abundance of interstitial sulfide liquid would accompany the more hy-
drous fluids to float and subsequent be released. Thus, a decreasing
order of sulfide contents from right to left in the Fig. 12d corresponds to
decreasing degree of hydration of cumulus olivine. Meanwhile, the
growth of pyroxenes from interstitial silicate melt would not be influ-
enced by the fluid activity for their late crystallization sequence.
Consequently, the interstitial pyroxenes would display less alteration
than the enclosed cumulus olivine. The interstitial hydrous minerals
show a close association with the sulfide minerals in the Jinchuan de-
posit. Their crystallization would structurally accommodate most of the
water in the fluids (Su et al., 2020) through which the adjacent cumulus
olivine grains become less altered (Fig. 8). Moreover, the involvement of
hydrous fluids should have enhanced elemental exchange between
olivine and sulfide liquid accounting for good correlations of Ni and Co
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with Mn in olivine (Fig. 10d).

From this model, the syn-mineralization fluid activity is believed to
extensively modify the composition of cumulus olivine during the ore-
forming stage. Therefore, the chemical and isotopic compositions of
olivine should be interpreted with caution to infer the nature and origin
of the parental magmas.

6. Conclusion

Detailed studies of the petrographic characteristics of hydrothermal
alteration distinguished the post-magmatic modifications and syn-
mineralization selective alteration overprint on the sulfide-bearing
rocks of the Jinchuan Ni-Cu sulfide deposit. The post-magmatic modi-
fications due to fracturing and externally sourced fluid activity is
spatially heterogeneous without apparent regularity in distribution at
orebody-scale. The post-magmatic modifications are identified by the
spatial heterogeneity of destruction of the serpentine mesh texture. In
contrast, the selective alteration is characterized by the mesh texture in
olivine from the sulfide-bearing rocks of the Jinchuan deposit. The de-
gree of selective alteration increases systematically toward the core net-
textured dunite at orebody-scale, which embodies the positive correla-
tion between the alteration intensity and sulfide contents. Moreover, the
crystallization of the primary hydrous minerals would lower the alter-
ation intensity. The fluids responsible for the selective alteration were
derived directly from the sulfide surface and were instrumental in the
upward migration of the sulfide liquid. The olivine grains in sulfide-
bearing rocks are reversely zoned with respect to Ni (Ni-poor cores,
Ni-rich rims) and Co (Co-rich cores, Co-poor rims) which can be inter-
preted by stages of sulfide liquid-olivine Ni-Co exchange and Fe-Ni ex-
change. The good correlations of Mn with Co and Ni in olivine from
hydrous mineral-rich net-textured ores relative to hydrous mineral-poor
net-textured ores show that the involvement of hydrous fluids enhance
elemental diffusion between the olivine and sulfide liquid. Predictably,
the selective alteration would also occur in other magmatic sulfide de-
posits related to hydrous parental magma.
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