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Abstract

The Jinding deposit in the Lanping basin, southwest China, is the largest sandstone-hosted Zn deposit in the
world and the second largest Zn-Pb deposit in China. However, questions related to the metal compositions and
origin of the ore fluids remain. In this study, microthermometry and laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) were employed to determine the properties and compositions of individual
fluid inclusions trapped in sphalerite and calcite. The results show that the fluid inclusions trapped in sphalerite
and calcite have similar homogenization temperatures (79°-173°C with the majority 100°-130°C), salinities
(10.3-29.1 wt % NaCl + CaCls equiv with the majority 24.5-27.4 wt % NaCl + CaCls equiv), and concentrations
of alkali and alkali earth elements (e.g., Na, Ca, Mg, K, Sr, Ba, Li, Rb, and Cs). However, the concentrations of
ore and associated metals (e.g., Pb, Sb, Ag, and Tl) in the fluid inclusions hosted by sphalerite are significantly
higher than those hosted by calcite. Based on these observations, we propose that the sulfides including sphaler-
ite were precipitated from a low-temperature, high-salinity, Ca-rich, metal-rich fluid, while the gangue minerals
such as calcite crystallized subsequently from fluids depleted in metals due to prior precipitation of sulfides,
and that the high salinities of the fluid inclusions are likely due to a combination of seawater evaporation and
subsequent dissolution of evaporitic sequences during fluid percolation. The LA-ICP-MS analyses reveal that
the fluid inclusions have K/Na, Rb/Na, and Cs/Na ratios within the range of modern basinal brines, and Li/Na,
Ba/Na, and Ca/Na ratios share similar compositions with the ore fluids of basement interacted deposits in the
world. The Jinding ore fluids contain ~200 to 650 ppm Pb, based on the data of fluid inclusions trapped in sphal-
erite. The estimated concentrations of Zn in the ore fluids are also very high at ~200 to 6,500 ppm. Our results
reveal that anomalously metal rich fluids played a critical role in the formation of the giant Jinding sediment-
hosted Pb-Zn deposit. We concur with the previous suggestion that sulfide precipitation at Jinding occurred
when ascending metal-rich brines encountered an HsS-rich, Ca-rich fluid, which was produced by interaction
of hydrocarbons with evaporites, in the cap of the Jinding dome.

Introduction solid inclusions, thereby vielding data that may not represent
the true compositions of the aqueous phase (Hammerli et al.,
2013; Pelch et al., 2015; Field et al., 2020). In addition, the
metal contents of fluid inclusions in nonsulfide minerals may
differ from those in sulfide-hosted fluid inclusions, which im-
plies that they were precipitated from different fluids, or at
least at different stages of the paragenesis. Thus, important
questions remain about the metal concentrations of ore fluids
in sediment-hosted Pb-Zn deposits that need to be addressed
by further analyses, including comparison between different
minerals.

The Sanjiang metallogenic belt contains a variety of eco-
nomically valuable sediment-hosted Pb-Zn deposits that
share some similarities with typical MVT ore deposits (He et
al., 2009; Liu et al., 2017). The Jinding deposit, located in the
Lanping basin, is one of the largest and best-known deposits
in the Sanjiang metallogenic belt. It has a total reserve of ~220
million tonnes (Mt) of ore with average grades of 6.1 wt % Zn
and 1.3 wt % Pb (Third Geological Team, 1984). Previous fluid
inclusion studies on the deposit were hampered by the small
size of many of the inclusions. Reported microthermometric

Sediment-hosted Pb-Zn deposits, which are mainly associated
with siliciclastic and carbonate rocks and typically have no di-
rect genetic association with igneous activity, represent the
most important repositories of Pb and Zn on Earth (Leach et
al., 2005, 2010). The two main classes of sediment-hosted Pb-
Zn deposits—sedimentary exhalative (SEDEX) and Missis-
sippi Valley-type (MVT) deposits—contain approximately half
the global resources of Zn and Pb (Singer, 1995; Wilkinson,
2014). However, the genesis of some giant Pb-Zn deposits is
poorly constrained. Determining the composition of ore flu-
ids, including the metal concentrations, major element con-
centrations, and available reduced sulfur, provides an impor-
tant way to understand ore-forming processes. Recent laser
ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS) studies of individual fluid inclusions have proposed
that metal contents of ore fluids can greatly exceed those
measured in almost all modern brines, and thus ore formation
might be linked to the influx of anomalously metal rich fluids
(Stoffell et al., 2004, 2008; Wilkinson et al., 2009; Appold and
Wenz, 2011; Wenz et al., 2012; Pelch et al., 2015). However,

there is the possibility that some anomalously high Zn and
Pb concentrations could result from the ablation of accidental
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results (Wen et al., 1995; Xue et al., 2007; Tang et al., 2011;
Chi et al., 2017) indicate a wide range of homogenization
temperatures (40°-370°C) and salinities (1.2-18 wt % NaCl
equiv). These relatively poorly constrained properties have
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hindered understanding of ore genesis at Jinding. Two main
models for the genesis of the deposit have been proposed over
the last few decades, including epigenetic hydrothermal ori-
gins (Gao, 1989; Qin and Zhu, 1991; Hu et al., 1998; Kyle and
Li, 2002; Chi et al., 2007, 2017; Xue et al., 2007; Tang et al.,
2014; Leach et al., 2017) and syngenetic origins with posthy-
drothermal overprinting (Shi et al., 1983; Bai et al., 1985; Wu
and Wu, 1989; Zhao, W.Y., 1989; Zhao, Z., 2007; Zeng et al.,
2016). Some studies have also suggested that the Jinding de-
posit may represent a new type of sediment-hosted Pb-Zn
deposit, distinct from the typical MVT and SEDEX classes
(Xue et al., 2007; Wang et al., 2009). Thus, the genesis of the
deposit remains under debate, especially regarding the origin
of the ore fluids, models for which include (1) mantle-derived
fluids, based on noble gas isotopes and the presence of COs-
rich fluid inclusions (Teng et al., 2000; Xue et al., 2003, 2007;
Li et al., 2011), (2) sedimentary brines, based on the occur-
rence of evaporites and nearby saline springs or Na-Ca-Cl-
SO4 compositions of fluid inclusions as determined by crush-
leach techniques (Shi et al., 1983; Qin and Zhu, 1991; Luo et
al., 1994; Wen et al., 1995; Kyle and Li, 2002; Tang, 2013), and
(3) meteoric fluids, based on studies of noble gas, hydrogen,
and oxygen isotopes (Hu, 1998; Tang et al., 2013). It should be
pointed out that the different conclusions are mainly based on
different researchers’ data including He-Ar and Pb isotopes.
Therefore, more systematic studies of fluid inclusions are still
needed.

Fluid inclusions are the most direct and representative
samples of ore fluids. They can reveal the nature of the fluids
and can be used to trace fluid origins and evolution. Advances
in LA-ICP-MS analysis technology enable direct quantitative
determination of the compositions of individual fluid inclu-
sions with a high spatial resolution and with low detection lim-
its (Gunther et al., 1998; Heinrich et al., 1999, 2003; Allan et
al., 2005; Guillong et al., 2008; Seo et al., 2011; Pettke et al.,
2012). LA-ICP-MS analysis of fluid inclusions has been suc-
cessfully applied to numerous deposits and has provided new
insights into their origins, such as the sources of ore-forming
fluids and solutes, and mineralization processes (e.g., Audetat
et al., 1998, 2000; Stoffell et al., 2004, 2008; Klemm et al.,
2007; Kouzmanov et al., 2010; Smith et al., 2013; Simpson et
al., 2015; Large et al., 2016; Lan et al., 2018; Liu et al., 2018).

Using the LA-ICP-MS technique, we have determined the
compositions of individual fluid inclusions trapped in hydro-
thermal sphalerite and calcite crystals from the world-class
Jinding Zn-Pb deposit. Prior to this, systematic studies on flu-
id inclusion assemblages (FIAs), cathodoluminescence (CL),
petrography, and microthermometry were conducted to char-
acterize the fluid inclusions and provide necessary constraints
for the LA-ICP-MS analysis. The objective of this study is to
obtain accurate information on the composition of ore fluids
and to gain new insights into the origin of the word-class Jind-
ing Zn-Pb deposit.

Geologic Setting
The Jinding Zn-Pb deposit is located in the Sanjiang Tethyan
domain in southwestern China (Fig. 1a). The Sanjiang Tethy-
an domain, which extends for nearly 2,000 km along the east-

ern margin of the Tibetan Plateau, was formed by the amalga-
mation of Gondwana-derived microcontinental blocks and arc
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terranes as a result of Tethyan oceanic subduction and Indo-
Asian continental collision from the Paleozoic to Cenozoic
(Mo et al., 1994; Metcalfe, 2002, 2013; Deng et al., 2014b;
Wang et al., 2014). A series of basins developed in the Sanji-
ang region due to rifting and postcollisional extension during
the Late Triassic. These basins, such as the Changdu, Lan-
ping, and Simao basins, have similar sedimentary sequences
and tectonic evolutionary histories (Fig. 1b; Tao et al., 2002;
Pan et al., 2003).

The Lanping basin, located on the southern margin of
the Sanjiang Tethys domain, is bounded by the Changning-
Menglian suture to the west and the Jinshajiang and Ailaoshan
sutures to the east (Fig. 1b; Wu et al., 1995; Wang et al., 2014).
Middle to Late Triassic bimodal arc volcanic rocks and volca-
no-sedimentary strata, thought to be related to the subduction
of the Paleo-Tethyan Ocean beneath the Asian continent, are
exposed on the eastern and western rims of the basin (Fig. 1c;
Mo et al., 1994; Yang et al., 2014). The interior of the basin is
filled by thick Mesozoic to Cenozoic sedimentary sequences.
Upper Triassic marine limestones, clastic rocks, and sandy
mudstones deposited over 1,600 m in the rift basin (Luo et
al., 1994; Tao et al., 2002). The overlying Jurassic-Cretaceous
strata are mainly composed of continental sedimentary rocks
such as red beds, interbedded with minor carbonates, which
are thought to have been deposited in a foreland basin (Mou
et al., 1999; Yin and Harrison, 2000). From the Paleogene to
Neogene, lacustrine clastic sedimentary rocks, including silt-
stone, mudstone, sandstone, and conglomerate, were depos-
ited in the basin (Mou et al., 1999). The basement of the ba-
sin is composed of Precambrian gneiss, amphibolite, sericite
schist, and marble, which are exposed in some places along
the basin margins (Yunnan Bureau Geological Mineral Re-
source, 1990).

Evaporites, mainly gypsum and anhydrite, are commonly
associated with the Late Triassic carbonate sequences, the
Middle Jurassic red beds, and the Paleocene red beds. This
indicates a long-term arid environment in the Lanping basin,
which was most important during the early Paleogene when
thick evaporite sequences formed (Yunnan Bureau Geologi-
cal Mineral Resource, 1990; Gao, 1991). Discordant gypsum
bodies, with flow textures and containing Late Triassic lime-
stone clasts, have been interpreted to be the products of halo-
kinesis (Leach et al., 2017).

The India-Asia continental collision during the Cenozoic
(started ca. 55-50 Ma; Dupont-Nivet et al., 2010; Najman
et al., 2010) caused intense extrusion and shortening in the
northern Sanjiang region and rotation and extension in the
south (Tapponnier et al., 1990; Chen et al., 1995; Chung et
al., 1997, Wang et al., 2001; Spurlin et al., 2005). Mesozoic
strata were strongly folded and thrusted into nappes that now
overlie the Neogene sequences (Mo et al., 1994; Yin and Har-
rison, 2000; He et al., 2009). The thrust faults are cut by large-
scale, NS-trending, strike-slip fault systems, which contain an
array of brittle fault surfaces with nearly westerly dip that un-
derwent early-stage sinistral and late-stage dextral strike-slip
shearing (Tapponnier et al., 1990; Liu et al., 2004; Spurlin et
al., 2005). The Cenozoic collision was accompanied by tec-
tonic—magmatic-metallogenic activity in the Sanjiang orogenic
belt, producing some porphyry Cu-Au deposits, sediment-
hosted Pb-Zn deposits, and orogenic Au deposits (Fig. 1b; Ye
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Fig. 1. Regional and local geology of the Jinding deposit. (a) Simplified map of eastern Asia showing the location of the study
area (modified after Yin and Harrison., 2000). (b) Geologic map of the Sanjiang Tethyan orogen showing the major tectonic
units and structural traces (modified after Deng et al., 2014a). (c) Geologic map of the northern Lanping basin showing the
structural control of the deposit (modified after Third Geological Team, 1984). (d) Geologic map of the Jinding Zn-Pb deposit
showing the geology and distribution of ores in the Jinding dome (modified after Tang et al., 2014). A-B and C-D indicate the
locations of the cross sections in Figure 2.
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et al., 1992; Hou et al., 2007; Song et al., 2011; Deng et al.,
2014b; Bi et al., 2019). Potassic felsic stocks (~42—-32 Ma) are
present along the strike-slip faults on the margins of the Lan-
ping basin (Chung et al., 1998; Wang et al., 2001). A few felsic
stocks (~39-36 Ma) are present within the basin (Zhang et
al., 2000; Dong et al., 2005), but no igneous rocks have been
found in the Jinding area.

Deposit Geology and Mineralogy

Deposit geology

The Jinding Zn-Pb deposit is hosted within a tectonic dome
that extends over 8 km?2. The stratigraphic sequence is cut
by an overthrust fault (F2) and can be divided into a lower
autochthonous sequence and an upper, older, allochthonous
klippe (Fig. 1d). The autochthonous succession consists of
the Paleocene Yunlong and Guolang Formations, which are
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composed of siltstone, fine-grained sandstone, limestone
fragment-bearing sandstone, and evaporitic mudstones. The
allochthonous succession consists of the Upper Triassic Mai-
chuqging, Sanhedong, and Waigucun Formations, the Middle
Jurassic Huakaizuo Formation, and the Lower Cretaceous
Jingxing Formation. The Upper Triassic sedimentary se-
quence is mainly composed of marine limestone, dark-gray
bituminous limestone, and mudstone. The Huakaizuo Forma-
tion is composed of siltstone, sandstone, and mudstone. The
Jingxing Formation is composed of fine-grained, gray sand-
stone (Figs. 1d, 2).

A NNE-trending normal dip-slip fault (F27), which is re-
garded as a branch of the Bijiang fault system by some re-
searchers (Chi et al., 2006, 2007), appears to have controlled
the distribution of orebodies at Jinding. The limited results of
thermochronology (Li et al., 2000) and paleomagnetic dating
(Yalikun et al., 2017) suggest that mineralization took place

2000-

Fig. 2. Geologic section of ore blocks in the Jinding Zn-Pb deposit. (a) Southwest-northeast cross section (A-B section in Fig.

1d) of the Beichang-Paomaping ore block. The Jinding dome is defined by zones of allochthonous succession and complex
breccia and sandstone (modified after Tang et al., 2014; Leach et al., 2017). (b) Southeast-northwest section (C-D section in
Fig. 1d) of the Beichang open pit with the sampling locations. Abbreviations as in Figure 1d.
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from 35.9 to 25.8 Ma or from 26 to 20 Ma, respectively. Based
on the spatial relationships between mineralization and re-
gional overthrusting, the earlier timing seems more likely with
a proposed window between 33 and 28 Ma (Wang et al., 2009).

More than 100 orebodies have been discovered in the Jind-
ing area. The orebodies are grouped into seven ore blocks:
Beichang and Paomaping in the north, Fengzishan and Xipo
in the west, Nanchang and Baicaoping in the south, and Ji-
ayashan in the east (Fig. 1c). Orebodies occur as irregular
lenses and veins (Fig. 2). The No. 1 orebody in the Beichang
block is up to 54 m thick and 1,450 m in length, with a down-
ward extension exceeding 1,000 m in some places. This ore-
body accounts for ~75% of the total ore reserves in the de-
posit (Fig. 2; Third Geological Team, 1984; Luo et al., 1994).

887

The host rocks of the orebodies are mainly the sandstones of
the Late Cretaceous Jingxing and the Paleocene Yunlong For-
mations (Third Geological Team, 1984; Gao, 1989; Qin and
Zhu, 1991). Recently, Leach et al. (2017) reinterpreted the
host-rock sequence as a mixed, sediment-evaporite glacier
zone that does not belong to a specific sedimentary formation.

Mineralogy and paragenesis

The major ore types of the Jinding deposit are disseminated,
breccia, and vein ores. The disseminated textures mainly oc-
cur in the upper part of an individual orebody. They are com-
posed of disseminated sulfides (sphalerite, galena, pyrite, and
marcasite) in the matrix of sandstones and limestone clast-
bearing sandstones (Fig. 3a, b). In the Beichang ore block, the

Fig. 3. Hand specimens of typical ores and photomicrographs in transmitted light and reflected light from the Jinding Zn-Pb
deposit. (a) Disseminated mineralization in sandstone and limestone-bearing sandstone layers. (b) Disseminated sulfides in
sandstone. (c) Angular and chaotic limestone clasts in calcite and gypsum matrix with some galena and minor sphalerite. (d)
Sulfide veins in the early disseminated sandstone ore, where the sphalerite-calcite-pyrite/marcasite vein precipitated earlier
than the galena-sphalerite-calcite vein. (e) Coarse-grained sphalerite-calcite vein grown along the sandstone. (f) Coarsely
crystalline sphalerite, calcite, coarse-grained galena, and minor gypsum filling in cavities. (g) Disseminated sphalerite (Spl),
galena, and pyrite/marcasite replace the carbonate matrix and occur in the interval of quartz clasts in sandstone. (h) Colloform
sphalerite (Sp2)-calcite (Cal2) veins intergrown with pyrite and sandstone. (i) Coarsely crystalline sphalerite (Sp3) associated
with galena. Cal = calcite, Cls = celestine, Gn = galena, Gp = gypsum, Lim = limestone breccias, Mar = marcasite, Py = pyrite,

Qtz = quartz clasts, Sp = sphalerite.
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average Zn/Pb ratio of this type of ore is 4.9 (Bai et al., 1985).
The breccia ores mainly occur in the lower part of an orebody
(Fig. 3c). The breccias comprise limestone, siltstone, and
mudstone clasts (millimeters to meters in diameter), possibly
derived from the Late Triassic Sanhedong Formation (Gao,
1989). In this type of ore, sulfides act as a cement around the
breccia clasts that are themselves rarely mineralized (Fig. 3c).
Vein-type ores are spatially controlled by fractures in sand-
stones and breccias (Fig. 3d, e). Sulfide mineralization is ex-
tensively developed in the fault-related veins and near-vein
sandstones and breccias.

The ore minerals are mainly sphalerite and galena. They
are typically fine-grained (50-200 pm), occurring as anhedral
crystals disseminated in sandstones (Figs. 3b, g, 4a). Small
amounts of colloform (microcrystalline) sphalerite and pyrite,
commonly with concentric zoning structures, are also present

(Figs. 3d, e, h, 4b). This type of sulfide in sedimentary rocks
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elsewhere in the world has been interpreted as forming from
supersaturated solutions by rapid crystallization (e.g., Roed-
der, 1968). Coarse-grained, crystalline sphalerite crystals, as-
sociated with coarse-grained galena, pyrite and calcite, are
observed in veins (Figs. 3f, i, 4c). The common gangue min-
erals are pyrite, marcasite, calcite, celestine, barite, gypsum,
anhydrite, dolomite, bitumen, hematite, and minor quartz. It
should be pointed out that there are amounts of pre-ore gyp-
sum, anhydrite, calcite, celestine, pyrite, and marcasite in the
Jinding deposit, but these have been excluded from this study.
Organic matter, such as solid bitumen and heavy oil, is com-
mon in the orebodies and in the country rocks.

Based on field relationships and microscopic observations of
different types of ores, including mineral paragenesis inferred
from textures, the Jinding mineralization can be divided into
early and late stages (Fig. 5). Both disseminated and collo-
form sphalerite are interpreted to have precipitated during

Fig. 4. Photomicrographs in transmitted light and CL images showing characteristics and paragenetic relationships in the
different mineralization types of sphalerite at the Jinding deposit. (a) Disseminated sphalerite (Sp1) intergrown with detrital
quartz; calcite cement contained a few secondary inclusions. (b) Disseminated sphalerite (Sp1) and fine-grained calcite (Call)
is crosscut by colloform sphalerite (Sp2)-calcite vein, and coarse calcite (Cal2) has a darker CL color than Call. (c) Crystalline
sphalerite (Sp3) associated with coarse-grained annular calcite with variable CL colors. Abbreviations are the same as those

used in Figure 2.
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Hydrothermal mineralization period
Mineral
Early ore stage Late ore stage
Marcasite
Sphalerite Disseminated Sp1 Crystalline Sp3
ColloformSp2
Galena —— —
Cal1 Cal2 Cal3 Cal4
CalCite -a — ——— —
Dolomite -
Gypsum ——
Celestine —
Hematite

Fig. 5. Paragenetic sequence of hydrothermal minerals in the Jinding deposit.

the early stage. The early-stage disseminated sphalerite (Sp1)
commonly occurs as an intergrowth with minor galena, py-
rite, and marcasite, cemented by calcite (Call, Fig. 3g). The
early-stage colloform sphalerite (Sp2) is present in veins with
fine-grained calcite (Cal2, Fig. 3e) or with minor amounts of
galena and pyrite/marcasite in fractures in sandstones and
breccias (Figs. 3h, 4b). Pyrite and marcasite appear to have
precipitated relatively early, whereas fine-grained disseminat-
ed and colloform sphalerite appear to have precipitated later,
as indicated by overgrowth of some colloform sphalerite on
pre-ore pyrite and marcasite (Fig. 3h).

The late-stage minerals are generally coarser than the early-
stage minerals. The late stage can be further divided into two
substages. Coarse-grained galena-calcite veins that crosscut
the early-stage sphalerite-calcite veins clearly belong to the
late stage, but further classification is not possible (Fig. 3d).
Large, euhedral galena and pyrite crystals, translucent euhe-
dral crystalline sphalerite (Sp3), and calcite (Cal3) formed
during the earlier substage (Figs. 3f, i, 4c). The calcite crystals
in this assemblage are commonly large and euhedral with os-
cillatory zoning and an annular structure in CL images (Fig.
4c). Large celestine crystals and associated minor amounts of
galena and hematite formed during the later substage.

Samples and Analytical Methods

Sample selection

Ore samples were collected from across the Jinding deposit
(Fig. 1d). The samples were prepared as doubly polished sec-
tions (~200 pm thick) for petrographic observation and fluid
inclusion study. A total of more than 200 sections were exam-
ined. Thirteen of them contain fluid inclusions that were large
enough (>10 gm in diam) for LA-ICP-MS analysis. The select-
ed samples are mainly from the No. 1 orebody in the Beichang
block (Fig. 2). Sample descriptions are given in Table 1. The
selected samples contain minerals formed at different stages
of the mineralization at Jinding, including the colloform and
crystalline sphalerites and the fine- to coarse-grained calcite.

Table 1. Locations and Descriptions of the Samples Used for Individual Fluid Inclusion Analyses

Assemblages selected ~ Paragenetic sequence

for FI microanalyses

Blocks and

e)

of FI (stage,

Description

Host rock Mineralogy

elevation (m a.s.l.)

Location
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ge, 2

Early stage, 2

Early stage, 1
Early sta;

Cal (JD26-1¢)
Sp (JD24-3a), Cal

Colloform sphalerite and calcite veins intergrown with disseminated sphalerite Sp (JD21-8)

Colloform sphalerite and calcite veins with bits of pyrite intergrown with

Disseminated sphalerite with bits of galena, pyrite, and marcasite

Sp-Gn-Py-Cal

Sp-Gn-Cal
Sp-Gn-Py-Cal

Sandstone
Sandstone
Sandstone

BC, 2,580
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CL microscopy

Cathodoluminescence microscopy of thin sections was car-
ried out to obtain detailed information on the growth history
of the phases hosting the fluid inclusions. A Reliotron lumino-
scope (type HC1-LM), equipped with a polarization micro-
scope and digital camera, located at the State Key Labora-
tory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences (IGCAS), was used. The CL
images were collected at 5- to 10-kV acceleration voltage and
a beam current of 0.5 mA under 80- to 120-mTorr vacuum.

Microthermometry

Microthermometric analysis of fluid inclusions was car-
ried out using a Linkam THMSGG600 heating-freezing stage
at the State Key Laboratory of Ore Deposit Geochemistry,
IGCAS. The temperatures of first melting (Te), final ice-melt-
ing (Tm ice), hydrohalite melting (Tm hyd), halite dissolu-
tion (Ts NaCl), and homogenization to the liquid phase (Th)
were observed and recorded. The measurement precision was
+5°C for Te, +0.1°C for Tm ice and Tm hyd, and £1°C for
Ts NaCl and Th. The valid ice- and hydrohalite-melting tem-
peratures were used to determine the salinities and weight
fractions of NaCl and CaCls (i.e., NaCl wt %, CaCls wt %, and
NaCl/CaCly) in the NaCl-CaCly-H20 system using the nu-
merical model based on empirical best fits of phase equilibria
determined from experimental data (Steele-MacInnis et al.,
2011, 2016; Schlegel et al., 2012). For the fluid inclusions for
which hydrohalite-melting temperatures could not be mea-
sured with certainty, the ice-melting temperatures were used
to best estimate the salinities.

LA-ICP-MS analysis

The elemental concentrations of individual fluid inclusions
were analyzed by LA-ICP-MS at the State Key Laboratory of
Ore Deposit Geochemistry, IGCAS, following the procedure
described by Lan et al. (2017, 2018). The analytical facility
consists of an Agilent 7900 mass spectrometer and a Geolas-
Pro 193-nm ArF excimer laser. Samples were placed into an
8-cm? ablation cell and sputtered using a laser with output
energy density of 8 J/cm2 and a repetition rate of 6 Hz. The
beam size was adjusted to be slightly larger than the fluid
inclusions to attain full ablation of the fluid inclusions (e.g,
Stoffell et al., 2004), and most sphalerite- and calcite-hosted
fluid inclusions were ablated using a laser spot size of 32 pm.
Straight ablation methods instead of stepwise ablation were
used to drill the target fluid inclusion and yield 80 to 90%
successful ablations. NIST SRM-610 was analyzed before and
after each batch of 10 inclusions to be used as the external
calibration standard and to correct for instrumental drift. Cal-
ibration and signal integration of the LA-ICP-MS data were
performed using the SILLS program (Guillong et al., 2008).
For data reduction, the internal standards used for cor-
recting host mineral contributions to the ablation signals
were Zn for sphalerite and CaO for calcite, based on data
acquired by electron probe microanalysis (EPMA) (App. 1).
The concentrations of Na were used as an internal standard
for determining absolute element concentrations (Gunther
et al., 1998; Heinrich et al., 2003). In the sphalerite-hosted
fluid inclusions, the method of charge balancing to the NaCl
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equivalent (Allan et al., 2005) was used to correct for salin-
ity contributions from other chloride salts (e.g., Ca, K, Mg,
and Sr) to the freezing point depression-derived estimate. In
calcite-hosted fluid inclusions, the determination of Ca con-
centrations is impossible due to interference from the host
calcite, but the salinity has important implications for the
LA-ICP-MS data in internal standardization. Therefore, the
contents of Ca and Na in calcite-hosted fluid inclusions were
estimated using the microthermometric data of valid ice- and
hydrohalite-melting temperatures or best estimated NaCl/
CaCly by numerical models of the NaCl-CaCls-H20 system
(Steele-Maclnnis et al., 2016). An alternative approach of
empirical mass balance (Heinrich et al., 1992) is considered
to calculate actual compositions here. As a first approxima-
tion, the true NaCl content of the fluid can be related to its
constituent salts by the empirical relationship and other ele-
ment concentrations are cast from the analytical ratios (Allan
et al., 2005). Fluid inclusions hosted by sphalerite could ob-
tain more reliable Na/Ca values by correcting the total salin-
ity using the charge-balancing method in LA-ICP-MS analy-
ses. Based on the comparison of microthermometric model
data and charge balance-calculated LA-ICP-MS data of the
sphalerite-hosted fluid inclusions, the composition of Na/Ca
in both approaches was approximately consistent with total
analytical uncertainties within 15%.

Results

Fluid inclusion petrography

Fluid inclusions for this study were mainly selected from crys-
talline and colloform sphalerite, oscillatory-zoned calcite, and
coarse-grained celestine. The microanalyses mainly focused
on FIAs that show evidence for a primary origin and there-
fore represent the fluid entrapment in each of the paragenetic
stages outlined above. Primary fluid inclusions were identi-
fied in accordance with the criteria of Roedder (1984) and
Goldstein and Reynolds (1994), such as those distributed
along growth zones, those occurring as three-dimensional
clusters, and those occurring as isolated inclusions. The se-
lected fluid inclusions within concentric growth zones are the
best evidence of a primary origin (Fig. 6a, i). Clusters of fluid
inclusions and isolated fluid inclusions are possibly primary
or secondary, while those fluid inclusions that are away from
visible fractures in both sphalerite and calcite in this study are
considered to be primary (Fig. 6b-e, j). Trails of fluid inclu-
sions along short, intracrystal healed fractures are considered
to be pseudosecondary inclusions (Fig. 6f) and were analyzed
for comparison.

At room temperature, three types of fluid inclusions were
identified: vapor-liquid biphase fluid inclusions, vapor-liquid-
solid triphase fluid inclusions, and organic-rich fluid inclu-
sions. Vapor-liquid fluid inclusions are common in minerals
formed at every stage of mineralization. They have irregular,
elongated, oval, rectangular, and negative crystal shapes. The
sizes range from <5 to 40 ym in diameter, with vapor/liquid
ratios from 5 to 8% (Fig. 6a-h). Vapor-liquid-solid triphase
fluid inclusions contain a liquid phase, a vapor phase, and a ha-
lite crystal (Fig. 6g). The halite-bearing inclusions have never
been reported before. This newly found type of fluid inclu-
sions provides direct evidence for the involvement of a high-

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/4/883/5297112/4826_mu_et_al.pdf
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Fig. 6. Representative photomicrographs of different types of fluid inclusions hosted in different minerals. (a) FIAs along
growth zones of crystalline sphalerite (Sp3), indicating a primary origin. (b, d) Fluid inclusion clusters in colloform sphalerite
(Sp2), indicating a primary origin. (¢) Liquid-dominated biphase (liquid + vapor) fluid inclusion cluster in crystalline sphaler-
ite (Sp3). (e) Fluid inclusion cluster in calcite growth zone. (f) An annealed fracture-hosted biphase FIA in calcite, indicating
a secondary origin but representing ore fluids. (g) A vapor-liquid halite solid triphase inclusion in calcite. (h) Biphase inclusion
at room temperature and at subambient conditions, above the first-melting temperature showing coexisting ice, hydroha-
lite, solution, and vapor. (i) Biphase organic inclusions and triphase oil inclusions containing solid bitumen in sphalerite. (j)
Monophase organic inclusions in sphalerite showing dull blue fluorescence under ultraviolet illumination.
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salinity fluid in the formation of the Jinding deposit. Organic-
rich fluid inclusions are monophase, biphase, or triphase, with
the most prevalent being biphase, irregular, or rounded fluid
inclusions containing oil and a vapor phase (Fig. 6i). The oil in-
clusions under ultraviolet light show whitish yellow to bright-
yellow fluorescence colors. Monophase organic gas inclusions
show dull-blue fluorescence under ultraviolet light, indicating
a composition of low maturity (Fig. 6j). Triphase organic fluid
inclusions contain oil, vapor, and solid bitumen (Fig. 6i). The
solid bitumen adheres to the wall of the inclusion, possibly be-
cause of the precipitation and carbonization of liquid hydro-
carbon in a later stage (Roedder, 1984; Lu et al., 2004).

Microthermometry and analysis

The liquid-dominated biphase inclusions were selected for a
detailed microthermometric study. The microthermometric
data, mainly from FIAs, are summarized in Table 2 (detailed
in App. 2). Fluid inclusion data reported in the tables are the
FIA averages with 1o standard deviation.

The aqueous fluid inclusions show no phase change until
they are cooled down to temperatures below —50°C. The first-
melting temperatures (Tfm) of this type of fluid inclusions
occur between —71° and —50°C, indicating that their compo-
sitions are at least a NaCl-CaCls-H2O ternary system (with
a eutectic temperature of —51°C; Roedder, 1984; Goldstein
and Reynolds, 1994; Steele-MacInnis et al., 2016). A few fluid
inclusions do not freeze completely on cooling or appear to
start melting at temperatures as low as —80°C, possibly due
to a metastable eutectic (Davis et al., 1990), metastable hy-
drate crystallization (Samson and Walker, 2000), or perhaps
low NaCl/(NaCl + CaCly) ratios (Chu et al., 2016). Despite
this behavior, the melting temperatures of hydrohalite and ice
in this type of inclusion can still be used to estimate fluid com-
positions (Chu et al., 2016). Cyclic cooling and reheating and
repeated measurements can be used to make the hydrohalites
more observable and to obtain more reliable results (Gold-
stein and Reynolds, 1994).

Approximately half of fluid inclusions have hydrohalite as
the last melting phase. The rest instead have ice as the last
melting phase, for which hydrohalite has not appeared or not
been observed. A few inclusions have hydrohalite-melting
temperatures exceeding the peritectic temperature (0.1°C), as
a consequence of metastability or a complex chemical compo-
sition, such as the presence of additional salts and COs, CH,,
or HsS in the fluids (e.g., Zwart and Touret, 1994; Gleeson
et al., 2000). Ice-melting temperatures in all fluid inclusions
were measured and range from —31.8° to —21.6°C for those
in sphalerite, from —38.8° to —23.7°C for those in calcite, and
from —21.5° to —6.7°C for those in celestine. Pseudosecondary
fluid inclusions hosted by Call have relatively low tempera-
ture, ranging from -38.8° to —30.2°C. Hydrohalite-melting
temperatures that were measured range from —18.7 to —0.2°C
for those in sphalerite and from —23.9 to —0.5°C for those in
calcite (App. 2).

We have calculated the salinities from the valid ice-melting
temperatures and hydrohalite-melting temperatures for the
fluid inclusions for which both ice-melting and hydrohalite-
melting temperatures were measured. The fluid inclusion
compositions plot on the field of hydrohalite (Fig. 7). For the
fluid inclusions that have hydrohalite melting above 0.1°C,
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salinities were calculated using the maximum stable hydroh-
alite-melting temperature from a given ice-melting tempera-
ture using the method described by Rabiei et al. (2017). The
salinities of other fluid inclusions with ice as the last melting
phase were used as best estimates by the intersecting point
of the final ice-melting temperatures and ice-hydrohalite
cotectic curve. These results plot on the ice-hydrohalite co-
tectic boundary of the NaCl-CaCls-H2O system, giving the
theoretical maximum hydrohalite-melting temperatures and
a maximum total salinity, as well as a maximum estimate of
NaCl/CaCl; (Fig. 7; App. 2). The total salinities are almost the
same because the isotherms are nearly parallel to the NaCl-
CaCl; tie-line. Therefore, such estimates for sphalerite-host-
ed fluid inclusions are robust within the uncertainty allowed,
as the total salinity is corrected by the charge balance. In fact,
the results of LA-ICP-MS indicated that in a given fluid inclu-
sion assemblage, the fluid inclusions with ice or hydrohalite
as the last melting phase generally have similar composition.
Therefore, we suggest that the composition approximate to
the field of hydrohalite (maximum estimate of NaCl/CaCls)
was the best estimate for the calcite-hosted fluid inclusions
that lack of hydrohalite-melting temperatures. The range of
total salinities (NaCl + CaCls equiv) from the sphalerite- and
calcite-hosted fluid inclusions are 24.3 to 27.9 and 24.3 to
28.6, respectively (App. 2). The results show that the total sa-
linities of the fluid inclusions are from 10.3 to 29.1 wt %; most
of them are between 24.5 and 27.4 wt % with the exception of
the Call pseudosecondary fluid inclusions (26.5-28.6 wt %)
and Cls4 fluid inclusions (10.3-23.4 wt %). The NaCl/CaCl;
mass ratios, calculated from inclusions where both hydroha-

H,O (wt.%)

Type
hyd ice(max)
(P)(PS)(P) (ps)
O Sp-2
Sp-3
® & Cal1
O Cal-2
® O Cal-3
Cls-4
40 40

Antarctici Halite

50

CaCl, (wt.%) NaCl (wt.%)

Fig. 7. Ternary HsO-NaCl-CaCly phase diagrams showing the major ele-
ment composition of fluids in the Jinding deposit. Solid circles represent
fluid inclusions with hydrohalite as the last melting phase, and their salinities
were calculated from the ice- and hydrohalite-melting temperatures. Hollow
circles represent the fluid inclusions with ice as the last melting phase, and
their maximum salinities were estimated from the ice-melting temperatures
and estimated maximum hydrohalite-melting temperatures. The actual com-
positions of the fluid inclusions lie above the cotectic curves in the direction
of isotherms. The calculation methods and diagrams use the model of Steele-
MacInnis et al. (2011). p = primary, ps = pseudosecondary.
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lite melting and ice melting were measured, are mostly from
0.7 to 1.9, although these probably extend to lower values for
the inclusions in which hydrohalite melted first but where this
was not measured.

The homogenization temperatures of the sphalerite-hosted
biphase fluid inclusions range from 79° to 173°C, with a peak
between 100° and 130°C (Fig. 8a). The calcite-hosted fluid in-
clusions mostly have homogenization temperatures between
74° and 144°C, with a peak between 100° and 130°C (Fig.
8b), similar to that of the sphalerite-hosted fluid inclusions.
The late-stage fluid inclusions trapped in crystalline sphalerite
(Sp3, 118 + 18°C) and calcite (Cal3, 119 + 12°C) have higher
homogenization temperatures comparable to those hosted
by colloform sphalerite (Sp2, 101 + 15°C) and fine-grained
calcite (Call, 81 + 3°C; Cal2, 115 £ 12°C). In contrast, the
celestine-hosted fluid inclusions have slightly higher homog-
enization temperatures overall, varying between 121° and
194°C. The liquid-vapor homogenization temperatures of
the organic-rich fluid inclusions in sphalerite are from 88° to
124°C (Fig. 8c). These homogenization temperatures are sim-
ilar to previously reported data (Xue et al., 2007; Tang et al.,
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2011; Chi et al., 2017). Higher homogenization temperatures
of fluid inclusions trapped in celestine (Xue et al., 2007; Tang
et al., 2011) and reported in this study could be due to plastic
stretching or partial leakage of inclusions in this soft mineral
(Ulrich and Bodnar, 1988) and are therefore considered unre-
liable. The deformation of host minerals during heating is rare
for sphalerite (Wilkinson, 2010). For this reason, we regard
the homogenization temperatures of fluid inclusions hosted
in sphalerite to be more reliable than those in either calcite
or celestite.

LA-ICP-MS results

The elemental concentrations of individual fluid inclusions
hosted in sphalerite and calcite, determined in situ by LA-
ICP-MS, are given in Table 3 and Appendix 3. Our analyses
yielded good results for 82 individual fluid inclusions. The ele-
ments analyzed include Li, Na, Mg, K, Ca, Mn, Cu, Zn, Rb,
Sr, Ag, Cd, Sb, Cs, Ba, T1, and Pb. The concentrations of most
of these elements in both sphalerite- and calcite-hosted fluid
inclusions are higher than the detection limits. Ablation of a
fluid inclusion in the target is indicated by a sudden increase
in Na counts, so the peak of Na during ablation is used to con-
firm the likelihood that other elements detected were present
in the fluid phase (Fig. 9a-c). The good correlations between
the intensity for Na (only present in the fluid inclusion) and
elements such as Li, Mg, K, Ca, Zn, Rb, Sr, Ag, Sb, Cs, Ba, T1,
and Pb through integration intervals confirm that these ele-
ments are predominantly in the fluid phase (e.g., Fig. 9d). The
correlations between Na and Cu are flat, and the signals of Cu
can be easily overwhelmed by the host mineral contribution
even if they may be present in the fluid, so the absolute values
were treated with some caution. Analytical artifacts due to the
presence of accidental mineral inclusions in a targeted fluid
inclusion were eliminated by rejecting analyses where the
peak concentration of an element was not correlated with the
Na peak. We have also excluded results for elements that have
high concentrations in the host minerals, such as Zn, Cd, and
Fe in sphalerite and Ca, Mn, and Fe in calcite, from our final
data because the host mineral correction is very imprecise in
these cases. The concentrations of Ca in the calcite-hosted
fluid inclusions were estimated from the microthermometric
data instead.

Concentrations of alkali and alkali earth metals generally
have a relatively uniform order of magnitude in fluid inclu-
sions of sphalerite and calcite in the Jinding deposit, although
calcite-hosted fluid inclusions have a relatively larger variation
range for some elements such as Na, Mg, K, Ca, Sr, and Ba
(Fig. 10). Pseudosecondary fluid inclusions that are hosted by
Call show low content because of the low estimated NaCl/
CaCls; mass ratios, which should be treated with caution for
their absolute concentration and focus on their element/Na
ratios instead. The abundances of the alkali and alkali earth
metals in both sphalerite and calcite-hosted fluid inclusions
follow the trend of Na> Ca> Mg > Sr>2K > Ba>Li>Rb >
Cs, and the Na and Ca contents show the highest average val-
ues in both sphalerite-hosted fluid inclusions (49,000 + 6,000
and 41,000 + 5,000 ppm, respectively) and calcite-hosted fluid
inclusions (49,000 + 13,000 and 48,000 + 15,000 ppm, respec-
tively) relative to other elements. The Mg, Sr, and K contents
are comparable in magnitude in sphalerite-hosted inclusions
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with concentrations of 2,100 + 600, 1,900 £ 300, and 1,600 significantly higher by one or two orders of magnitude than

£ 500 ppm, respectively. Fluid inclusions in calcite have an
average K content of 1,400 + 400 ppm, which is similar to that
in sphalerite, whereas Mg and Sr exhibit wider variations of
3,800 + 2,000 and 2,100 + 1,300 ppm, perhaps partly because
of imperfect host mineral subtraction. The concentrations of
Ba, Li, Rb, and Cs in colloform sphalerite-hosted fluid inclu-
sions (55 £ 19, 27+ 8, 5+ 2, and 1 £ 0.1 ppm, respectively) are
slightly lower than those in crystalline sphalerite (72 £ 26, 38
+ 14,5+ 2, and 1 + 0.5 ppm, respectively), and fine-grained
calcite-hosted inclusions contain the lowest concentrations of
these elements (Fig. 10; App. 3).

Compared with alkali and alkali earth metals, metals and
semimetals show wider concentration ranges in both sphaler-
ite- and calcite-hosted fluid inclusions and display a striking
contrast between the two minerals. As shown in Figure 10,
metal concentrations in sphalerite-hosted fluid inclusions are

fluid inclusions in calcite. As described above, these differ-
ences are not due to analytical artifacts. Zinc, Pb, and Tl are
detectable in almost all fluid inclusions (Zn is not reported
for the sphalerite-hosted fluid inclusions). The average con-
centrations of Pb and Tl in sphalerite-hosted fluid inclusions
are 510 £ 510 and 14 + 12 ppm, respectively. However, the
average Zn, Pb, and Tl concentrations in calcite-hosted fluid
inclusions are 98 + 51, 26 + 12, and 3 £ 1 ppm, respectively.
Other metals, such as Sb, and Ag, are quantified in most of
the sphalerite-hosted fluid inclusions, with average concen-
trations of 61 + 65 and 79 + 135 ppm, respectively, also much
higher than the calcite-hosted fluid inclusions, which yield
average concentrations of 2 + 1 and 3 + 1 ppm, respectively
(App. 3). It should be noted that given the presence of Pb, Sb,
and Ba in the host sphalerite (Fig. 9a, b), the absolute values
reported should be treated with some caution.
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Table 3. Average Elemental Concentrations (ppm) of LA-ICP-MS Analyses on Each Fluid Inclusion Assemblage in
Sphalerite and Calcite from the Jinding Deposit

Sample ID Inclusion no. N Li Na*® Na Mg K Ca® Ca Mn
Type 2 colloform sphalerite

JD21-8-3 1-1 3 3.3E+1 NU 4.7E+4 2.3E+3 1.6E+3 NU 4.2E+4 2.2E+2
JD21-8-3 2-2 1 3.8E+1 NU 5.6E+4 2.1E+3 1.7E+3 NU 3.9E+4 1.4E+2
JD24-3a 2-1 3 2.6E+1 NU 3.9E+4 3.2E+3 1.3E+3 NU 4.7E+4 5.3E+2
JD24-3a 4-1 3 1.8E+1 NU 4.1E+4 1.6E+3 1.2E+3 NU 4.8E+4 BDL
Type 3 crystalline sphalerite

JD22-5a 1-1 1 1.8E+1 NU 5.2E+4 2.4E+3 1.6E+3 NU 34E+4 BDL
JD22-5a 2-3 1 3.5E+1 NU 6.1E+4 2.9E+3 1.8E+3 NU 34E+4 BDL
JD22-48 1-1 1 3.7TE+1 NU 5.8E+4 2.0E+3 1L1E+3 NU BDL BDL
JD22-48 3-1 1 45E+1 NU 4.8E+4 1.9E+3 2.0E+3 NU 4.8E+4 BDL
JD22-48 5-1 1 5.1E+1 NU 5.1E+4 2.4E+3 1.5E+3 NU 3.5E+4 BDL
JD22-48 6-1 1 71E+1 NU 5.7E+4 1.8E+3 1.1E+3 NU 3.3E+4 BDL
JD22-48 7-1 1 2.3E+1 NU 4.1E+4 3.4E+3 1.2E+3 NU 4.5E+4 2.3E+2
JD22-48 9-1 3 3.9E+1 NU 4.6E+4 1.6E+3 1.3E+3 NU 4.1E+4 3.1E+2
JD9-1-2 1-1 1 4.2E+1 NU 49E+4 2.5E+3 1.5E+3 NU 4.5E+4 1.6E+2
JD9-1-2 2-1 2 2.5E+1 NU 4.7E+4 1.6E+3 1.6E+3 NU 4.1E+4 1.6E+2
JD9-4 1-1 12 4.0E+1 NU 5.2E+4 2.1E+3 1.7E+3 NU 4.0E+4 2.3E+2
JD9-4 5-1 7 3.5E+1 NU 5.1E+4 1.9E+3 1.8E+3 NU 3.8E+4 1.7E+2
Type 1 fine-grained calcite (intergrown with disseminated sphalerite)

JD26-1c 2-1 3 9.0E+0 1.7E+4 NU 1.6E+3 4.3E+2 8.6E+4 NU NU
JD26-1c 3-1 1 1.7E+1 2.4E+4 NU 4.3E+2 1.0E+3 7.5E+4 NU NU
JD26-1c 5-1 3 3.5E+1 3.5E+4 NU 3.7E+3 1.6E+3 6.9E+4 NU NU
JD26-1c 7-1 2 2.TE+1 3.2E+4 NU 2.0E+3 9.5E+2 6.7TE+4 NU NU
Type 2 fine-grained calcite (intergrown with colloform sphalerite

JD20-6¢ 1-1 6 3.3E+1 5.3E+4 NU 8.3E+3 1.5E+3 4.6E+4 NU NU
JD20-6¢ 2-1 1 4.3E+1 6.2E+4 NU 5.0E+3 2.2E+3 4.1E+4 NU NU
JD24-3b 2-1 3 4.8E+1 5.9E+4 NU 4.1E+3 1.7E+3 3.7TE+4 NU NU
JD24-3b 3-1 2 5.3E+1 5.7E+4 NU 3.3E+2 1.5E+3 3.9E+4 NU NU
Type 3 coarse, crystalline calcite (intergrown with crystalline sphalerite)

JD22-5b 3-1 2 2.7E+1 4.8E+4 NU 1.9E+3 1.7E+3 4.7E+4 NU NU
JD22-5b 4-3 5 4.0E+1 5.6E+4 NU 4.0E+3 1.6E+3 4.0E+4 NU NU
JD22-47 1-1 4 3.8E+1 5.8E+4 NU 5.6E+3 1.6E+3 3.5E+4 NU NU
JD22-47 3-1 3 34E+1 5.8E+4 NU 44E+3 1.4E+3 3.6E+4 NU NU
JD22-47 4-1 8 4.1E+1 5.3E+4 NU 3.1E+3 1.5E+3 4.3E+4 NU NU

Notes: BDL = below the detection limit, N = number, Na* and Ca* are calculated from salinities, NU = not used

Discussion

Fluid sources and global compositional comparison

Homogenization temperatures in Jinding fluid inclusions
mostly range from 100° to 130°C with small variations within
assemblages and show no evidence for systematic stretch-
ing or leakage of inclusions and no systematic relationship to
depth in the mine. Numerical modeling indicates that fluid
overpressures of 100 bar were developed throughout the
Lanping basin underneath the nappe, and the ore may have
formed in a shallow environment with low lithostatic pressure
based on the study of shallow burial of an oil and gas reservoir
(<1.3 km; Chi et al., 2005, 2017). Thus, the homogenization
temperature values of the homogeneously entrapped inclu-
sions are considered to be approximately equivalent to the flu-
id trapping temperatures. Fluid salinity is within a small range
(24.5-27.4 wt % NaCl + CaCl; equiv for most assemblages)
and has relatively consistent values in each assemblage. The
presence of halite-saturated aqueous fluid inclusions confirms
this high salinity in fluids. The microthermometric data re-
ported here suggest that the fluids from which the sphaler-
ite and calcite of the Jinding deposit precipitated are likely to
have been low-temperature, high-salinity brines.

The molar Cl/Br ratios of fluid inclusions in calcite and ce-
lestine determined previously by crush-leach chemical analy-
sis are from 168 to 384 (Fig. 11; Tang, 2013), which are mostly

lower than modern seawater ratios but are all within the range
of typical basinal brines (Carpenter et al., 1974). Seawater
evaporated past the point of halite precipitation has Cl/Br
ratios below 655 (Riley and Chester, 1971; McCaffrey et al.,
1987), so this process is a likely cause of the range reported.
The slight shift of the molar ratios away from evaporated sea-
water may suggest the effect of fluid-rock reactions, although
the uncertainty in these measurements is difficult to constrain.
Considering the result of the halogen ratios and microther-
mometric data, we propose that the ore fluids of the Jinding
deposit acquired salinity from evaporation of seawater, some
of which may have passed the point of halite precipitation.

In Figure 12, we compare the Jinding ore fluids determined
by LA-ICP-MS with some well-known hydrothermal Pb-Zn
deposits elsewhere in the world, such as the North Ameri-
can MVT deposits (Stoffell et al., 2008; Appold and Wenz,
2011; Pelch et al., 2015), salt diapir-related MVT deposits
(Bouhlel et al., 2016), Irish-type Zn-Pb deposits (Wilkinson et
al., 2009), and Schwarzwald basement-derived Zn-Pb depos-
its (Fusswinkel et al., 2013), as well as some common saline
fluids in the crust defined by Yardley (2005), such as sedimen-
tary, metamorphic, and magmatic fluids. In this framework,
K/Na ratios are typically higher in magmatic fluids (~0.1-2)
and lower in basinal brines (<0.2). The Jinding fluids have low
Cs/Na ratios but relatively high Rb/Na, Li/Na, Ba/Na, Ca/Na,
Zn/Na, and Pb/Na ratios compared to the typical MVT depos-
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Sample ID Cu Zn Rb Sr Ag Sb Cs Ba Tl Pb
Type 2 colloform sphalerite

JD21-8-3 1.8E+2 NU 4.3E+0 2.0E+3 49E+1 2.9E+1 6.0E-1 5.3E+1 1.OE+1 2.8E+2
JD21-8-3 BDL NU 5.5E+0 1.8E+3 9.8E+0 6.2E+0 6.6E-1 6.4E+1 3.6E+0 1.1E+2
JD24-3a BDL NU 2.0E+0 1.8E+3 9.0E+1 14E+1 6.5E-1 54E+1 3.1E+1 1.9E+2
JD24-3a 3.2E+2 NU 6.8E+0 1.7E+3 6.0E+1 3.7E+1 BDL 54E+1 8.8E+0 2.9E+2
Type 3 crystalline sphalerite

JD22-5a BDL NU BDL 1.8E+3 1.9E+1 BDL BDL 4.2E+1 2.1E+1 24E+2
JD22-5a BDL NU 4.6E+0 24E+3 BDL 8.2E+1 BDL 6.0E+1 S8.9E+0 6.8E+2
JD22-48 1.2E+3 NU BDL 1.6E+3 1.5E+2 2.0E+2 BDL BDL 52E+1 2.2E+3
JD22-48 BDL NU 9.6E+0 1.9E+3 64E+1 6.7E+1 BDL 6.6E+1 2.0E+1 6.8E+2
JD22-48 BDL NU BDL 2.0E+3 T9E+2 BDL BDL 4.6E+1 BDL 1.2E+3
JD22-48 BDL NU BDL 1.9E+3 6.9E+1 4.2E+1 BDL S8.1E+1 8.6E+0 6.3E+2
JD22-48 1.4E+2 NU 2.5E+0 1.9E+3 3.2E+1 BDL 3.4E-1 3.6E+1 BDL BDL
JD22-48 54E+2 NU 5.7E+0 1.8E+3 1.2E+2 2.0E+2 BDL 6.6E+1 1.2E+1 1.5E+3
JD9-1-2 BDL NU 4.0E+0 2.2E+3 5.0E+0 47E+1 4.6E-1 72E+1 6.7TE+0 6.6E+1
JD9-1-2 2.3E+2 NU 5.1E+0 1.6E+3 BDL 4.8E+1 BDL 7.6E+1 3.2E+0 1.0E+2
JD9-4 2.8E+2 NU 5.1E+0 2.0E+3 49E+1 47E+1 1.2E+0 7.7E+1 1.4E+1 4.7E+2
JD9-4 3.2E+1 NU 4.7TE+0 1.9E+3 4.1E+0 4.0E+1 1.2E+0 S.0E+1 6.8E+0 1.7E+2
Type 1 fine-grained calcite (intergrown with disseminated sphalerite)

JD26-1c BDL 2.2E+1 1.2E+0 6.7E+2 BDL BDL BDL 2.3E+0 1.1E+0 7.1E+0
JD26-1c BDL 4.9E+1 2.7TE+0 1.3E+3 BDL BDL 2.7TE-1 2.9E+1 1.6E+0 1.7E+1
JD26-1c BDL 8.6E+1 2.8E+0 2.0E+3 BDL BDL 2.8E-1 3.1E+1 1.5E+0 2.7E+1
JD26-1c BDL 4.2E+1 2.8E+0 2.0E+3 BDL BDL 2.4E-1 3.8E+1 1.3E+0 7.1E+0
Type 2 fine-grained calcite (intergrown with colloform sphalerite

JD20-6¢ BDL 1.5E+2 54E+0 1.9E+3 BDL BDL BDL 3.5E+1 4.1E+0 3.7TE+1
JD20-6¢ S8.9E+0 2.0E+2 4.8E+0 4.0E+3 24E+0 BDL 6.6E-1 4.8E+1 4.5E+0 24E+1
JD24-3b BDL 54E+1 4.5E+0 3.0E+3 BDL BDL 5.8E-1 54E+1 2.5E+0 1.8E+1
JD24-3b BDL 9.0E+1 54E+0 2.2E+3 3.6E+0 BDL BDL 6.9E+1 6.2E+0 2.8E+1
Type 3 coarse, crystalline calcite (intergrown with crystalline sphalerite)

JD22-5b BDL 7TE+1 34E+0 1.5E+3 BDL 5.1E-1 4.7E-1 2.6E+1 3.7E+0 3.5E+1
JD22-5b BDL 79E+1 4.3E+0 2.TE+3 BDL BDL 4.3E-1 45E+1 2.2E+0 2.3E+1
JD22-47 94E+0 1.4E+2 3.9E+0 1.5E+3 BDL 2.5E+0 7.1E-1 3.3E+1 2.3E+0 34E+1
JD22-47 5.7TE+0 1.3E+2 3.3E+0 2.TE+3 BDL BDL BDL 3.5E+1 2.1E+0 3.1E+1
JD22-47 BDL 1.0E+2 3.5E+0 2.0E+3 BDL BDL BDL 4.1E+1 2.5E+0 2.6E+1

its. The ore fluids of the Jinding deposit are most comparable
to those of the basinal brines and verge toward the metamor-
phic brine data sets. The Li/Na, Ba/Na (with the exception of
the distinctive high Ba/Na in Irish fluids), Ca/Na, Zn/Na, and
Pb/Na ratios of the Jinding ore fluids are notably similar to
the Irish fluids and the Schwarzwald basement-derived flu-
ids, as well as metamorphic brines (Fig. 12c-g), which reflect
salinity-dependent siliciclastic buffering of fluid composition.
Thermodynamic buffering by silicate-carbonate mineral as-
semblages can cause broad, systematic increases in dissolved
alkali and alkali earth metals with increasing salinity, which
may also enhance solubilization of metals such as Pb and Zn
through chloride complexing (Hanor, 1994). It is possible that
relatively higher Li, Ba, Ca, Zn, and Pb contents in the Jinding
ore fluids compared to typical basinal brines resulted from the
interaction of high-salinity fluids with metalliferous sedimen-
tary and/or basement rocks (crustal source indicated by Pb
isotope; Tang et al., 2017), as has been suggested for fluids in
the Irish deposits and German Schwartzwald (e.g., Fusswin-
kel et al., 2013; Wilkinson, 2014).

Origin of high Ca contents in the Jinding ore fluids

The results of microthermometric analysis clearly show that
the Jinding ore fluids are predominantly of NaCl-CaCly-H2O
composition, which is common for many large sediment-host-
ed hydrothermal ore deposits in the world, including shale-

and carbonate-hosted Zn-Pb deposits, basement-hosted
Pb-Zn deposits, shale-hosted Cu deposits, and unconformity-
related U deposits (e.g., Derome et al., 2007; Wilkinson, 2010;
Fusswinkel et al., 2013, 2014; Rabiei et al., 2017), as well as
some other Zn-Pb deposits in the the Sanjiang Tethyan metal-
logenic domain where the Jinding deposit is located (Liu et
al., 2013; Zou et al., 2016). The results from LA-ICP-MS anal-
ysis of individual inclusions of this study reveal that the Jind-
ing ore fluids tend to have high Ca content (41,000 = 4,000
ppm; Fig. 10) and higher Ca/Na ratios than typical basinal
brines, MVT deposits, the Irish fluids, and the Schwarzwald
basement-derived fluids (Figs. 12e, 13a).

Ore-forming brines in MVT and SEDEX deposits have
been proposed to originate from CaCls-rich and MgSO,-poor
seawater that contained low sulfate concentrations and al-
lowed the fluid to acquire higher concentrations of base met-
als (Wilkinson, 2014). For forming the Jinding deposit, the
brines must have been generated in the Cretaceous to be Ca-
Cly-seawater derived (Lowenstein et al., 2003) and expelled
sometime later, although the data used by these authors are
not from the Neo-Tethys Ocean, which the Jinding deposit
was associated with. Thus, there are at least two possible ex-
planations for the high Ca contents in the Jinding ore fluids:
addition of Ca to the fluids during fluid evolution or the in-
volvement of older (Cretaceous) seawater-derived brines
originally trapped within a precursor basin.
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Fig. 10. Summary of chemical composition of fluid inclusion assemblages in sphalerite and calcite determined by LA-
ICP-MS microanalysis. Na in both minerals and Ca in calcite were obtained from microthermometry calculations. Zn for
sphalerite-hosted fluid inclusions is not displayed because of the interference from the host mineral matrix. p = primary, ps

= pseudosecondary.

Fluids may gain calcium from several sources by different
processes. Albitization of plagioclase during water-rock inter-
action is a common process that results in an increase of Ca
in the fluid by Ca-Na exchange reactions (Orville, 1972; Bac-
car et al., 1993; Yardley, 2005). This reaction can proceed in
buried sediments or through deep circulation of water in the
basement at temperatures as low as 60° to 100°C (Baccar et
al., 1993; Davisson et al., 1994; Davisson and Criss, 1996).
Carbonate dissolution caused by the precipitation of sulfides
from a fluid can also lead to Ca enrichment (Corbella et al.,
2004; Williams-Jones et al., 2010). Ca-Mg exchange during
dolomitization is another process that can increase Ca in the
fluid, but such a process is unlikely to be important for Jind-
ing, because dolomites are rare in the area. Dissolution of
gypsum-bearing evaporite is another, and our preferred, ex-
planation for high Ca content in the Jinding ore fluids, as this

rock is abundant in the area. The Jinding deposit is hosted
by an evaporite dome that was created by the diapiric migra-
tion of Late Triassic evaporites (Leach et al., 2017; Song et
al., 2020), so the ascending ore fluids have a clear opportunity
to acquire Ca from evaporite by dissolution. The composi-
tion ratios of Na-Ca-K of the Jinding Cal-1 pseudosecondary
fluid inclusions (Fig. 13a) are similar to the saline springs in
the Lanping basin, which originated from the Upper Triassic-
Paleocene evaporites (Bo et al., 2015). This suggests that they
may have similar origin, but the much lower absolute concen-
trations in saline may be due to an involvement of a large me-
teoric component (Qi et al., 2018). High Sr contents in the ore
fluids support this explanation (Fig. 13b), as Sr-rich minerals
such as celestine and gypsum are common in the evaporites
at Jinding. Moreover, the explanation is also supported by Sr
isotope data. The 57Sr/%6Sr ratios of gangue minerals in the
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Basinal brine range from Carpenter et al. (1974).

Jinding deposit are similar to the composition of anhydrites in
the region (Tang et al., 2017).

Metals

The LA-ICP-MS data show that there is a population of
metal-rich fluid inclusions hosted in sphalerite. LA-ICP-MS
traces for Pb and other metals such as Sb, Ag, and TI show
that these elements are clearly present in the fluid phase,
confirmed by their good correlations with Na intensity (Fig.
9d). As shown in Figure 10, overall, the FIAs show broadly
constant (within approximately half to one order of magni-
tude) Pb, Sb, Ag, and Tl concentrations, but variations up
to one order of magnitude are observed between some FIAs
and within a few FIAs despite rigorous data screening. It is
possible that such variations resulted from blending of bits
of liquid hydrocarbon coexisting with brine inclusions in the
sphalerites. Zinc has a strong chemical affinity for carboxylic
acids in crude oil (Sanz-Robinson and Williams-Jones, 2019),
and some hydrocarbon-bearing fluid inclusions may be en-
riched in metals compared to coeval brine fluid inclusions
(Hurtig et al., 2018).

As shown in Figure 14, Pb and Zn concentrations in most
natural fluids are well correlated due to their similar geo-
chemical behavior and buffering by trace sphalerite and ga-
lena in the aquifer rocks (Yardley, 2005). We have used this
empirical relationship and the measured Pb concentrations
to estimate the likely concentrations of Zn in the sphalerite-
hosted fluid inclusions following the procedure of Wilkinson
et al. (2009). The interquartile range of Pb concentrations in
the sphalerite-hosted fluid inclusions is from 200 to 650 ppm.
Based on this range, the calculated 25t to 75t percentile Zn
concentrations in the fluid inclusions are 200 to 6,500 ppm

Zn (Fig. 14), which is comparable to the fluid compositions of
many world-class Pb-Zn deposits (e.g., Pb concentrations dis-
play 10 to 1,500 ppm in Northern Arkansas sphalerite and 22
to 890 ppm in Ireland, and estimated Zn concentrations up to
3,000 ppm in Northern Arkansas sphalerite and 5,000 ppm in
Irish fluids; Stoffell et al., 2008; Wilkinson et al., 2009; Appold
and Wenz, 2011). These suggest that the invasion of unusually
metalliferous brines is critical for the formation of giant Zn-Pb
systems such as Jinding.

By contrast, the Pb and Zn concentrations of the calcite-
hosted fluid inclusions at Jinding are relatively low, with in-
terquartile ranges of Pb concentrations from ~10 to ~40 ppm
and Zn concentrations from ~20 to ~100 ppm. The different
Pb and Zn contents between sphalerite-hosted fluid inclu-
sions and calcite-hosted fluid inclusions may reflect different
parental fluid compositions during crystallization of the two
host minerals. In other words, the fluid from which sphal-
erite precipitated was very rich in metals, whereas the fluid
from which calcite precipitated was relatively poor in metals.
The true reason demands further investigation, but it is clear
that such differences are also present in a number of MVT
deposits (Fig. 14; Stoffell et al., 2008; Wilkinson et al., 2009;
Wenz et al., 2012; Smith-Schmitz and Appold, 2018). Data
from the Irish deposits show that the fluid inclusions hosted
in the quartz of barren veins are very poor in metals and do
not represent the metal compositions of the ore fluids for the
associated deposits in the area (Wilkinson et al., 2009). Simi-
larly, the fluid inclusions hosted in the sphalerite and quartz
of some MVT deposits in the Tri-State district have different
halogen chemistries and are thus considered to have differ-
ent origins (Stoffell et al., 2008; Wilkinson et al., 2009). In
contrast, there are other hydrothermal Pb-Zn deposits in the
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world that have high metal concentrations in fluid inclusions
hosted in gangue minerals such as quartz and fluorite, which
more likely represent the mineralizing fluids instead of inde-
pendent ones (Fig. 14; Pering Zn-Pb deposit, Huizenga et al.,
2005; Schwarzwald basement-derived Zn-Pb deposit, Fuss-
winkel et al., 2013; Bou Jaber Ba-F-Pb-Zn deposit, Bouhlel
etal., 2016).

In the Jinding deposit, alkali and alkali earth metals (e.g.,
Na, Ca, Mg, Sr, K, Ba, Li, Rb, and Cs) in the fluid inclusions
hosted in sphalerite and calcite are rather similar (Fig. 10).
The homogenization temperatures and salinities of these two
different hosts of fluid inclusions are also similar (Figs. 7, 8).
Thus, an alternative model for the difference in metal content
could be that the same fluids were involved but that episodes
of calcite precipitation occurred at the waning stage of fluid
influx once much of the metal had already been precipitated
in sulfides.

Ore genesis

Our new data clearly show that the fluids from which sphal-
erite, the principal ore mineral of the Jinding Pb-Zn deposit,
precipitated are enriched in metals relative to most typical
crustal fluids. Based on this observation, we suggest that
metal-rich brines were probably a prerequisite for the forma-
tion of the Jinding deposit specifically, and sediment-hosted
Zn-Pb deposits in general. However, this does not rule out
the importance of other factors in ore genesis. A recent study
of trace occurrences of MVT mineralization by Field et al.
(2020) suggested that metal-rich fluids alone cannot produce
a giant MVT ore deposit, and the availability of a high con-
centration of reduced sulfur may also control MVT deposit
size. Based on phase equilibria and solubility constraints, si-
multaneous transportation of abundant metals and sulfides
by the ore fluids of these deposits appears unlikely (Stoffell et
al., 2008; Appold and Wenz, 2011; Pelch et al., 2015). High
Ca and Ba concentrations of up to 50,000, 3,000, and 100
ppm in sphalerite and calcite-hosted fluid inclusions at Jind-
ing indicate that sulfate concentrations in the ore fluids also
must have been low because otherwise insoluble sulfates like
barite would have precipitated. This raises the question of
how the metal-rich brines precipitated sulfides effectively in
the time available for mineralization at Jinding. We propose
that this resulted from mixing of the brines with another fluid
that had low concentrations of metals but high concentrations
of reduced sulfur. The paleohydrocarbons trapped in the cap
of the Jinding dome could have produced large amounts of

MU ET AL.

reduced sulfur by bacterial reduction and/or thermochemi-
cal reduction of sulfates in the associated evaporites, such as
gypsum (Tang et al., 2014; Xue et al., 2015; Chi et al., 2017).
We suggest that this oil reservoir of aqueous fluid contain-
ing abundant reduced sulfur mixed with the highly saline
anomalously metalliferous ore fluid, thereby driving sulfide
deposition (Fig. 15). It should be pointed out that our data
generally support the comparable model of Leach et al.
(2017), which articulated that evaporite diapirs in the Jind-
ing dome produced structural traps that provided spaces for
accumulation of potential hydrocarbons and reduced sulfur
and also for precipitation of metal sulfides when metal-rich
brines invaded.

Conclusions

New findings and conclusions from microthermometric and
LA-ICP-MS analyses of individual fluid inclusions from the
Jinding Zn-Pb deposit are as follows:

1. The Jinding ore fluids are low-temperature (predomi-
nantly 100°-130°C), high-salinity (mainly 24.5-27.4 wt %),
and Na-Ca-rich (avg NaCl/CaCly of 1.3) basinal brines.
The presence of halite and high Ca contents in some of
the fluid inclusions is a new discovery by this study. We
attribute the observed high salinities in the fluid inclusions
to evaporation of seawater past the point of halite, which
formed the proto-ore fluid bittern brines. The evaporated
brines flowed and circulated in metal-fertile sedimentary/
basement sequences, and evaporitic sequences resulted in
intense fluid-rock interactions that were effective at leach-
ing metals Pb and Zn and elements Li, Ba, and Ca. The
compositions of the final ore fluids of the Jinding deposit
are similar to basinal brines/basement interacted brines,
verging on metamorphic brines.

2. The fluid inclusions hosted in ore and gangue minerals
have similar temperatures, salinities, and major elemental
compositions but different metal concentrations, with the
former containing significantly higher metal concentrations
than the latter. We propose that this difference is due to
precipitation of the ore minerals prior to calcite in a series
of fluid influxes, as represented by the multiple paragenetic
stages described. Our new data also show for the first time
that the ore fluids of the Jinding deposit contain abundant
ore metals (~200-650 ppm Pb and ~200-6,500 ppm Zn)
and other metals (~60 ppm Sb, ~80 ppm Ag, and ~15 ppm
T1), comparable with other major sediment-hosted Zn-Pb
deposits worldwide. This suggests that involvement of such

Fig. 12. Plots of K/Na mass ratio versus other elemental/Na ratios for FIAs (a-g) from the Jinding deposit and other giant
Pb-Zn deposits. Error bars are at 10 level. Some error bars are smaller than the symbols. Light blue, green, and red fields
delimit compositions of saline fluids in sedimentary, metamorphic, and magmatic environments, respectively. The database
construction is based on Yardley (2005) and Heijlen et al. (2008) and references therein. Compositions of the North American
MVT deposits (Stoffell et al., 2008; Appold and Wenz, 2011; Pelch et al., 2015), salt diapir-related MVT deposits (Bouhlel et
al., 2016), Irish-type Zn-Pb deposits (Wilkinson et al., 2009), and Schwarzwald basement-derived Zn-Pb deposits (Fusswinkel
et al., 2013) are shown for comparison. Basinal brine field data are from Carpenter et al. (1974), Kharaka et al. (1987), Con-
nolly et al. (1990), Lundegard and Trevena (1990), Stueber and Walter, 1991; Wilson and Long (1993), Fontes and Matray
(1993), Morad et al. (1994), Stueber et al. (1998), Kloppmann et al. (2001), Martel et al. (2001), Michael et al. (2003), and
Worden et al. (2006). Metamorphic brine field data are from Banks et al. (1991), Munz et al. (1995), Meere and Banks (1997),
McCaig et al. (2000), Boiron et al. (2002), Dewaele et al. (2004), Miron et al. (2013), Marsala et al. (2013), and Rauchenstein-
Martinek et al. (2016). Magmatic fluid field data are from Heinrich et al. (1992), Campbell et al. (1995), Kamenetsky et al.
(2002), Smith et al. (1996), Ulrich et al. (2001), Rusk et al. (2004), Landtwing et al. (2005), Klemm et al. (2007), Samson et
al. (2008), Williams-Jones et al. (2010), Shu et al. (2017), and Chang et al. (2018).
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Fig. 14. Correlation plot of Pb and Zn concentrations and com-
parison of Pb concentration trapped by ore minerals and gangue
minerals. The Zn concentration of sphalerite-hosted inclusions
in Jinding is predicted based on the extrapolation of the observed
empirical correlation of Zn and Pb concentrations in crustal flu-
ids (Wilkinson et al., 2009), as delineated by the gray field. Typi-
cal Zn/Pb ratios (by mass) for natural fluids are in the range of 1
to 10 (see dashed lines). Data sources are Huizenga et al. (2005),
Stoffell et al. (2008), Wilkinson et al. (2009), Appold and Wenz
(2011), Fusswinkel et al. (2013), Pelch et al. (2015), and Bouhlel
et al. (2016). Whiskers of box plots represent the maximum and
minimum of data, box edges represent 25 and 75t percentiles,
inner lines represent medians, and squares represent means.
Abbreviations: Cal = calcite, Fl = fluorite, JD = Jinding, Qtz =
quartz, Sp = sphalerite.
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Fig. 15. A schematic cartoon showing fluid processes for the formation of the Jinding deposit. The colored arrows represent
the direction of fluid flow, and red lines represent primary fault conduits for fluid flow. The principal ore fluids were produced
from evaporated seawater. The evaporated brines flowed and circulated in metal-fertile sedimentary/basement sequences
due to the extensive fracture permeability and resulted in intense fluid-rock interactions that were effective at leaching met-
als such as Pb and Zn. The evaporites in the sequence flowed into and infiltrated thrusts and effectively lubricated tectonic
displacements to produce tectonic domes that provided structural traps for hydrocarbons generated during the maturation of
organic matter in the rocks (Leach et al., 2017). This oil-gas reservoir was formed in a shallow (<1.3 km) and low-temperature
(<80°C) environment (Chi et al., 2017). Metal-rich brines flowed upward along the Bijiang fault and into the dome and mixed
with a resident HyS-bearing oil to form the giant Jinding Pb-Zn deposit.

unusually metal-rich fluids is a prerequisite for the forma-
tion of world-class Zn-Pb deposits.

3. We recognize that additional large amounts of reduced sul-
fur are also required for ore precipitation and that these
are unlikely to have been supplied by the metalliferous
ore fluids. We propose that ore deposition was achieved by
mixing of metal-rich, sulfide-poor ascending brines with a
reduced, sulfur-rich fluid that was produced by bacteria-
assisted reaction of hydrocarbons with gypsum-bearing
evaporites in the cap of the Jinding dome.
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