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The Caixiashan giant carbonate-hosted Zn-Pb deposit (~131 Mt@ 3.95% Zn + Pb) formed by replacement of
dolomitized marble, with stratiform massive and breccia bodies is located near the base of the Proterozoic
Kawabulake Group limestone and marble. It is one of the largest carbonated-hosted massive sulfides Zn-Pb
ore deposits in Northwest China to have been discovered in recent years.

Abundant pyrite occurs in dolomitized marble, along fractures in dolomitized clasts in the host rocks and filling
cracks in the host rock. Locally, colloform or framboidal pyrites are observed in the early period and sometimes
replaced by the later sphalerite. The sulfide assemblage of the main ore stage is characterized by massive or dis-
seminated sphalerite and galena, with less pyrite than the earlier stage, and minor pyrrhotite. Galena occurs as
small veins cutting the early-formed sphalerite. Dolomite and calcite are the main gangue minerals that co-
precipitated with these sulfides. Tremolite and quartz alteration commonly overprints the orebodies. According
to the crosscutting relationships and the different mineral associations within the host rocks and ore bodies, three
stages are recognized at Caixiashan, i.e., syn-sedimentary pyrite (stage I), pyrite alteration, sphalerite-carbonate
and galena-pyrite-carbonate (stage II-1, stage II-2 and stage II-3, respectively) and magmatic/metamorphic
reworking (stage III).

Calcite and quartz crystals are important host minerals among the three hypogene stages (stages I-1II,
although quartz mainly occurred in stage III). Stage I contains only aqueous inclusions (W-type),
which were homogenized from 110 to 236 °C (main range of 138-198 °C and average at 168 °C; main
range = average + 0) and the salinities are from 0.5 to 16.5 (main range of 5.1-15.1 with average of
10.1) wt.% NacCl eqv. In the pyrite alteration of stage II-1 the W-type fluid inclusions homogenized
from 175 to 260 °C (main range of 210-260 with average of 235) and the salinities range from 8.5 to
22.4 (main range of 16.7-20.1 with average of 18.4) wt.% NaCl eqv. In the main Zn-Pb mineralization
stage (stage 11-2-3), four types of fluid inclusions were identified an aqueous phase (W-type), a pure car-
bon phase (PC-type), a carbon phase containing (C-type) and mineral bearing inclusions (S-type). The
W-type fluid inclusions of stage [I-2-3 homogenized at 210 to 370 °C (main range of 253-323 and aver-
age at 270) and the salinities range from 5.9 to 23.1 (main range of 13.3-20.3 with average at 16.8) wt.%
NaCl eqv.; C-type homogenized at 237 °C to 371 °C and the salinities range from 6.4-19.7 wt.% NaCl eqv.;
S-type fluid inclusions homogenized at 211 to 350 °C and daughter minerals melted between 340 and
374 °C during heating, indicating a salinity range of 42 to 44 wt.% NaCl eqv. PC-type fluid inclusions
with homogenization temperatures of CO, phase show large variation from 7.4 °C to 21.2 °C. Laser
Raman analyses show that CH4, CO, and SO7 ~ coexist in the main mineralization stage fluids. The mag-
matic/metamorphic reworking stage only contains W-type fluid inclusions which yield homogenized
between 220 and 360 °C (main range of 251-325 and average at 288), with salinities ranging from 1.7
to 23.0 (main range of 14.3-20.0 and average at 18.8) wt.% NaCl eqv.

The textural features, mineral assemblages and fluid geochemistry suggest that the Zn-Pb ores were formed
through hydrothermal convection of hot marine waters along the faults and fractures resulting in metal (Zn,
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Pb and Fe) enriched stratiform orebodies. Subsequent rapid precipitation of sulfides was triggered by sulfate
(SOZ ™) thermal reduction with the CH, preserved in sedimentary rocks and early stage I pyrite bodies. This pro-
cess occurred at moderate temperatures (ca. 270 °C). Higher-temperature magmatic hydrothermal alteration
overprinted the orebodies, but only provided a minor contribution to the mineralization.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Carbonate-hosted Zn-Pb deposits play a significant role in the
world's supply of Pb and Zn (Kucha et al., 2010; Leach et al., 2005).
The Caixiashan Zn-Pb deposit is one of the largest carbonate-
hosted Zn-Pb ore deposits in the Eastern Tianshan Terrane, NW
China (Fig. 1). Mining of the Caixiashan deposit has focused on four
major areas, namely Zones I to IV. Exploration began in 2002, and
production commenced two years later. The Caixiashan Zn-Pb de-
posit has current reserves of 131 Mt at 3.95% Pb + Zn (Zn > Pb; cut
off by 0.5% Pb + Zn; Cao et al., 2013).

Some aspects of the Caixiashan Zn-Pb deposit including the major
and trace element geochemistry of the host rocks (Liang et al., 2008;
Peng et al., 2007), the general isotope compositions and the fluid inclu-
sion studies were initially constrained. Whole rock sulfur isotopes range
from —21.1 to 19.1%. with the majority of the values being positive
whereas carbon and oxygen isotopic compositions range from — 2.4 to
0.1%. and 5.9 to 19.1%., respectively (Cao et al,, 2013; Gao et al., 2007).
Published fluid inclusion homogenization temperatures vary from
180 °C to 310 °C with salinity range from 1.4 to 23.1 wt.% NaCl eqv.
(Gao et al., 2006) or homogenized at 190 °C to 240 °C with salinity
range from 0 to 6.0 wt.% NaCl eqv. (Sun et al., 2013). However, these
results were not constrained by detailed paragenetic studies as the de-
tailed geology, especially the paragenetic relationships of mineraliza-
tion and alteration, and the corresponding ore forming processes of
Caixiashan are poorly understood. One of the most commonly discussed
but least well-understood aspects of the deposit is the source of the ore-
forming fluid with previous studies proposing either magmatic hydro-
thermal fluids (Cao et al.,, 2013) or sedimentary brines (Peng et al.,
2008). Other aspects that still remain controversial include the pressure,
volume and temperature (PVT) variations of ore-forming fluids from the
multiple paragenetic stages, the precipitation mechanism of metals and
the preservation regime of ore bodies. These parameters are critical to
defining the metallogenesis of carbonated-hosted deposits (Appold
and Wenz, 2011).

To help clarify these questions, this paper characterizes the ore
petrology and ore-forming fluids in the various paragenetic stages pres-
ent in the Caixiashan deposit. We provide a detailed documentation of
the temporal and spatial evolution of the mineralizing system for this
newly discovered giant Zn-Pb deposit in NW China. Based on this infor-
mation, the mechanisms that control the precipitation of Zn and Pb
sulfides and the genetic link between dolomite and tremolite alteration
and mineralization will be discussed.

2. Regional geology

The Caixiashan Zn-Pb mining district is located between the Cen-
tral Asian Orogenic Belt (CAOB) and Tarim (Fig. 1A), and hosted in
the northern margin of the Central Tianshan Terrane, about 200 km
south of Hami city in the Xinjiang Uygur Autonomous Region, NW
China. The Central Tianshan Terrane is located in the southern part
of the Eastern Tianshan, between the Junggar Basin in the north
and Tarim Basin in the south (Fig. 1B). The Eastern Tianshan was
affected by the collision of the Junggar and the Tarim plates during
the Ordovician to the Carboniferous (Allen and Natal'in, 1995;
Pirajno et al., 2008) and is usually classified into four parts from
north to south, i.e., Dananhu-tousuquan, Kanggurtag-huangshan

shear zone, Agishan-Yamansu volcanic belt and Central Tianshan
Terrane, separated by a series of E-trending faults from north to
south, including the Kanggurtag, Yamansu, Aqikekuduke and
Tuokexun faults (Fig. 1C).

The Caixiashan Zn-Pb deposit is hosted in Precambrian plat-
form carbonates of the Kawabulake Group. Smaller Pb-Zn deposits
such as the Jiyuan, Hongxishan, Hongyuan and Shaquanzi occur in
the same rocks in the eastern section of the Central Tianshan
Terrane. The Mesoproterozoic Kawabulake Group is well exposed
in the Central Tianshan Terrane and located in the area south of
Aqikekuduke Fault and northeast of Tuokexun Fault (Fig. 1C),
unconformably overlain by the Lower Cambrian Huangshan For-
mation (fault contact with mid-Carboniferous Matoutan Formation
in the study area) and conformably underlain by the Mesoproterozoic
Xingxingxia Group in the Eastern Tianshan area (Cai et al., 2013; Xiu
etal., 2002). The depositional age of the Kawabulake Group is therefore
after the Xingxingxia Group but before the Lower Cambrian
Huangshan Formation, as confirmed by the occurrence of stromat-
olite (e.g., Conophyton cylindrical; Dong, 2005) and a single zircon
grain U-Pb age of 1141 £ 60 Ma (Xiu et al., 2002). The brief outline
given here is largely based on the previous studies (Cai et al., 2013;
and references therein). The Kawabulake Group is comprised of
two lithologic sections (Fig. 2), from bottom to top: the basal unit
(section I) comprises siltstones with chert interlayers overlain by
slate with siliceous rock interlayers and sandstone lenses, followed
by sandstone and slate with quartz veins and capped by slate after a
layer of siltstone. Section Il comprises a basal package of sandstone
with dolomitized marble overlain by a narrow carbon-bearing-
shale within the siliceous rock layer conformably roofed by a mas-
sive layer of sandstone, then a very thin layer of carboniferous
shale with siltstone lenses capped by a phyllite interbedded with
siltstone and chert, among which there are some small layers of
carbon-bearing-shale, chert and andesite (Fig. 2). The formation
of a carbonate platform suggests that the Eastern Tianshan formed
in a stable sedimentary environment during the Precambrian (Cai
etal., 2013).

Combined with the available geochemical and chronological
data from the Central Tianshan Terrane and the Tarim Craton (Cai
etal., 2013; Xiaetal.,2012), the subduction and accretion process-
es of the Tarim Craton and Tianshan area are described as below:
(1) from the Mesoproterozoic to Middle Neoproterozoic, a conti-
nental rift or a passive continental margin formed at the northern
margin of the Tarim, accompanied by an ancient ocean basin
(proto-Paleoasian Ocean) formed at least before 890 Ma (Zheng
etal., 2010). During that time the basement of the Central Tianshan
Terrane was formed along passive continental margins. (2) The
Central Tianshan Terrane drifted northwards to the active southern
margin of the Siberian Craton in the Late Paleozoic; resulting in the
termination of the Paleoasian Ocean during the Late Carboniferous
and Permian (Xiao et al., 2009). The presence of high-Mg diorite
and adakite in the northern and southern margins of the Central
Tianshan Terrane suggests the closure of the Northern and South-
ern Tianshan Ocean (Tang et al., 2012; Yin et al., 2010). (3) The
overlapping of the plates eventually led to the initiation of subduc-
tion on both the northern and southern margins of the Central
Tianshan Terrane no later than ~350 Ma, forming active arcs and
back (intra)-arc systems (Xiao et al., 2009).
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Fig. 1. Geological map showing the main units in the Eastern Tianshan area and location of the Caixiashan carbonate-hosted Zn-Pb deposit in the Kawabulake Group. A, location of the
Central Asian Orogenic Belt and Tarim. B, location of the Eastern Tianshan. C, location and major tectonic units in the Eastern Tianshan.

Modified after Deng et al. (2014).

3. Geology of the Caixiashan ore deposit
3.1. Deposit geology

The local stratigraphy in the Caixiashan area was described by Cai
et al. (2013) and the geology in the mining district is summarized in
Fig. 2. The ore minerals of the ore bodies are comprised predominantly
of sphalerite and pyrite, with lesser galena and pyrrhotite, and minor ar-
senopyrite. The majority of in the Caixiashan field occurs in four high-
grade ore zones (at a 0.5% Pb + Zn cut-off), namely Zones I, II, IIl and
IV (Fig. 3). Zone I strikes 078° and dips 80° to south with an outcrop
around 6-210 m wide and 1000 m long, Zone II strikes 075° and
dips 70°-75° to south with an outcrop around 100-350 m wide and

1300 m long, Zone IlI strikes 078° and dips 65°-75° to south with an out-
crop around 100-350 m wide and 500 m long, and Zone IV strikes 090°
and dips 70° to south with an outcrop around 200 m wide and 900 m
long (Fig. 3). The Caixiashan Zn-Pb mining district currently contains
reserves of 131 Mt at 3.95% Pb + Zn (Zn > Pb; cut-off by 0.5%
Pb + Zn; Cao et al., 2013). The ore bodies of the Caixiashan district
mainly occur in dolomite/dolomitic-marble or in the contact zone of
dolomitic marble with the platform carbonates of the Mesoproterozoic
Kawabulake Group and are broadly distributed as massive, layers,
disseminated or veinlets.

The Caixiashan Zn-Pb deposit is localized by at least three epi-
sodes of faulting, the earliest episode includes normal faults formed
slightly before/during mineralization, with similar strike and dip
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Fig. 2. Generalized stratigraphic columns of the Mesoproterozoic Kawabulake Group.

(dips 70°-80° to the south) to the bedding, and occurs mostly toward
the basin, indicated that these faults are synsedimentary and control
the sedimentation of the Kawabulake Group (F1; Fig. 3). The second
episode comprises northeast-trending normal faults which control
the high grade ore Zones I and IV (F2; Fig. 3). The third episode com-
prises faults that cross cut those of the second episode, which are re-
stricted to the main deposit and usually cut the ore body and host
rock (F3; Fig. 3).

Magmatism in the mining area shows no clear spatial relationship
to mineralization with many of the magmatic rocks in the mining
area having formed between 350-320 Ma (Gao et al., 2006). Numer-
ous diorite dikes were emplaced along fractures and crosscut the ore
bodies, which decreases the ore grade and generated variable
degrees of tremolite and silica alteration in the wall rock. The
Mesoproterozoic carbonate rocks have been locally metamorphosed
to greenschist facies during the Paleozoic with dynamic metamor-
phism having generated mylonites along the faults.

Obvious open-space filling of voids, brecciation and replacement of
the host rocks can be observed in drill core, hand specimens and thin

sections. The sedimentary fragments are cemented by calcite, quartz
and/or sulfides consistent with epigenetic hydrothermal processes.
The wall rock alteration in the Caixiashan mining district includes the
following minerals: dolomite, quartz and tremolite. Dolomitic alteration
is the most important which occurs in both footwall and hanging-wall
rocks. There is a close association between sulfides and dolomitized
marble (Fig. 4), and the sulfides commonly occur as disseminations
and veinlets within the dolomite. Dolomite generally occurs either as
fine-grained crystals in the rock matrix or medium- to coarse-grained
euhedral crystals.

The mineral assemblage of the main mineralizing stage in the
Caixiashan deposit is relatively simple and the principal economic
ore mineral is sphalerite with lesser galena. Other minor minerals
include pyrite, pyrrhotite, arsenopyrite with trace chalcopyrite,
kilbrickenite (PboSb,,S45, identified by X-ray scattering tech-
niques), tetrahedrite (Cu;2Sb4Si3), boulangerite (PbsSbsSqq),
bournonite (CuPbSbSs;) and pyrargyrite (AgsSbSs; Liang et al,,
2008). The gangue minerals are mainly dolomite, calcite and trem-
olite, minor quartz.
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Fig. 3. Geological map of the Caixiashan Zn-Pb deposit.
Modified after Peng et al. (2007).

3.2. Paragenetic sequences of mineralization and alteration

Forty-nine polished thin sections of representative ore samples
were observed using a polarizing microscope. Based on the cross-
cutting relationships and mineral assemblages identified within

the deposit, the mineralizing process of the Caixiashan can be di-
vided into three stages, as follows: stage I is characterized by
syn-sedimentary pyrite (Fig. 5A-D); stage II-1 with pyrite-
alteration (Fig. 5E-G), sphalerite-carbonate (stage I1I-2; Fig. 6),
galena-pyrite-carbonate (stage II-3; Fig. 7); and a stage III of

45

5 175°
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Fig. 4. Cross section of the Caixiashan Zn-Pb deposit along lines 44 and
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45 of Fig. 3, showing the location and the depth of the drill holes.

Modified after Geological Team 1 of Xinjiang Bureau of Geology and Mineral Resources (2007).



360 D.-F. Li et al. / Ore Geology Reviews 72 (2016) 355-372

Fig. 5. Core and hand specimen photographs and reflected light photomicrographs of stage I (A-D: pyrite 1) and stage II-1 (E-G: pyrite 2). A, massive pyrite (pyrite 1) with dolomite and
calcite, there are some sphalerite veins of stage Il crosscutting the pyrite. Sample 13ZK1603-4, Zone I. B, cross section of pyrite (pyrite 1) enclosing the dolomite and calcite. Sample 13CXS-
34, Zone I1. C, framboidal pyrite (pyrite 1) replaced by the sphalerite. Sample 13CXSIII-15, Zone III. D, colloform crystals of pyrite (pyrite 1) was replaced by sphalerite. Sample 1ZK1603-3/
46 m, [ZK1603. E, layered pyrite (pyrite 2) interbedded with calcite and dolomite, some stage [I-2 sphalerite around the corner. Sample 13CXS-34, Zone IL. F, pyrite 2 replaced by the sphal-
erite/galena. Sample 13CXS-15, Zone I. G, vein type sphalerite, galena, calcite and dolomite crosscutting the pyrite 2, Sample 13CXS-44, Zone I. Abbreviations: Py = pyrite; Sp = sphalerite,
Dol = dolomite, Cal = calcite, Gn = galena, Po = pyrrhotite, Qtz = quartz, Tr = tremolite, Apy = arsenopyrite.

magmatic/metamorphic reworking (Fig. 8). The mineral parage-
netic sequences are illustrated in Fig. 9.

3.2.1. The syn-sedimentary pyrite stage

Three fundamental minerals comprise stage I, i.e., pyrite, dolomite
and calcite. The massive pyrite (pyrite 1) is hosted in the limestone
and some of them were replaced by tiny sphalerite veins (Fig. 5A), or
coexist with calcite and dolomite (Fig. 5B) containing numerous fluid
inclusions. The massive pyrite shows typical framboidal (Fig. 5C) and
colloform (Fig. 5D) textures in thin section. The framboidal pyrite is
composed of tiny pieces of anhedral pyrite and locally enclosed by the
fine-grained sphalerite (Fig. 5C). The presence of colloform pyrite

reflects rapid crystallization on the seafloor caused by mixing of ascend-
ing hydrothermal fluids with cold ambient seawater (Herzig and
Hannington, 1995). Pyrite 1 locally shows pseudomorphous replace-
ment of colloform pyrite by sphalerite (stage II-2) with preservation
of the original texture.

3.2.2. The pyrite-sphalerite-galena-carbonate stage

Stage II can be divided into three sub-stages from early to late,
i.e., pyrite-alteration (stage II-1), sphalerite-carbonate (stage I1I-2) and
galena-pyrite-carbonate stages (stage II-3). Stage II-1 pyrite (pyrite
2) commonly occurs as layers in the matrix made up of recrystallized
calcite and dolomite with medium grain size (Fig. 5E). The uniform
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Fig. 6. Core and hand specimen photographs of the sphalerite-carbonate (stage II-2) stage. A, dolomite preferentially replacing the matrix of typical host rock breccia. Sample 371/371 m,
1IZK4701. B, massive crystals of sphalerite with dolomite core and crosscut by narrow galena veins. Sample 13CXS-21, Zone II. C, disseminated sphalerite and galena co-precipitated with
calcite. Sample 13ZKII-C8, ZK4701 of Zone II. D, sphalerite occurs in the calcite vein. Sample 13ZKII-C15, ZK4701 of Zone II. E, sphalerite replaced colloform pyrite (pyrite 1) while preserv-
ing the colloform texture of pyrite. Sample 1ZK1603-2/74 m, IZK1603. F, sphalerite replaced subhedral pyrite (pyrite 1) from the core to the rim. Sample 12CXS-2-4, Zone II. G, massive
sphalerite contains tiny pyrrhotite showing exsolution texture. Sample 13CXSIII-15, Zone III. H, the sphalerite shows deformation textures. Sample 13CXIII-61, Zone III. Abbreviations:
Py = pyrite; Sp = sphalerite, Dol = dolomite, Cal = calcite, Gn = galena, Po = pyrrhotite, Qtz = quartz, Tr = tremolite, Apy = arsenopyrite.

layered pyrite 2 with medium-grained calcite and dolomite suggests
the pyrite formed simultaneously with the recrystallized carbonates,
which is distinct from stage I sedimentary pyrite 1 with diagnostic
colloform or framboidal textures. Based on the close association
between layered pyrite and sphalerite orebodies, pyrite 2 has been
assigned to stage II-1 to distinguish it from stage I pyrite 1. Pyrite 2
is also locally replaced by small amounts of sphalerite of stage II-2
as well as narrow galena veins (Fig. 5F): some of the veins (sphaler-
ite/galena) occur between the pyrite layers whereas others cut those
layers (Fig. 5G).

The host rock clasts are cemented by dolomite + sphalerite
(Fig. 6A). Stage II-2 is characterized by abundant massive sphaler-
ite co-precipitated with medium-grained subhedral to euhedral
dolomite and calcite (Fig. 6B), followed by some disseminated
sphalerite coexisting with calcite veins (Fig. 6C), which locally
crosscut the host limestone (Fig. 6E). As with stage I, stage II-2
sphalerite replaces the stage | massive pyrite (pyrite 1; Figs. 5A,
6E and F). Some of the massive sphalerite ore contains minor
pyrrhotite as small grains with linear distribution showing possi-
ble exsolution textures, suggesting that the pyrrhotite probably
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Fig. 7. Core and hand specimen photographs of the galena-pyrite-carbonate (stage II-3; pyrite 3) stage. A, the hand sample shows the galena veins cutting the dolomitized marble. Sample
13CXSIV-3, Zone 4. B, drill core section shows the s the galena vein cut the sphalerite. Sample 110031038-4/1120 m. ZKI10031038. C, galena coexists with the pyrite (pyrite 3). Sample
13CXSI-01, Zone I. D, euhedral arsenopyrite occurs in the host rock or replaced by pyrite (pyrite 3). Sample 251.71/251 m, ZK4701 of Zone IV. E, collapse texture of pyrite 3 showing
the limestone breccia was cemented by pyrite 3. Sample 13ZK4701-17/788 m. ZK4701. F, the thin section shows the pyrite 3 is commonly granular and coarse-grained that cemented
the limestone. Sample 13ZK4701-17/788 m. ZK4701. G, massive sphalerite crosscut by galena. Sample 110031038-2/1100 m. ZKII0031038. H, the anhedral pyrrhotite enclosed by the
galena. Sample 13CXSIII-11-3. Zone III. Abbreviations: Py = pyrite; Sp = sphalerite, Dol = dolomite, Cal = calcite, Gn = galena, Po = pyrrhotite, Qtz = quartz, Tr = tremolite, Apy =

arsenopyrite.

co-precipitated with the massive sphalerite (Fig. 6G). The main
stage sphalerite also locally coexists with arsenopyrite (Fig. 6H).
Stage II-3 is dominated by abundant fine-grained galena occurring as
small veins cutting across the host rock of dolomitized marble (Fig. 7A),
or locally cutting the earlier massive sphalerite ore (Fig. 7B). The galena
commonly has sharp boundaries with, but locally replacing granular py-
rite (pyrite 3) (Fig. 7C), indicating that the galena probably precipitated
slightly later than the Py3. The early stage Il arsenopyrite occurs both in
the host rock and pyrite 3 partially replacing the pyrite, indicating that

the arsenopyrite formed before pyrite 3 (Fig. 7D). The obvious collapse
texture between the late pyrite (pyrite 3) and host rock limestone
shows the brecciated limestone is cemented by the pyrite 3 (Fig. 7E)
or by calcite/dolomite. Pyrite 3 here is commonly granular and coarse-
grained (Fig. 7F), distinguishing it from pyrites 1 and 2. Galena usually
occurs as anhedral grains, veinlets in a carbonate matrix or crosscutting
the sphalerite (Fig. 7G). In Fig. 7H, some pyrrhotites are enclosed by
massive galena, which suggests that the pyrrhotite may form a little
earlier than the galena, which is consistent with the observation of
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Fig. 8. Core samples and thin sections of magmatic/metamorphic reworking and the supergene stages. A, calcite vein cut across the massive sphalerite. Sample 13ZKIV-91, ZK2901 of Zone
IV. B, sphalerite replaced by the tremolite and calcite vein, also noted that the galena cut the sphalerite. Sample 13IVZK2901-562/562 m. ZK2901 of Zone IV. C, close up of the tremolite and
calcite veins. Sample 13IVZK2901-562/562 m. ZK2901 of Zone IV. D, sphalerite and dolomite/calcite cut by tremolite. Sample 751/751 m, ZK4701 of Zone IV. E, quartz crosscuts the sphal-
erite, and both were cut by tremolite. Sample 251.71/251 m, ZK4701 of Zone IV. Zone 1. Abbreviations: Py = pyrite; Sp = sphalerite, Dol = dolomite, Cal = calcite, Gn = galena, Po =
pyrrhotite, Qtz = quartz, Tr = tremolite, Apy = arsenopyrite.
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Fig. 9. Mineral paragenesis of the Caixiashan deposit.
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coexisting sphalerite and pyrrhotite. Meanwhile, abundant medium- to
coarse-grained dolomite and calcite precipitated during formation of
galena and pyrite 3. Trace Pb-bearing minerals such as kilbrickenite,
tetrahedrite, boulangerite, bournonite and pyrargyrite are also present
in this stage.

3.2.3. The magmatic/metamorphic reworking stage

Stage IIl magmatism-hydrothermal reworking at Caixiashan is made
up of tremolite + quartz + calcite, with local sphalerite + quartz, and
trace pyrrhotite and chalcopyrite. The fine-grained calcite in stage III
occurs as veins crosscutting the massive sphalerite as well as the calcite
veins of stage II (Fig. 8A). The tremolite occurs as veins cutting across
sphalerite and coexists with some subhedral coarse-grained calcite
(Fig. 8B and C), but locally tremolite veins cut the stage II calcite and
sphalerite (Fig. 8D). Some fractures are filled with quartz that occurs
as chalcedony or fine- to medium-grained, anhedral to subhedral crys-
tals with wavy extinction, and locally coexists with euhedral tremolite
(Fig. 8E).

4. Fluid inclusion studies
4.1. Methodology

Calcite, quartz and sphalerite samples of different mineraliza-
tion stages (stage I: calcite; stage II: calcite with a few sphalerite;
stage IlI: quartz/calcite) were collected from outcrops and drill
core from all major orebodies and prepared as doubly polished sec-
tions. Hundreds of fluid inclusions in 20 selected thin sections from
stages I to Il were identified for fluid inclusion petrography and
microthermometry.

Fluid inclusion microthermometry was undertaken at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS), Beijing, using a Linkam THMSG600 and THMSG1500
freezing and heating system, with a German Zeiss microscope. A
U.S. Fluid INC standard was used to correct the temperatures at
—56.6 °C, 0.0 °C and 374.1 °C. Fluid inclusions were initially cooled
to —190 °C at the rate of —5 °C/min and held for 5 min to make
sure all the components in the inclusion were frozen. The inclusion
was then warmed at a rate of 5 °C/min and decreased to 0.5 °C/min
from —190 to —182.5 °C and — 60 to — 56.6 °C for the triple point
of CH4 and CO,, respectively, and held for 1 min in each range. The
heating rate was decreased to 1 °C/min from —40 to 30 °C to mea-
sure the final melting temperature of CO,-H,O0 clathrate, the partial
homogenization temperature of CO, and the final melting tempera-
ture of ice. Finally, the system was heated at a rate of 3 °C/min until
close to the homogeneous phase transition point at which time a
lower rate of about 0.5 to 1 °C/min was used.

The fluid inclusion study is based on fluid inclusion assemblages
(FIAs). Salinities of aqueous inclusions were calculated using the
equation of Bodnar (1993) for the NaCl-H,0 system. Salinities of ha-
lite daughter mineral-bearing inclusions were determined using the
reference data and methodology of Vityk et al. (1994). Salinities of
CO,-rich inclusions were calculated using the equations of Collins
(1979) for the CO,-NaCl-H,0 system.

Vapor and liquid compositions were measured at the Raman
Spectroscopy Laboratory of the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS), Beijing. An excitation wave-
length of 532 nm was used with the Ar™" ion laser operating at
44 mW. The spectra were measured with 3 second counting times
and counted every 1 cm™ ' from 500 to 4000 cm™'. The laser beam
had a spot size of approximately 1 um with spectral resolution of
0.65 cm™ . It was calibrated on pure silicon produced in France
with standard Raman shift of 520.7 cm ™. For peak standards such
as CO,, CH4 and N, see Frezzotti et al. (2012).

4.2. Classification of fluid inclusions

Fluid inclusion types are identified based on their compositions and
phases (L.-V-S) at room temperatures (~26 °C), and phase transforma-
tions during cooling and heating processes (Chen et al., 2007; Goldstein
and Reynolds, 1994). Four types of inclusions were identified and desig-
nated as W-, C-, PC-, and S- types.

4.2.1. W-type—aqueous fluid inclusions

The W-type inclusions are the most common and show one or two
visible phases (liquid H,O or liquid H,0 and vapor H,0), with the gas
bubble making up approximately 20% to 30% of the entire volume. A
few single phase W-type fluid inclusions were found in stage Il sphaler-
ite (Fig. 10A). The majority of W-type fluid inclusions have irregular
shapes with sizes ranging from 6 to 20 um (Fig. 10B and C).

4.2.2. C-type—carbon phase fluid inclusions

The C-type inclusions in the calcite are two-phase (vapor CO,/CH4 +
liquid H,0) or three-phase (vapor CO,/CH, + liquid CO,/CH,4 + liquid
H,0), with the gas phase ratio generally in the range of 50%-80% at
the start of the cooling process. The CO, dominant inclusions are termed
C1 whereas the CH4 dominant inclusions are termed C2 (identified by
laser Raman analysis, see below). They are found in stage II-2-3 calcite
grains or veins, in groups or as single inclusions (Fig. 10D-F). They are
generally triangular or elongate in shape, with sizes ranging from 5 to
23 pm.

4.2.3. PC-type—pure carbon phase fluid inclusions

The PC-type inclusions are CO, + CH4 (PC1) or pure CH, inclusions
(PC2), consisting of only a vapor phase at room temperature (Fig. 10F).
These inclusions are generally 4 to 23 pm in diameter and rounded iso-
metric or negative crystal in shape.

4.2.4. S-type—the mineral bearing fluid inclusions

The S-type inclusions usually contain at least one daughter mineral
(Fig. 10G-I), and show rounded, elliptical and negative shapes with
the longest dimensions ranging from 4 to 16 um. Their vapor bubbles
can be either CH4/CO, or H,0, and occupy 5-20% of the total volume.
The majority of cubic minerals in the S-type inclusions are halite.

4.3. Microthermometry results

All the identified fluid inclusions in calcite and quartz crystals from
multiple paragenetic stages were analyzed and their microthermometric
results are presented in Table 1 and Fig. 11.

The stage I calcite contains only W-type fluid inclusions, which yield
final ice-melting temperatures of —12.6 to —0.3 °C (around —16.7 to
—12.7 °C) with an average of —14.7 °C, constraining a salinity range
of 0.5 to 16.5 (around 5.1 to 15.1) wt.% NaCl eqv. with an average of
10.1 wt.% NaCl eqv. They were homogenized to liquid at 110 to 236 °C
(around 138 to 198 °C) at an average of 168 °C. Based on the Tmjce
and Th_, of the W-type fluid inclusions, the estimated fluid density is
0.85 to 1.01 g/cm? (Table 1; Fig. 11).

The stage II-1 calcite also only contains W-type fluid inclusions,
which yield final ice-melting temperatures of — 20.0 to — 5.4 °C (mainly
—16.7 to —12.7 °C) with an average of — 14.7 °C, constraining a salinity
range of 8.5 to 22.4 (main range 16.7-20.1) wt.% NaCl eqv. an average of
18.4 wt.% NaCl eqv. They were homogenized to liquid at 175 to 260 °C
(main range 210-260 °C) at an average of 235 °C. Based on the Tmjce
and Th_, of the W-type fluid inclusions, the estimated fluid density is
0.95 to 1.07 g/cm? (Table 1; Fig. 11).

The stage I1-2-3 calcite contains all four types of fluid inclu-
sions, i.e., W-type (61%), C-type (C1 = 10%; C2 = 7%), S-type
(11%) and PC-type (PC1 = 8%; PC2 = 3%). W-type inclusions
yielded homogeneous temperatures ranging from 210 to 370 °C
(mainly 253-323 °C) with an average of 270 °C, and final ice-
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Fig. 10. Fluid inclusion types in the quartz/calcite veins from the Caixiashan deposit (plane-polarized light). A, aqueous (W-type) fluid inclusion in the sphalerite. Sample 13802-45, Zone II.
B, W-type fluid inclusions. Sample 13ZKIII-C5, ZK4402 of Zone III. C, W-type fluid inclusions. Sample 13ZKIII-C5, ZK4402 of Zone III. D, carbon phase containing type (C-type) fluid inclu-
sions. Sample 13ZKIV-C7, ZK2901 of Zone IV. E, C-type and W-type fluid inclusions. Sample 13ZKII-C2, ZK003 of Zone I. F, C-type and pure carbon phase (PC-type) fluid inclusions. Sample
13ZKII-C2,ZK003 of Zone II. G, W-type and mineral bearing or multiphase (S-type) fluid inclusions. Sample 13802-45, Zone II. H, S-type fluid inclusion. Sample 13ZKI-14, ZK1602 of Zone L.
1, S-type fluid inclusions. Sample 13ZKI-71, ZK1602 of Zone 1. Abbreviations: L, = liquid H,0; Vi, = vapor H,0; Leo, = liquid CO,; Vo, = vapor CO,; H = halite.

melting temperatures are from —21.0 to — 3.6 °C with an average W-type fluid inclusions range from 0.72 to 0.99 g/cm?>. Although a
of —15.6 °C that correspond to salinities of 5.9 to 23.1 by an aver- few W-type fluid inclusions were identified in the sphalerite
age of 19.1 wt.% NaCl eqv. The calculated fluid densities of the (Fig. 10A), no changes were observed during the cooling and
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Table 1

D.-F. Li et al. / Ore Geology Reviews 72 (2016) 355-372

Microthermometric data of the fluid inclusions in calcite/quartz from the Caixiashan deposit. Cal = calcite vein; Qtz = quartz vein; N = the number of measured the fluid inclusions; C1 =
CO, dominant carbon phase containing fluid inclusion; C2 = CH, dominant carbon phase containing fluid inclusion; PC1 = CO, dominant pure carbon phase fluid inclusion; PC2 = CH,4
dominant pure carbon phase fluid inclusion; Tmco, = melting temperature of CO,; Mg, = final melting temperature of CO,-H,0 clathrate; Th ¢o, = partial homogenization temper-

ature of CO,; Tm;ee = final melting temperature of ice; Tmg

= final dissolution temperature of halite daughter crystal; Th_; = total homogenization temperature.

Stage Host Type N Tmco, (°C) Tmejaen (°C) Theo, (°C) Tmice (°C) Tms (°C) Th_q (°C) Salinity (wt.%NaCl)  Density (g/cm?)
[ Cal W 184 / / / —12.6-03 (178) / 110-236 (181) 0.5-16.5(178) 0.85-1.01 (178)
1I-1 Cal W 101 / / / —20.0-5.4 (95) 175-260 (97)  8.5-22.4 (95) 0.95-1.07 (96)
-2-3  Cal w 61 / / / —21.0-3.6 (60) / 210-370 (60)  5.9-23.1 (60) 0.72-0.99 (60)
C1 10 —59.2-56.7 (10) —5.6-6.6(9) 7.2-252(5) / / 237-371(10)  6.4-19.7 (9) 1.01-1.06 (5)
2 6 / / / / / 247-345 (6) / /
S 1/ / / / 340-374 (4) 211-350 (11)  42-44(4) 1.12-1.22 (4)
PC1 8 —60.0-576(4) / 74-212(4) / / / / /
PC2 3/ / / / / / / /
11 Qz W 53 —209-1.0 (52) / 220-360 (53)  1.7-23.0 (52) 0.81-1.01 (52)
Cal 45 —17.5-3.4 (45) 225-354 (45)  5.6-20.6 (45) 0.90-1.00 (45)

heating processes. The C1-type inclusions of CO, display melting of
solid CO, at temperatures between —59.2 °C and — 56.7 °C with an
average of —57.6 °C. The temperatures are slightly lower than the
56.6 °C), indicating the presence of a
subordinate amount of other volatiles such as CH4. Melting of CO,
clathrate occurs at temperatures between —5.6 °C and 6.6 °C,
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Fig. 11. Histograms of homogenization temperatures and salinities of fluid inclusions in different stages at Caixiashan deposit.
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corresponding to a salinity range of 19.7 and 6.37 wt.% NacCl eqv.
Most inclusions show partial homogenization to liquid at tempera-
tures of 7.2 °C to 25.2 °C by average of 19.4 °C. Total homogeniza-
tion temperatures exhibit a wide range from 237 °Cto 371 °C, and
their homogenization behavior is dominated by liquid. Some inclu-
sions decrepitate at 350 °C to 425 °C, according to the Tmia¢h, Theo,
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and the estimated volume fraction of CO,, the estimated fluid density of
C1-type ranges from 1.01 to 1.06 g/cm>. No data was obtained for C2-
type of CHy as the phase changes at the triple point can be difficult to
recognize, the temperature at the triple point (—182.5 °C) is close to
the lower limit of commercial stages (ca. — 196 °C) or solid CH, does
not always form, but the total homogenization temperatures ranged
from 247 to 345 °C. S-type inclusions completely homogenized at tem-
peratures ranging between 211 and 350 °C and dominantly went to
vapor. Usually, daughter minerals in the S-type fluid inclusions melted
at 340 to 374 °C during heating (Tms), indicating a salinity range of 42
to 44 wt.% NaCl eqv. The densities of S-type inclusions of stage 1I-2-3
are estimated between 1.12 and 1.22 g/cm>, being the highest densities
of all the inclusion types found in this study. The W-type fluid inclusions
show a close spatial relationship with the S-type inclusions (Fig. 10G
and H), and they share similar homogenization temperatures from
345 to 350 °C, but with different salinities (W-type: 21.0 to 23.1 wt.%
NaCl eqv., S-type: 43 to 44 wt.% NaCl eqv.), probably indicating fluid
boiling in stage II. The PC1-type inclusions yield melting temperatures
for solid CO, from —60.0 to —57.6 °C, indicating the presence of
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other volatiles such as CHy4, which is consistent with the laser Raman
spectrum results. The homogenization temperatures of liquid CO, and
vapor CO, to the liquid phase show large variation from 7.4 °C to
21.2 °Cwith an average of 13.1 °C, for the three PC2-type of fluid inclu-
sions, unfortunately, no change was tracked during the heating and
cooling processes as with the C2-type fluid inclusions.

The stage Il quartz and calcite contain only W type fluid inclusions.
The W-type fluid inclusions in quartz and calcite yielded homogeniza-
tion temperatures ranging from 220 to 360 °C and 225 to 354 °C, respec-
tively. The final ice-melting temperatures are between —20.9 to
—1.0 °C and —17.5 to —3.4 °C corresponding to salinities of 1.7 to
23.0 and 5.6 to 20.6, respectively. Based on the Tm;c and Th_,; of the
W-type fluid inclusions, the estimated fluid density is 0.81 to 1.01
(quartz) and 0.90 to 1.00 g/cm? (calcite; Table 1; Fig. 11).

4.4. Fluid compositions

As measured by laser Raman microspectroscopy, the vapor bubbles
of the C1- (CO, dominant), C2- (CH4 dominant), PC1- (CO, dominant),
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Fig. 12. The LRM spectra of vapor component in fluid inclusion at Caixiashan deposit, A, the C1-type fluid inclusion (CO, dominant) coexisting with SO ~, N, CH4 and H,0. B, the C2-type
fluid inclusion (CH4 dominant), also contains H,0 and N,. C, the PC1-type (CO, dominant) fluid inclusion coexisting with N, and CH,. D, the PC2-type (CH4 dominant) fluid inclusion
coexisting with CO,. E and F show the component of W-type fluid inclusions.
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PC2- (CH4 dominant) and W-type inclusions are shown in Fig. 13. The
C1-type fluid inclusions are dominated by a CO, vapor component
with small amounts of N, and CH,, and the liquid dominated by H,0
and SO7~ (Fig. 12A). The C2 fluid inclusions are dominated by a CH,4
vapor component with small amounts of N,, whereas the CO, is absent
(Fig. 12B). The PC1 fluid inclusions contain local CO, and CH4 with small
amounts of N, but no H,O component (Fig. 12C), and the PC2-type fluid
inclusions contain more CH,4 than CO, with small amounts of N, but no
H,0 component (Fig. 12D) The W-type fluid inclusions contain relative-
ly high intensity water peaks (Figs. 12E and F). In general, fluid inclu-
sions in Stages I, 1I-1 and IIl are dominated by water with no CO,,
whereas Stage 1I-2-3 is complex and has variable CO, + H,0 + N; +
CHy £S04

5. Discussion
5.1. The reliability of fluid inclusion data

The reliability of fluid inclusion data should be tested to see if fluid
inclusions have maintained integrity since their time of formation
(Roedder and Ribbe, 1984). Overheating, reequilibration toward lower
density (greater inclusion volume) by plastic stretching, or partial leak-
age of inclusions can all result in anomalously high homogenization
temperature values and an overestimate of ore fluid temperatures
(Wilkinson, 2010).

However, research shows that the potential for inclusion re-
equilibration during overheating is largely a function of inclusion
size and host mineral strength (Wilkinson, 2010 and references
therein). The plot of fluid inclusion size (maximum dimension)
against homogenization temperature is useful to evaluate the effects
of regional deformation/heating. If partial reequilibration has oc-
curred the fluid inclusions should show a positive correlation, with
the effect being more pronounced for softer minerals in which inclu-
sions can deform under lower internal overpressures (e.g., calcite,
barite). When applied to the data from Caixiashan, no positive corre-
lation is apparent for the calcite from stage 11-2-3, (Fig. 13), and
therefore the calculated homogenization temperatures are consid-
ered to be reliable.

5.2. Pressure conditions and depth of ore formation

Using the FLINCOR program (Brown, 1989) and HogeFrines_H20-
NaC; program (Steele-Maclnnis et al,, 2012), the minimum pressure es-
timates of the hypogene stages range from 0.1 to 2.0 MPa (stageI), 0.9 to
4 MPa (stage II-1), 1.9 to 17.4 MPa (stage 1I-2-3) and 2.0 to 15.6 MPa
(stage III) according to the W- and S-type fluid inclusions, whereas for
the C1 fluid inclusions (stage II-2-3), the lowest estimated pressures
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Fig. 13. Plot of homogenization temperature as a function of maximum inclusion dimen-
sion for Caixiashan.

are from 9.8 to 22.7 MPa. The burial depth of the Caixiashan can be cal-
culated based on the approximate rock density (2.8 g/cm?) and
lithostatic pressure (28 MPa/km) with the estimated depth of formation
of stages|, -1, 11-2-3 and Ill varying from <0.01-0.07 km, 0.03-0.14 km,
0.07-0.62 km (W/S-type) or 0.35-0.85 km (C1-type) and 0.07-0.55 km,
respectively. Alternatively, based on water density (1.0 g/cm?) and hy-
drostatic pressure (10 MPa/km), the estimated depth of formation of
each stage ranges from 0.01-0.20 km, 0.09-0.40 km, 0.19-1.74 km
(W/S-type) or 0.98-2.27 km (C1-type) and 0.20-1.56 km, respectively.

Stage I inclusions are characterized by lower pressures and less
gas components, suggesting that they formed close to the surface
(<0.1 km) either under the lithostatic or hydrostatic pressure,
which indicates that pyrite and coexisting carbonates were formed
in an open environment connected directly to the water/atmo-
sphere, consistent with their syn-sedimentary origin. Stage II-1 is
also characterized by low pressures but they are generally higher
than stage I, which suggests that the stage II-1 pyrite may have
formed at slightly greater depths (up to 0.4 km). Stage 11-2-3 CHy,
and CO,-bearing fluids with moderate temperature are character-
ized by a large range in minimum pressures (9.8 to 22.7 MPa), sug-
gesting a greater depth of about 2.27 km or deeper under purely
hydrostatic pressure conditions, or 0.85 km under the lithostatic
pressure as a conservative estimate. The syn-sedimentary normal
fault systems developed in the Caixiashan district are likely associat-
ed with the nearly vertical distribution of the Zn-Pb ore bodies,
which suggests that the ore-forming system may have been connect-
ed to the surface. Therefore an estimate based on hydrostatic condi-
tions may be applicable for stage II-2-3 ore-forming fluids,
indicating that sphalerite precipitation occurred at a depth of around
2 km or shallower, deeper than stages I and II-1. The estimate depth
of stage Ill is about 0.20-1.56 km (hydrostatic) or 0.07-0.55 km
(lithostatic) suggesting that the magmatic/metamorphic reworking
stage was also close to the surface but possibly occurred at shallower
than stage II.

5.3. Evolution of the ore-forming fluids

5.3.1. Formation of sedimentary pyrite of stage |

The stage I colloform/framboidal pyrite (pyrite 1; Fig. 5A-D) may
have precipitated at the same time as the sediment, as this texture is
typical of pyrite formed in sedimentary environments (Graham et al.,
2012). The large volume of pyrite associated with stage I suggests that
before precipitation the Fe-S system existed in oxidized conditions,
allowing abundant Fe-S-rich fluids to be carried to the site of deposi-
tion. Then bacterial reduction would cause the regime to shift to reduce
conditions causing the precipitation of pyrite (Butler and Rickard,
2000).

The processes of sedimentary pyrite formation have been well-
studied and include bacterial sulfate reduction, reaction of H,S
with iron minerals to form Fe monosulfides, and the reaction of Fe
monosulfides with elemental sulfur to form pyrite (Berner, 1970),
which will generate very low 634Sy_cpr values as noted in Caixiashan
with low value as — 10.1%. of pyrite (Gao et al., 2007) or —21.1%. of
pyrite (Cao et al., 2013). The precipitation of pyrite eventually ceased
possibly due to a limited supply of H,S/HS ™. The lack of H,S/HS ™ in a
normal marine fluid could result from either inactivity of bacteria or
the absence of organic matter (Berner et al., 1985). As no CH4 was
detected in stage I fluid inclusions this suggests that the absence of
organic material, was the cause of the decreasing in H,S/HS™
concentrations.

The initial fluid from stage I is dominated by a HO-NaCl (possibly
with SO37) brine, with homogenization temperatures and salinity
ranging from 110 to 236 °C and 0.5 to 16.5 wt.% NaCl eqv. (Fig. 14A).
Some of the fluid temperatures in stage I are slightly higher than the
typical for sediment deposition (<200 °C) and those fluids could be re-
sponsible for the sedimentary pyrite lens (including colloform and
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deposit (Wilkinson, 2010).

framboidal pyrite) found within the strata, whereas hotter fluids
(>200 °C) may be derived from channelized high-T fluid flow indicated
by the calcite of stage I (Almodévar et al., 1997) or overprinting by later
hotter fluids (see below discussion).

5.3.2. Mineralization and associated ore-forming fluids of stage Il

The layered pyrite (stage II-1; pyrite 2; Fig. 5E-G) formed later than
the pyrite 1 based on: 1) pyrite 2 is spatially associated with recrystal-
lized calcite and dolomite not the host rocks; 2) the pyrite 2 texture is
obviously different from the syn-sedimentary pyrite 1 (Fig. 5C and D),
and the medium grain size of the co-precipitated calcite and dolomite
shows affinity to these typical recrystallized carbonate rocks in stage
II; 3) fluid inclusions thermometry (~235 °C) indicate that pyrite 2
formed at relatively higher temperature and greater depths than pyrite
1 (~155 °C); 4) Re-0s dating of pyrite (unpublished data) suggested
there is ~200 Ma gap between pyrite 1 and pyrite 2.

The sphalerite (stage II-2) was locally found as pseudomorphs that
have replaced stage I colloform pyrite (Figs. 5D and 6F), and formed
the massive ore in the Caixiashan deposits. Replacement of pyrite by
sphalerite may indicate a reaction process between the ore forming
fluid and pyrite when Zn-rich fluids circulated in the system, as support-
ed by the dark brown color of sphalerite in the hand samples or thin
sections, which is a signature of Fe-rich sphalerite (Fig. 6B).

That the ore system is dominated by sphalerite rather than galena
may be due to 1) the host rock in the Kawabulake Group being enriched
in Zn and Fe relative to Pb, or 2) because the ore-forming fluids
contained higher contents of Zn. The first reason can be excluded be-
cause the dolomitized marble at Caixiashan is enriched in both Zn and
Pb and there is no significant difference in the abundance of the two el-
ements (Liang et al., 2008; Peng et al., 2007). Experimental work has
suggested that the Zn concentration in acidic solutions is 2-3 orders of
magnitude higher than the Pb concentration over broad ranges of tem-
perature, pressure, and Cl concentrations, and that Zn sulfate dissolves
more readily than Pb sulfate (Lukanin et al.,, 2013). Therefore, the ore-
forming fluid was initially dominated by Zn-Fe-S with trace Pb, and
the pyrite precipitated first due to the lower solubility of Fe as the
prior formation of the pyrite 2 of stage II-1. The Fe-rich sphalerite
(Znq — xFe,S) occurs throughout stage II-2. Research shows that the
Fe-rich sphalerite is corresponding to the effect of Fe-substitution of
the pyrite (Kharbish, 2007), which means the Fe in the pyrite 2 could
also be replaced by Zn and formed Fe-rich sphalerite, which is consis-
tent with some of the observed replacement textures (Fig. 6E and F). Al-
though Fe can commonly substitute in sphalerite, galena can only
precipitate with pyrite if extra Fe is present in fluids, which is consistent
with our observation of only galena in stage II-3. In general, the
Caixiashan deposit is dominated by sphalerite likely due to the higher
concentration of Zn than Pb in the ore-forming fluid. Some carbonate-
hosted Pb-Zn deposits in the Southeast Missouri district are also Zn

rich relative to Pb and have Zn/(Zn + Pb) ratios greater than 0.5
(Leach et al., 2005).

The homogenization temperatures of the main mineralization stage
[I-2-3 (W-type: 210 to 370 °C with mode of 270 °C; C-type: 237 to
371 °Cand S-type: 211 to 350 °C) are generally higher than those typical
of MVT deposits (50 to 250 °C; Leach et al., 2005) and more similar to
the high-temperature carbonate-hosted deposit in the Irish type ore
systems (Fig. 14B), some of which have peak temperature of ~280 °C
(Wilkinson, 2010). The high temperatures at Caixiashan are also similar
to carbonate-replacement and vein-type deposits of the Christiana
replacement deposit in Greece with reported homogenization tempera-
tures of 312 to 399 °C (Voudouris et al., 2008), the carbonate-hosted
Kabwe, Tsumeb and Kipushi Pb-Zn-Cu deposits (in Central Africa)
with homogenization temperatures from 257 to 385 °C (Kamona
etal, 1999) and the carbonate-hosted Ag-Pb-Zn(Cu) deposits of north-
ern Mexico with temperature ranging from 200 to 500 °C (Megaw et al.,
1988). The ore-forming fluid (stage II) is preserved in abundant PC- and
C-type inclusions. The high concentrations of CH4, CO, coexisting with
SOZ~, in a relatively high-salinity fluid may indicate a complex ore-
forming system induced by either fluid mixing or fluid/rock reactions.
Thus, the ore-forming fluids at Caixiashan evolved from stage I with
depletion of gas components to enrichment in CHy, CO, and N5 in
stage II, with higher salinities and temperatures (Fig. 14A). The increas-
ing salinity could have resulted from dissolution of the sediment, and
the increasing homogenization temperature possibly resulted from
the collapse of host rocks leading to deep burial as suggested by collapse
texture of pyrite (Fig. 7E) and the possible connection with a deeper
heat source. The possible boiling fluid inclusions (Fig. 10G and
H) imply that the fluid boiling/immiscibility may correspond to the
high temperatures and salinities and play an important role in the
precipitation of the ore-forming minerals. The discharge of metals
in sediments will lead to the release and accumulation of hydrogen
ions to generate acidic fluids (Leach et al., 2005), which would even-
tually accelerate the dissolving of sedimentary rocks and provide
more space for sulfide deposition, as evidenced by some of the CO,
tracked in the fluid inclusion (Fig. 12A, C and D). Host-rock dissolu-
tion during the deposition of metal in MVT and other carbonate-
hosted deposits has been widely documented, as the dissolution
and hydrothermal brecciation of the host rocks can be caused by
acid-producing reactions commonly associated with fluid mixing
(Anderson, 1975; Sverjensky, 1984, 1986). However, it is difficult
to maintain these reactions as the gradually stronger acid solution
will not only provide the preservation place but also dissolve the sul-
fides formed earlier.

Based on field observations, dolomitized marble is closely associ-
ated with the mineralization at Caixiashan deposits and the sulfide
ore bodies are broadly coeval with dolomitic alteration (Fig. 4). The
well-developed dolomitic alteration at Caixiashan may have formed



370

a natural barrier that isolated the Pb and Zn minerals from the acidic
fluids.

The coexistence of CH4 and SO5 ~ in fluid inclusions was identified in
the main mineralization stage (stage II-2-3; Fig. 12A). Research shows
that the lowest temperature for the CH4 reactions with sulfate (or
S03 ™) to be as low as ~100 °C (Zhu et al., 2005), which will generate
H,S for sulfide precipitation. The HS™ is interpreted to have been gener-
ated during the reduction process, which would be characterized by
light sulfur as a result of isotopic fractionation. However, most of the
sulfides at Caixiashan are characterized by heavy sulfur isotopic compo-
sitions (6>*Sy_cpr of pyrite as much as 19.1; Gao et al., 2007; Cao et al,,
2013), which suggests that the methane or other organic matter
might entirely convert the sulfur in the sulfate, or that the ore-forming
fluids are originally derived from basinal brines that were characterized
by heavy sulfur, suggesting the initial ore-forming fluid is oxidized.

5.3.3. The magmatic/metamorphic reworking process of stage IIl

Tremolitization overprinting the sulfide ores may be associated with
the magmatism around the Caixiashan ore district (Fig. 3). The magmat-
ic/metamorphic fluids caused hydrothermal alteration in the host rock
and remobilized the sulfide and formed sphalerite as a result of fluid-
sulfide/host rock interaction. Even though the magmatic/metamorphic
fluid should modify the trace element and the isotope compositions,
there seems to be no significant contribution to the ore grade and
reserves.

The homogenization temperature and salinity of stage IIl are concen-
trated around 311 °C and 20.1 wt.% NaCl eqv., respectively. The fluids
associated with the magmatic/metamorphic reworking stage show
higher modal homogenization temperatures and salinity than stage II
(Fig. 14A), which is consistent with a magmatic/metamorphic origin
for stage III, although the genetic connection of stage II fluids with
magmatism cannot be excluded. However, fewer sulfides were precipi-
tated in stage Il possibly because of the depletion of reducing agent
(CH,4), or simply due to low concentration of metals in the fluids.

5.4. Metallogenesis and ore deposit modeling

As shown in Table 2, the Caixiashan Zn-Pb deposit appears to be
similar to sedimentary-hosted base metal deposits to varying degrees,
but it also has some distinct features. Caixiashan is likely not a SEDEX
deposit for three reasons: 1) SEDEX deposits are usually syngenetic,
but geological and petrographic evidences show that the Caixiashan is
formed by carbonate replacement and dissolution, consistent with an

Table 2
Comparison between the Caixiashan, the SEDEX, MVT and Irish-type Zn-Pb deposit.
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epigenetic deposit; 2) SEDEX deposits are usually hosted by the
clastic-dominated rocks, whereas the mineralization at Caixiashan is
closely related to a carbonate-dominated sequence; and 3) the ores in
SEDEX deposit are typically fine-grained, laminated and stratiform,
but at Caixiashan, vein type ore is more apparent than the stratiform.

Caixiashan does not resemble a traditional MVT deposit as the fluid
inclusion evidence shows that fluid temperatures are generally higher
than those of typical MVT deposit (50 to 250 °C; Leach et al., 2005)
and the high updip vein-type ore is more apparent than the fine-
grained banded ore. Furthermore, unlike orogenic-related MVT de-
posits, Caixiashan is hosted in an extensional basin with the early
stage of Caixiashan mineralization including synsedimentary sulfides
related to normal faults. All of these suggest that Caixiashan is not an
orogenic-related MVT deposit. Caixiashan shares many similarities
with the Irish-type Zn-Pb deposits (Table 2), including the geology,
fluid inclusion and sulfur isotopes, similar tectonic setting, carbonate-
dominated host rocks and similarities in alteration and mineralizing
type. Moreover, the fluid inclusion homogenization temperature and
salinity are similar to the high-temperature carbonate-hosted deposit
in Irish ore field (Fig. 14B), with highest Th concentrated around
~280 °C and salinity varies from 4 to 31 wt.% NaCl eqv. (Wilkinson,
2010).

We propose the following genetic model for the Caixiashan Pb-Zn
deposit. In the relatively stable passive margin environment, down-
wards flow circulation will leach Fe from the sediments and bring the
sulfate-containing fluid into recharge zone, and then they were reduced
by bacteria and precipitated abundant pyrite (Fig. 15A). The activities of
the normal faults reopened the system and accelerated the reaction be-
tween Cl~ and SOZ ~-rich marine (or basin brine) with the metal-rich
sediment, resulting in high concentrations of Zn, Fe and Pb chloride or
sulfate in the ore-forming fluids, which were then buried during basinal
collapse. Meanwhile the CHy in the carbonate rocks was released into
the system resulting in the discharge of Zn-Pb ores by thermal sulfate
reduction at a relatively higher temperature of 270 °C (Fig. 15B).
Those massive sulfides appear to have precipitated from an ore-
forming fluid that was oversaturated with metals (Zn, Fe and Pb) at
the beginning of the thermal sulfate reduction, as suggested by some
of the S-type fluid inclusions. During the Late Paleozoic, as a result of
the closure of Paleoasian Ocean, widespread of arc magmatism devel-
oped in the Caixiashan area and generated intensive high-temperature
hydrothermal tremolite and quartz alteration overlapping on the
Caixiashan Zn-Pb ore bodies, resulting in remobilization of some min-
erals such as sphalerite (Fig. 15C).

Deposit type

Caixiashan

SEDEX
(Leach et al., 2005)

MVT
(Leach et al., 2005)

Irish-type (MVT subtype)
(Wilkinson et al., 2005)

Tectonic Passive margin and extensional Passive margins and continental
setting environment. rift-sag basins
Host rock Carbonate-dominated: Carbonate  Clastic-dominated: variety of host

rocks, limestone,
dolomite-marble.

rocks: shale, carbonate, coarse
clastics

Metallogenesis Epigenetic Syngenetic
Ore mineral Abundant Sp, Gn, Py and Po, minor Py, Po, Sp, Gn, Ccp, trace Apy, Mgt
Apy and Ccp and Td.
Gangue Cal, Dol and minor Qtz Qtz, Cal, Brt, Chl, Mus
mineral
Alteration Dolomitization, carbonation, Silicification, tourmalinization,
silicification sericitization, chloritization
Mineralizing Vein, massive and less as Typical fine-grained, laminated and
type stratiform stratiform
Fluid 210 to 370 °C and concentrated ~10 to 30 wt.% NaCl eqv., 120 to 200
inclusions around 270 °C °C and concentrated around 225 °C

8%Sy_cor (%o)

—21.1to 19.1

—7.5t034.1

Passive margin environments and
commonly related to extensional
domains

Carbonate-dominated: dolostone and
limestone, rarely in sandstone

Epigenetic
Sp, Gn, Py and Mrc

Dol, Cal, minor Brt and rare Fl

Dolomitization, host-rock dissolution,

and brecciation

Replacement of carbonate rocks and
to a lesser extent, open-space fill
~10 to 35 wt.% NaCl eqv., 50 °C to
about 250 °C

—30.0 to 35.0

Passive margin environments and
extensional domains

Carbonate-dominated: carbonate rocks

Epigenetic

Abundant Sp, Gn and Py, less Mrc, minor
Ccp and Tn

Dol, Brt, Cal and minor Qtz

Dolomitization, carbonation

A variety of massive, disseminated,
breccia- and vein filling

~4to 31 wt.% NaCl eqv., 70 to 280 °C, some
of them even concentrated around 280 °C
—441t011.8

Abbreviations, Py = pyrite; Sp = sphalerite, Dol = dolomite, Cal = calcite, Gn = galena, Po = pyrrhotite, Qtz = quartz, Tr = tremolite, Apy = arsenopyrite, Brt = barite, Fl =
fluorite, Td = tetrahedrite, Tn = Tennantite, Mrc = marcasite, Mgt = magnetite.
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Fig. 15. Genetic model for mineralization of each stage (I to III) in the Caixiashan carbon-
ate-hosted deposit.

6. Conclusions

Three fundamental mineralization stages are recognized at the
Caixiashan deposit based on the mineral assemblages and textures,
i.e.,, syn-sedimentary pyrite stage, the main mineralization stage and
the magmatic/metamorphic reworking stage. The syn-sedimentary
pyrite stage formed in a shallow sedimentary environment, with
average homogenization temperatures and salinities around 168 °C
and 10.1 wt.% NaCl eqv.. The main mineralization occurred at greater
depths as a result of thermal sulfate reduction, as evidenced by CHy
and SO7 ™ in the fluid inclusions, and the homogenization temperature
around 270 °C that would have maintained the reduction. Fluid flow
was focused on fracture zones associated with the main Caixiashan
extensional faults. The dolomite subsequently precipitated from the
high temperature hydrothermal fluids in hydraulic fractures and brec-
cias as the system became sealed. The magmatic hydrothermal alter-
ation overprinted the orebodies but made only a minor contribution
to the mineralization, suggesting that the ore forming fluids were prob-
ably derived from heated Precambrian basinal brines, rather than the
Late Paleozoic magmatic hydrothermal fluids. This main ore-forming
process is consistent with geologic and geochemical evidence from the
other economic carbonate-hosted deposits.
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