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ABSTRACT

Unraveling the evolution of Mississippi Valley-type (MVT) hydrothermal system is crucial for un-
derstanding ore genesis and exploration. In this paper, we take the Wusihe Pb-Zn deposit in the western
Yangtze Block (South China) as a case study, using detailed ore deposit geology, quartz in situ trace
elements, and sulfides in situ S-Pb isotopes, to propose a new integrated model for the evolution of MVT
hydrothermal system. Four hydrothermal stages were identified in the Wusihe ore district: (I) lamellar
pyrite-sphalerite; (II) disseminated, stock-work, and brecciated sphalerite-galena; (I1T) massive galena,
and (IV) veined calcite-bitumen. Within the most representative stage (stage 1), Al concentrations in
quartz (Q) increase from 8.46-354 ppm (mean 134 ppm) of Q1 to 171-3049 ppm (mean 1062 ppm) of
Q2, and then decrease to 3.18-149 ppm (mean 25.4 ppm) of Q3. This trend indicates the role of acid-
producing processes that resulted from sulfide precipitation and acid consumption by carbonate buffer-
ing. The occurrence of authigenic non-altered K-feldspar provides further evidence that the ore-forming
fluids were weakly acidic with pH values of > ~5.5. Moreover, new bulk 8*S values of sulfides (+1.8 to
+14.3%o) are overall lower than those previously reported (+7.1 to +20.9%o), implying that in addition to
thermochemical sulfate reduction (TSR), bacterial sulfate reduction (BSR) may play an important role in
the formation of S*. In situ 8*S values show a larger range (—4.3 to +26.6%o), and significantly, varies
within single grains (up to +12.3%o), suggesting mixing of two isotopically distinct S end-members
produced by TSR and BSR. The diagenetic and hydrothermal early phase (stage I) sulfides were formed
within a nearly closed system of BSR, whereas the formation of late phase (stage Il and stage I11) sulfides
was caused by the input of hydrothermal fluids that promoted TSR. New galena in situ Pb isotopic ratios
(*Pb/**Pb = 18.02—-18.19, 2”Pb/**Pb = 15.66—15.69, and *Pb/**Pb = 38.14-38.39) suggest that the
sources of mineralizing metals in the Wusihe deposit are mainly Proterozoic basement rocks. Hence, a
multi-process model (i.e., basin-mountain coupling, fluid mixing, local sulfate reduction, in situ acid-
producing and involvement of black shales and carbonate sequences) was responsible for the formation
of the Wusihe deposit, while S** was produced by both TSR and BSR, providing new insights into the
evolution of MVT hydrothermal system.

Keywords: Quartz in situ trace elements, sulfides in situ S-Pb isotopes, MVT hydrothermal system
evolution, Wusihe Pb-Zn deposit, South China

INTRODUCTION

Mississippi Valley-type deposits are named after classic
districts located in the drainage basin of the Mississippi River in
the central United States (Guilbert and Park 1986; Paradis et al.
2007). These deposits can form by mixing of basinal fluids of
contrasting reduced sulfur and metal content, driven by gravity or
tectonic stress from an adjacent orogenic belt (e.g., Durham 1966;
Appold and Garven 1999; Bradley and Leach 2003). Despite a
broad consensus on this model for MVT ore genesis, there are
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several questions that remain unanswered (e.g., Leach et al. 2005,
2010; Huston et al. 2006). One such question is how to establish
a complete evolution of an MVT hydrothermal system involving
the original sulfur/metal source(s), detailed constraints on acid-
producing processes, and precipitation models. The other is how
to explain the absence of deposits in many basins that otherwise
have very similar geological histories as well-endowed basins
(Wilkinson 2013), namely what role the ore-forming environ-
ments (i.e., tectonic setting, wall rock sequences) played during
Pb-Zn mineralization.

The Upper Yangtze Pb-Zn metallogenic province covers an
area of 170000 km? and contains ~400 carbonate-hosted epigen-
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etic Pb-Zn deposits totaling ~26 Mt of metal reserves (Fig. 1a;
e.g., Liu and Lin 1999; Zhou et al. 2015, 2018a). The Wusihe
Pb-Zn deposit is the largest in the northwest part of the province
(Fig. 1b; ~5.4 Mt grading 8.6% wt. Zn and 2.0 wt% Pb) (Xiong et
al. 2018). This deposit is hosted in siliceous and evaporitic carbon-
ate sequences of the late Ediacaran Dengying Formation, which
are unconformably overlain by the early Cambrian Qiongzhusi
Formation black shales (Shao and Li 1996; Xiong etal. 2018; Zhu
etal. 2018). Despite the Wusihe deposit resembling MV T deposits
in the central United States (Supplemental' Table S1; e.g., Wu et
al. 2013; Xiong et al. 2018), it shows many distinctive geological
and geochemical features that warrant further investigation. First,
the Wusihe ore district is characterized by a ~50 km length of
ore-bearing strata (Lin 2005; Li 2007), which are clearly distinct
from those of classical MVT deposits. Second, large amounts of
bitumen and authigenic non-altered K-feldspar have been noted
in association with the Pb-Zn mineralization. And last, the ore
structures within this single deposit are very complex, including
lamellar, stock-work, brecciated, veined, disseminated, and mas-
sive ore types (Sverjensky 1981; Gibbins 1983).

Given these features, it has been proposed that the Wusihe
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deposit may have formed in a unique tectonic environment (Leach
et al. 2005), which represents an ideal locality to investigate the
interplay among these factors and the evolution of MVT hydrother-
mal system. Accordingly, to better understand how these aspects
influenced Pb-Zn mineralization, we undertook a detailed study
to trace the ore formation processes.

Sulfur (S) and lead (Pb) isotopes are powerful indices that can
be used to trace the sources of fluids and mechanism of sulfide
precipitation (e.g., Ohmoto 1986; Wilkinson et al. 2005). High
spatial resolution in situ S and Pb isotopic measurements can
provide vital information about the fluid origin and the nature of
mineralization processes, constraints that cannot be resolved using
conventional bulk analytical methods (Peevler et al. 2003; Kucha
2010; Xue et al. 2015; Zhou et al. 2018b). Furthermore, aluminum
(Al) concentrations in quartz can be an effective proxy for the pH
of ore-forming fluids, because they are strongly affected by Al
solubility (Rusk et al. 2008; Chen et al. 2011).

Using scanning electron microscope cathodoluminesence
(SEM-CL), laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS) quartz in situ element analysis, bulk and
nano secondary ion mass spectrometry (NanoSIMS) sulfide in situ
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FIGURE 1. (a) Tectonic map of South China. The green dashed box (top left) indicates area shown in b (modified from Zhou et al. 2018b).

Abbreviations: NCC = North China Craton, QDOB = Qinling-Dabie Orogenic Belt, YB = Yangtze Block, JOB = Jiangnan Orogenic Belt, CB =
Cathaysian Block, SGFB = Songpan Ganzé Fold Belt, YA = Yidun Arc, SOB = Sanjiang Orogenic Belt. (b) Simplified tectonic map of the Yangtze
block and adjacent orogenic belts with metamorphic complexes, showing distribution of MVT deposits surrounding the Yangtze Block (modified
from Zhang et al. 2013; Li et al. 2018). The figure also shows (I) the Lower Yangtze northern margin; (II) the Tongbai-Dabie basin-mountain system;
(IIT) Wudang-Dabashan basin-mountain system; (IV) Hannan-Micang multi-phased composite basin-mountain foreland deformation systems; (V)
the Longmenshan intracontinental orogen foreland; (VI) the Chuxiong foreland basin, and (VII) the Qiandong-Xiangxi-E’xi orogen foreland. The
black dashed box (bottom left) indicates the location of the Upper Yangtze Pb-Zn metallogenic province. (Color online.)

Brought to you by | provisional account
Unauthenticated
Download Date | 1/4/20 12:52 PM

American Mineralogist, vol. 105, 2020



LUO ET AL.: NEW INSIGHTS INTO THE EVOLUTION OF MVT HYDROTHERMAL SYSTEM 37

S isotope analysis, and femtosecond LA-Multi-collector [CPMS
(LA-MC-ICPMS) galena in situ Pb isotope analysis, this study
aims to: (1) evaluate the ore-forming tectonic settings and wall rock
sequences; (2) trace the nature of ore-forming fluids and sulfide
precipitation mechanisms; and (3) investigate the evolution of the
Wusihe MVT hydrothermal system. The outcomes will contribute
to a better understanding of the formation of carbonate-hosted
epigenetic Pb-Zn deposits surrounding the Yangtze Block, and
similar deposits globally.

REGIONAL GEOLOGY

The South China Block is made up of the Yangtze Block
to the northwest and the Cathaysia Block to the southeast. The
Yangtze and Cathaysia blocks were amalgamated along the
Jiangnan Orogenic belt at around 820-850 Ma (Fig. 1a; e.g.,
Zhou et al. 2009; Wang et al. 2010; Zhao et al. 2011; Zhao 2015;
Wu et al. 2018). The collision of the South China Block with
the North China Craton to the north and the Indochina Block to
the south occurred during the Triassic (e.g., Hou et al. 2003; Li
et al. 2014; Mi et al. 2015).

The Yangtze Block consists of Mesoproterozoic base-
ment (Fig. 1b) overlain by Neoproterozoic to Cenozoic cover
sequences (Zhou et al. 2002, 2006; Zhao et al. 2010). Mesopro-
terozoic folded basement rocks include the ~1.7 Ga Dongchuan
and ~1.1 Ga Kunyang Groups and equivalents that mainly consist
of greywackes, slates, and other carbonaceous to siliceous sedi-
mentary rocks surrounding the Yangtze Block (Wang et al. 2012).
These rocks are unconformably overlain by shallow marine
Paleozoic and Early Mesozoic cover sequences. Jurassic to Ce-
nozoic strata are composed exclusively of continental sequences.

There are numerous MVT Pb-Zn districts surrounding the
margin of the Yangtze Block, which are tectonically linked to
basin deformation in response to orogenic activity (Fig. 1b;
Wang et al. 2014; Zhang et al. 2014). Along the identified basin-
mountain margins of the Yangtze Block, the early Paleozoic
Qinling-Dabie basin-mountain system in the north (e.g., Lu et
al. 2003; Zhang et al. 2006; Jiang et al. 2010; Wang et al. 2010)
hosts the ca. 486 Ma Mayuan and ca. 434-406 Ma Shennongjia
Pb-Zn deposits (Fig. 1b; e.g., Wang et al. 2008). The Jiangnan
Orogenic Belt was active ca. 411-412 Ma on the southeast mar-
gin of the Yangtze Block (Fig. 1b; e.g., Chu et al. 2012), which
consists of the Qiandong-Xiangxi-E’xi basin-mountain system,
and hosts the ca. 412 Ma Huayuan Pb-Zn district (Fig. 1b; e.g.,
Duan 2014; Duan et al. 2014). Within the western margin of the
Yangtze Block, the composite tectonic setting, i.e., the Xiaojiang
thrust-fold, the Longmenshan intracontinental Orogenic Belt and
Chuxiong foreland basins, hosts the Upper Yangtze Pb-Zn metal-
logenic province (Fig. 1b; Liu and Lin 1999; Zhou et al. 2013a,
2018a; Hu et al. 2017). This province contains ca. 362—411 Ma
(e.g., Zhang 2008; Zhang et al. 2008, 2014a, 2014b; Wu 2013;
Xiong et al. 2018) and ca. 192-226 Ma (e.g., Zhou et al. 2013D,
2015, 2018a, and references therein) Pb-Zn deposits hosted
in late Ediacaran to late Permian carbonate rocks (Zhou et al.
2018b). These two age clusters correspond to the orogenic events
by collision compression and post-collisional extension during
late Caledonian-early Variscan (Devonian) and late Indosinian-
early Yanshanian (Triassic-Jurassic), respectively (e.g., Li et al.
2006; Shu 2006).

DEPOSIT GEOLOGY

Pb-Zn deposits within the Wusihe district in the north of the
Upper Yangtze Pb-Zn metallogenic province include the Heiqu-
Xuequ, Hetaoping, Niuxinshan, and Wusihe deposits, all of which
are hosted in late Ediacaran-early Cambrian carbonate sequences.
These deposits form a large metallogenic belt along the Dadu River
Valley with a length of over 50 km (Figs. 2a and 2b). Among these
Pb-Zn deposits, Wusihe is the largest.

Strata

Exposed strata in the Wusihe district include Mesoproterozoic
metamorphic basement and Neoproterozoic cover. The Mesopro-
terozoic metamorphic basement (namely the Ebian Formation)
consists primarily of phyllite and is unconformably overlain by
Neoproterozoic strata comprising three formations: Suxiong,
Guanyinya, and Dengying. The Suxiong Formation represents
a volcanic sequence containing pyroclastic deposits, tuff, and
rhyolite. The Suxiong Formation is overlain by the Guanyinya
Formation, which is composed of shale, limestone, and dolomite.
The Neoproterozoic Dengying Formation is the most important
ore-hosting unit and consists of thickly bedded cherty dolostone,
with minor shales and thin (<1 m) phosphorite beds. The Lower
Cambrian Qiongzusi Formation consists mainly of organic-rich
black shales and is a significant source of hydrocarbons (Fig. 2c;
Huang et al. 2012).

Tectonics

Faults and folds are well developed in the Wusihe mining
district. The principal faults are the northwest-trending Matuo
fault and the northeast-trending Wangmaoshan fault. The main
fold present is the Wanlicun syncline (Fig. 2a). This tectonic
framework produces secondary fault fracture zones and inter-
layered fault zones, which control the spatial distribution of the
stratiform ore bodies.

Ore bodies

Ore bodies in the Wusihe deposit have variable thicknesses
from 0.20-2.97 m, with a mean of 0.93 m. They are simple in
shape, layered, extensively lentoid, and dominantly occur parallel
to wall rock bedding. Ore bodies contain 0.02—14.02 wt% Pb (aver-
age 3.05 wt%), and 0.58-37.60 wt% Zn (average 12.4 wt%), and
can be divided into two groups: lower and upper. The lower group
of ore bodies is layered and hosted in gray siliceous dolostones.
This group mainly contains sphalerite, characterized by lamellar
ores with a minor disseminated component. The upper group of
ore bodies is hosted in black-gray layered carbonaceous dolostone
and minor black shales. The upper group occurs as layered, lens
shapes, up to 14 m above the lower boundary of the Qiongzhusi
Formation black shale. They are 6.3—-16.3 m in thickness (mean
12.3 m), showing stock-work and disseminated ores in interlayered
crushed zones, dissolution collapse structures, and brecciated ores
concentrated along fault planes.

Mineralogy

At Wusihe, ores are dominantly sulfides, with lesser amounts
of oxides. Mineral assemblages are comprised of both ore
minerals, including pyrite, sphalerite, and galena, along with
gangue minerals, including quartz, dolomite, calcite, bitumen,
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FIGURE 2. (a) Geological map of the Wusihe district, showing the sampling area. (b) Cross-section through the Wusihe district, based on drill
core logging and geological mapping (modified after Lin 2005). (¢) Schematic stratigraphic column of the Wusihe deposit (modified from Lin
2005). Legend colors are consistent with Figure 2a. Abbreviations: P = Phosphate, Si = Siliceous. (Color online.)

and potassium feldspar (Figs. 3-5). Minerals display mainly
granular and colloform textures. Field observations identified
six different modes of occurrence of the Pb-Zn sulfide ores in
the Wusihe deposit, including lamellar, disseminated, stock-
work, brecciated, veined, and massive (Fig. 3). According to
the mineral assemblages and crosscutting relationships shown
by the deposit, four stages of hydrothermal mineralization can
be established (Fig. 6): Stage I: pyrite-sphalerite (nodules and
bands of lamellar ore); Stage I1: sphalerite-galena (disseminated,
stockwork, brecciated ore); Stage III: galena (massive ore) and
Stage IV: bitumen-calcite.

The lamellar ore typically consists of fine-grained sphalerite
and pyrite horizons (several millimeter to centimeter in thick-
ness) in carbonaceous-, siliceous- dolostone, or black shales
(Fig. 3a). This ore-type is characterized by rhythmic sulfide
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bands, comprising yellow-, brown-, and red-colored sphalerite
(60-70%), pyrite (10-20%), and minor organic matter (<10%).
Structurally these bands run parallel to bedding and schistosity
in the siliceous dolostone (Figs. 4a and 4b).

The disseminated ore is comprised of fine- to coarse-grained
sphalerite and pyrite (0.1-10 mm). This type of ore often ap-
pears to be red-brown/light brown intergrown with light-yellow
concentric rings (Figs. 3b-3f). Quartz can be divided into three
generations: the first generation (Q1) occurs as euhedral hexa-
gon grains (Fig. 5b). The second generation (Q2) is commonly
subhedral coexisting with sulfides (Figs. Sc and 5d). The third
generation (Q3) occurred as veinlets crosscutting sulfides or
along the margins of dolomite (Figs. Se and 5f).

The stock-work ore is composed of sphalerite and ga-
lena where sphalerite dominates (60—70%), followed by galena
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FIGURE 3. Hand specimen photographs showing different types of ores in the Wusihe deposit: (a) lamellar ores, (b—f) disseminated ores, (g-h)

stockwork ores, (i—j) brecciated ores, (k-1) massive ores. (Color online.)

(10-20%), calcite (5-10%), quartz (1-3%), and occasional pyrite
(Figs. 3g and 3h). Calcite is mainly dispersed as either blocks or
short veins with a small number of occurrences along the mar-
gins of sphalerite veins (Figs. 4d and 4k). Quartz is dominantly
distributed along the margins of sphalerite veins and includes
large amounts of irregular bitumen (Fig. 4k).

The brecciated ore consists of sphalerite and irregular galena
aggregates (Figs. 3i and 3j). They form the cement matrix to
early deformation lamellar ores hosted in the siliceous dolostone.
These sphalerites are predominantly yellow in color, ellipsoidal
in shape, and form parallel strips with a dominant grain size of
0.5-1.2 mm. In some cases, the sphalerite occurs as single and

multi-colored concentric rings (Figs. 4e—4g). Galena grains are
almost square, dispersed in sphalerite grains and locally rims
the sphalerite. Quartz grains are clear and coarse (0.02—0.1 cm)
(Figs. 4c and 4d).

The massive ore is the highest-grade ore-type in the Wusihe
deposit. It occurs as massive lodes and ore shoots 0.5 to 3 m
in width. Galena is well formed and the dominant ore mineral
(60-70%) followed by sphalerite (20-30%) and pyrite (10%)
(Figs. 3k, 31 and 4h, 4i).

The late bitumen-carrying calcite occurs mainly as veins
(Figs. 3¢ and 4j—41). The calcite veins contain small amounts
of sphalerite and bitumen and partially cut early quartz veins
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FIGURE 4. Photomicrographs under the microscope showing representative textures of mineral associations from different mineralization stages.
(a) Late stage I1I calcite (Cal-III) infilling vugs within Sp-1I and Py-I. (b) Late Sp-II infilling Py-I and Sp-I. (¢) The late Q-IV veinlets with comb
structure. (d) Brown-red Sp-II, Cal-1I and Q-II infilling black shale. (e) Yellow colloform Sp-II enclosing a brown core. (f) Oscillatory-zoned Sp-11
showing periodic color variations. (g) Mosaic Sp-II crystals in siliceous dolostone. (h) Gn-III coexisting with Sp-II1. (i) Gn-III enclosing Sp-1I and
Py-I1. (j) Late Q-IV and Cal-IV enclosing Gn-1I, infilling Sp-II aggregates. (k) Stock-work ore, showing Sp-II coexisting with bitumen (Bit). (1) Late
Cal-1V and Bit-1V infilling siliceous dolostone. Abbreviations: Cal = calcite, Sp = sphalerite, Py = pyrite, Gn = galena, Q = quartz. (Color online.)

(Fig. 3¢). Quartz occurs as granular, partially fibrillar, or comb-
like structures (Figs. 4c, Se, and 5f). Quartz grains are typically
0.05-0.2 mm, occasionally reaching 0.5 mm.

Alteration

Hydrothermal alteration at Wusihe primarily consists of silicifi-
cation, pyritization, and carbonatization. Alteration is mainly found
in fault zones, and less commonly in the rocks hosting stratiform
ore bodies. Silicification is the most pervasive alteration type in

American Mineralogist, vol. 105, 2020

the Wusihe deposit. It mainly occurs as clear veinlets and lenses
in the carbonates that are characterized by high permeability.
Quartz occurs in vugs as subhedral-euhedral grains. The interior of
quartz veinlets contains sphalerite and galena. Pyritization mainly
occurs as irregular aggregates of fine-grained pyrite in the banded
dolostone hosting lamellar ores, or disseminated pyrite intergrown
with silicification or veinlets in carbonate breccias. Late, relatively
weak carbonatization, is preserved as rare veinlets, and shows no
genetic relationship with sulfides.
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FIGURE 5. Backscattered images. (a) Diagenetic pyrite (Py) dispersed in siliceous dolostone. (b) Fine-grained euhedral-subhedral quartz (Q1)
enclosed by galena (Gn-III). (¢ and d) Coarse-grained euhedral quartz (Q2) coexisting with dolomite (Dol-II), Gn-II and sphalerite (Sp-1I). (e)
Late anhedral quartz (Q3) occurs in veinlets infilling fractures of Gn-II and Dol-II. (f) Q3 occurs in veinlets infilling fractures of Sp-II. (g) Py-III
replaced the organic matter within the original structure. (h) Disseminated autogenetic K-feldspar (Kf) in dolostone enclosed by sphalerite ore. (i)
The image of energy spectra of Kf at EDS spot 1 (h), examined by energy-dispersive spectroscopy (EDS). (j—k) Photomosaic of a sphalerite-bearing
quartz. SEM-CL image shows textual relationships of Q1-Q3 quartz crystals. Q1 is black euhedral-subhedral quartz. Q2 is later brighter quartz
enclosing Q1. Q3 grew into open space, particularly along the margin of sphalerite (black mineral in upper left corner). Q3 cuts both Q1 and Q2.
Red circles mark laser ablation spots of 40 um in diameter. (Color online.)
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FIGURE 6. Schematic summary of mineral paragenesis in the Wusihe
deposit. Four stages of hydrothermal mineralization include stage I
(pyrite-sphalerite), stage II (sphalerite-galena), stage III (galena), and
stage IV (calcite-bitumen).

SAMPLING AND ANALYTICAL METHODS

This study employs surface geological mapping, drill core logging, petrographic
observations, and geochemical and isotopic analyses. We analyzed 24 single sulfide
grains (0.4-1 mm in size) separated from the ores and 13 representative thin sections
of the main mineralization stages. Twenty-four single sulfide grains were selected
for bulk sulfur isotope analysis, using a Finnigan MAT-253 mass spectrometer at
the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences (SKLODG-IGCAS). The precision calculated from
replicated analysis of unknown samples was better than 0.2%o (20). Five thin sec-
tions were imaged for SEM-CL, using JSM7800F SEM equipped with a Mono CL4
detector at the SKLODG-IGCAS. Two thin sections were selected for LA-ICPMS in
situ trace element analysis of quartz from the most representative mineralization stage
(stage II). Analyses were conducted at the SKLODG-IGCAS, using an Agilent 7900
ICP-MS equipped with a GeoLasPro 193 nm ArF excimer laser. The uncertainties
on Li, Na, Mg, Al, K, Ti, and Ge measurements are less than 6%. Four thin sections
were selected for NanoSIMS in situ analysis of S isotopes in pyrite and sphalerite.
They were acquired on a CAMECA NanoSIMS 50 L at the Key Laboratory of Earth
and Planetary Physics, Institute of Geology and Geophysics, CAS. The analytical
precision calculated from replicated analysis of unknown samples is better than 0.2%o
(10). Four thin sections were analyzed using a femtosecond LA-MC-ICPMS setup for
in situ analysis of Pb isotopes in galena. The analyses were conducted using a Nu II
MC-ICP-MS (Nu Instruments, Wrexham, U.K.) combined with a 193 nm RESOlu-
tion M-50 femtosecond (fs) laser ablation system (ASI) at the State Key Laboratory
of Continental Dynamics, Northwest University, China. Repeated analyses of NIST
SRM 610 glass standard yielded highly reliable and reproducible results during the

TABLE 1. Bulk S isotopic composition of sulfides from the Wusihe

Pb-Zn deposit

Sample no. Mineral Texture Structure (stage) & color ~ §*S (%o)
WSH-27 Gn Fine-grained Brecciated (2) +11.3
WSH-07 Gn Coarse-grained Disseminated (2) +8.0
WSH-16 Gn Fine-grained Disseminated (2) +3.4
WSH-23 Gn Fine-grained Disseminated (2) +2.9
WSH-24 Gn Coarse-grained Disseminated (2) +7.2
WSH-03 Gn Coarse-grained Massive (3) +12.1
WSH-04 Gn Coarse-grained Massive (3) +11.5
WSH-26 Gn Fine-grained Massive (3) +1.8
WSH-22 Gn Fine-grained Stock-work (2) +3.4
WSH-26 Py Fine-grained Massive (3) +8.6
WSH-28 Py Fine-grained Massive (3) +10.9
WSH-30 Py Coarse-grained Massive (3) +10.8
WSH-34 Py Coarse-grained Massive (3) +8.6
WSH-35 Py Coarse-grained Massive (3) +10.5
WSH-27 Sp Fine-grained Brecciated (2); Yellow +14.3
WSH-16 Sp Fine-grained  Disseminated (2); Brown-red  +9.0
WSH-23 Sp Fine-grained Disseminated (2); Brown  +10.8
WSH-24 Sp Coarse-grained Disseminated (2); Brown +10.4
WSH-03 Sp Coarse-grained Massive (3); Brown-red +14.0
WSH-26 Sp Fine-grained Massive (3); Brown-red +8.5
WSH-28 Sp Fine-grained Massive (3); Brown-red +12.7
WSH-34 Sp Coarse-grained Massive (3); Red +9.4
WSH-35 Sp Coarse-grained Massive (3); Red +12.5
WSH-22 Sp Fine-grained Stock-work (2) Brown +5.8

NEW INSIGHTS INTO THE EVOLUTION OF MVT HYDROTHERMAL SYSTEM

entire analytical session with mean 2°Pb/>*Pb, 27Pb/***Pb, and **Pb/**Pb ratios of
17.052 = 0.003, 15.515 + 0.003, and 36.980 = 0.007 (1SD, n = 183), respectively.
Detailed analytical methods for in situ quartz trace element analysis, bulk S and in
situ S-Pb isotopes are included in Appendix' 1.

RESULTS

Stage-II is the most representative phase. Al concentrations
increase from 8.46-354 ppm (mean 134 ppm; n = 8) in Q1 to
171-3049 ppm (mean 1062 ppm; n=38) in Q2, and then decrease
to 3.18-149 ppm (mean 25.4 ppm; n = 24) (Supplemental Table
S1). Clear linear correlations are observed among Li, Na, and K
vs. Al contents in quartz (Figs. 7a—7c). The results of bulk sulfur
isotope measurements are summarized in Table 1 and are shown in
Figures 8a and 9b. Bulk 6*S values range from +1.8%o to +14.3%o
(n=24). The overall range of in situ 8*S values at the micro-scale
in pyrite and sphalerite grains is from —4.3%o to +26.6%o (Table 2),
which is larger than the range of bulk sulfides (+1.8 to +14.2%o;
Figs. 8b, 9a, and 9c) and includes some of the lowest (negative)
values ever reported. The in situ 6**S values of diagenetic pyrite
vary from +23.4%o to +24.4%o (n = 4), those of stage I sulfides
range from +16.5%o to +26.6%o (n = 12), and those of stage II
and stage III range from +0.1 to +11.8%o (n = 8) and —4.3 to
+12.3%o0 (n=14), respectively (Fig. 10). Galena in situ Pb isotopic
ratios are presented in Supplemental' Table S2 and are shown in
Figure 11. Galena grains have the following in situ Pb isotopic
ratios: 2°°Pb/?*Pb = 18.02—-18.19, 27Pb/***Pb = 15.66—-15.69, and

TABLE 2. In situ S isotopic composition of sulfides from the Wusihe
Pb-Zn deposit
Sample no.; Mineral Spot Analysis spot  8**S (%o)
Ore structure (stage) location
WSH-07; Fine-grained, Py WSH-07-01 +24.4
disseminated (Diagenetic) WSH-07-02 +24.4
WSH-07-03 +23.9
WSH-07-04 +24.4
WSH-36; Fine-grained Py WSH-36-01 +19.3
lamellar (1) WSH-36-02 +19.5
WSH-36-03 +16.5
WSH-36-04 +16.8
WSH-36-05 +19.0
WSH-36-06 +19.1
WSH-36-07 +18.0
WSH-36-08 +18.4
WSH-36-09 +21.0
WSH-36-10 +21.6
WSH-36-11 +26.6
WSH-36-12 +26.1
WSH-23; Fine-grained, Sp Rim WSH-23-01 +8.1
disseminated (2) Rim WSH-23-02 +8.4
Core WSH-23-03 +0.1
Core WSH-23-04 +0.1
Py Rim WSH-23-09 +11.3
Rim WSH-23-10 +11.8
Core WSH-23-06 +7.5
Core WSH-23-05 +6.9
WSH-20; Coarse-grained, Sp Rim WSH-20-01 +12.0
massive (3) Rim WSH-20-02 +12.3
Rim WSH-20-03 +11.7
Rim WSH-20-04 +11.9
Core WSH-20-07 +0.0
Core WSH-20-08 +0.1
Py Rim WSH-20-09 +1.9
Rim WSH-20-10 +2.3
Rim WSH-20-11 +3.0
Rim WSH-20-12 +3.7
Core WSH-20-13 +0.8
Core WSH-20-14 +1.8
Core WSH-20-15 -35
Core WSH-20-16 -4.3

Note: Gn = galena; Py = pyrite; Sp = sphalerite.

Note: Py = pyrite; Sp = sphalerite.
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FIGURE 7. Concentrations of Li, Na, K, and Ge vs. Al (ppm) in quartz from the Wusihe deposit. Reasonable linear correlations on plots of Li,
Na, and K vs. Al (ppm) are shown by the quartz data, Li vs. Al (R*=0.7129), Na vs. Al (R? = 0.6550), and K vs. Al (R? = 0.3867), suggesting that
compensated substitution mode (AI**+H*/Li*/Na*/K*—Si*") governing the incorporation of quartz trace elements at Wusihe. No clear linear correlation
is observed on a plot of Ge vs. Al, indicating that single substitution mode (Ge*'—Si*") can be ruled out (Huttenlocher 1935). Al concentrations
initially show a general increase (blue arrow) from Q1 to Q2, and then to become more depleted (red arrow) in Q3. This trend suggests the variations
of Al solubility in the hydrothermal fluid and indicates the role of acid-producing process resulted from sulfide precipitation, and acid consumption

by carbonate buffering. (Color online.)

208ph/204Ph = 38.14-38.39, with u (3*¥U/**Pb) values 0f 9.63-9.67
(n = 36). Full details of in situ trace element data, bulk S, and in
situ S and Pb isotopes are included in Appendix' 2.

DISCUSSION
Acid-producing processes

The dark-gray Q1 quartz occurs as euhedral-subhedral grains,
enclosed by Q2, which is characterized by euhedral oscillatory
growth zones showing variable CL intensity. Q3 dark anhedral
quartz veins cut the former two generations of quartz. These
complex CL textures are considered to reflect the wide range of
physical and chemical conditions under which hydrothermal quartz
forms (Gotze and Mockel 2012).

In quartz, compensated substitution (AI**+H*/Li*/Na*/
K*—Si*) is one of the key substitution modes governing the
incorporation of structural trace elements (Mackey 1963; Gotze et
al. 2001, 2004). Of the trace elements in quartz from the Wusihe
deposit, Li, K, and Na generally increase from Q1 to Q2, and then
decrease in Q3 veins through time. Reasonable linear correlations
between Al and these monovalent cations provide evidence for a

component of coupled substitution in quartz where AI** and Li",
K*, or Na substitute for Si*" (Figs. 7a—7¢). This suggests that
the observed CL intensity variations may represent variations
in the concentrations of Al and associated monovalent cations.
Therefore, compensated substitution appears to be an important
mechanism for the incorporation of Al into the quartz lattice in
the Wusihe deposit.

Factors influencing Al concentrations in low-temperature
hydrothermal quartz include temperature, growth rate, and aqueous
Al concentration that is strongly influenced by Al solubility and
pH in hydrothermal systems (Perny et al. 1992; Rusk et al. 2008;
Gotze and Mockel 2012). Sharp contrasts in Al concentration
from zone to zone in single quartz grains from the Wusihe deposit,
where no evidence for a temperature change exists, suggest that
Al zoning in quartz does not result from temperature fluctuations.
Crystal growth rate can also be ruled out, because in most samples,
even where Al concentrations change by two orders of magnitude,
no change in quartz morphology is observed (Rusk et al. 2008).
Hence, Al concentrations in hydrothermal quartz from the Wusihe
deposit likely reflect Al solubility and pH changes.
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FIGURE 8. Histogram showing sulfur isotope compositions of sulfide
minerals. (a) Bulk sulfur isotopic results. (¢) In situ sulfur isotopic
compositions. In situ §**S values measured in this study span an overall
larger range compared to bulk 8*S values. (Color online.)

At Wusihe, Al concentrations in Q2 can reach 3049 ppm,
suggesting that the quartz precipitated from Al-enriched acidic
ore-forming fluids (Rusk et al. 2008). The sharp contrast in Al
concentrations from early Al-depleted quartz to late dominant
Al-rich quartz reflects acidification of neutral fluids led by sulfide
precipitation (Rusk et al. 2008; Chen et al. 2011). This process is
consistent with reaction 1:

ZnCL} (aq) + H,S (aq) = ZnS (s) + 2H" + 4CI-

(Crerar et al. 1985; Talluri 2000; Leach et al. 2005; Hammerli et
al. 2015). In Figures 5j and 5k, the observed grayscale oscillatory
zoning of Q2 may indicate that acid release was continuously
buffered by dissolving carbonate wall rocks via reaction 2:

CaCo; (s) + 2H" = Ca>* + H,CO; (aq).

This reaction could facilitate solution collapse, providing space
for further sulfide precipitation (Anderson and Macqueen 1982).

Furthermore, extensive SEM examination of authigenic
K-feldspar (which preceded sphalerite growth, Figs. 5d—5f) in

American Mineralogist, vol. 105, 2020

ore samples did not reveal any evidence of alteration to sericite
(muscovite) and kaolinite. Such alteration would be expected if
the ore fluids had pH values < ~5-5.5 at 200 °C (The homog-
enization temperature of fluid inclusions in sphalerite from the
Wausihe deposit: 120260 °C; Supplemental' Fig. S1; Jones 1993;
Rusk et al. 2008; Xiong et al. 2016). Therefore, this evidence
suggests that the ore-forming fluids in the Wusihe deposit were
weakly acidic.

Source of sulfur

Bulk 8*S values measured in this study span an overall
smaller range compared to those previously reported for the
Wausihe deposit (%S = +7.1 to +20.9%o; Lin 2005; Li 2007,
Xiong et al. 2018; Zhu et al. 2018). On the one hand, in
agreement with previous results (Xiong et al. 2018; Zhu et al.
2018), the **S-enriched sulfides in this study (8*S = +5.8 to
+14.3%o) are indicative of products of marine evaporite minerals
(**Squitae = +30.4%o0 to +35.3%o0; Zhou et al. 2015, 2018¢; Kong
et al. 2017; Yuan et al. 2017) by thermochemical sulfate reduc-
tion (TSR). The majority of fluid inclusions from the Wusihe
deposit contain H,S and CH, released by the thermal degradation
of organic matter (Xiong et al. 2016). Accordingly, subordinate
contributions of thermal degradation of organic matter (TDO)
in sedimentary rocks cannot be excluded (e.g., HR,CH,-S-H =
R,CH2 + H,S; R, represents a large organic molecule) (Fig. 9a;
Ohmoto 1972; Leventhal 1990). Conversely, the presence of
lower 6S values (6**S < 5%o) in this study suggests that the sulfur
in the Wusihe deposit may be derived from additional reservoirs
(Fig. 9a). Possibilities include (1) H,S from the basement granitic
rocks or pyroclastic rocks (8**S = —5 to +5%o; Ohmoto and Rye
1979), and (2) H,S formed by bacterial sulfate reduction (BSR)
(Fig. 9a; Jorgensen et al. 1992).

The presence of **S-enriched sulfides may reflect fluids mov-
ing through underlying Mesoproterozoic igneous basement or
the Neoproterozoic Suxiong Formation igneous rocks. However,
there is almost no evidence for leaching (e.g., field observations,
C-O isotopes and REE patterns) of these igneous rocks within
the Wusihe district (e.g., Zheng 2012; Xiong et al. 2018; Zhu et
al. 2018). Hence, igneous rocks are unlikely to contribute sulfur
to the ore-forming fluid.

Open-system BSR can produce *S-enriched H,S with a wide
range of isotope fractionation (40—60%o) (Fig. 9a; Basuki et al.
2008). The biogenic H,S mixed with H,S produced by TSR may
be the source of the lower 8*S obtained in this study. The organic-
enriched Qiongzhusi Fm. (black shales) could potentially serve
as a reducing agent (e.g., 4R,-CH; + 3SOF + 6H" = 4R,-COOH
+ 4H,0 +3H,S) (Leventhal 1990; Machel et al. 1995; Zhang et
al. 2010; Wu 2013).

Variation of S isotopes

An increasing number of studies have shown that microscale
variations in sulfur isotopic ratios obtained by in situ analysis of
sulfur-bearing minerals can provide constraints on the mineral-
izing process that cannot be resolved from bulk 6**S values alone
(Peevler et al. 2003; Xue et al. 2015). This is because traditional
sampling techniques such as micro-drilling or mineral separation
used to obtain sulfur isotopic compositions greatly exceed the
observed scale of textual variation (wm) in pyrite and sphalerite
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FIGURE 9. (a) Distribution pattern of &S values for H,S and sulfide minerals when sulfate of 8*S = 33.5%o (average value of §*S values
30.4-33.9%o of marine barites within the Ediacaran strata in the Upper Yangtze Pb-Zn metallogenic province; e.g., Zhou et al. 2015, 2018c; Kong
etal. 2017; Yuan et al. 2017) is reduced by various mechanisms (modified after Ohmoto and Rye 1979). Yellow shaded area represents in situ 6*S
sulfide values in the Wusihe deposit. TDO = thermal degradation of organic matter. (b) Distribution of bulk 8*S values of different colors and types
of ores in the Wusihe deposit. (¢) Distribution of in situ *S values of different colors and types of ores in the Wusihe deposit. Results clearly show

that microscale 8*S values increase from core to rim. (Color online.)

(Xiong et al. 2018; Zhu et al. 2018).

Microscale analysis shows that the variation of &S within
a thin section is small (+0.5%o: +23.9 to +24.4%o) in diagenetic
samples, e.g., WSH-07, suggesting that diagenetic pyrite formed
with no significant sulfur isotopic fractionation. Considerable
microscale variation exists among different grains in the lamel-
lar pyrite (variation = +8.6%o: range = +18.0 to +26.6%o0) and
even within single sphalerite grains in the massive ore (+12.3%o:
+0.0 to +12.3%o) (Figs. 10k and 101). To better understand the
large variation of S values at the single grain-scale within the
Wausihe deposit, the parameters affecting sulfur isotope signatures
need to be evaluated.

Factors affecting the sulfur isotope signature of hydrothermal
sulfide minerals include 7, pH, and fo, of the fluids as well as the
&*S composition of the H,S responsible for precipitating sulfide
phases. As mentioned previously, fluid inclusion homogeniza-
tion temperatures in the Wusihe deposit span a considerable
range (120-260 °C; Xiong et al. 2016), indicating appreciable
temperature fluctuation during the course of sulfide precipitation.

Temperature, however, is unlikely to have been a significant
factor in producing the observed 8*S variations, because sulfur
isotopic fractionation between H,S and ZnS/FeS, is insignificant
and virtually independent of temperature (Supplemental' Fig.
S2). Furthermore, there is almost no evidence that pyrite and
barite coexist in the Wusihe deposit, even though the Ba contents
of fluid inclusions obtained by LA-ICPMS are high and span a
range of 281-924 ppm (Li et al. unpublished data). Calculations
presented by Ohmoto (1972) suggest that outside the pyrite-barite
field, changes in pH and f5, would produce only very small varia-
tions in sulfide 6**S (Supplemental' Fig. S3) Thus, the observed
variations in 8**S appear to have been controlled predominantly
by the 6*S composition of H,S during sulfide deposition.

The 8*S of stage I pyrite is close to that of diagenetic pyrite
and higher than that of stages-II and stages-III grains, suggest-
ing that stage I pyrite formed through nearly close-system BSR
with no significant fractionation (Fig. 9a). Microscale variations
in sulfur isotopes show an increasing trend of 8**S values from
core to rim in stage II and stage III pyrite and sphalerite (Figs.
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FIGURE 10. Photomicrographs of pyrite and sphalerite from the Wusihe deposit, also showing 8*S values for spots analyzed by NanoSIMS.
(a—d) Photomicrographs of samples: (a) Pyrites occurring in the siliceous dolostones are characterized by fine-grained (<1 mm) euhedral textures;
(b) abundant fine-grained lamellar pyrite. Thicker organic-rich layers often contain more pyrite; (¢) pyrite and sphalerite are characterized by fine-
grained (<1 mm) subhedral to anhedral textures; (d) fine- to coarse-grained massive galena, sphalerite, and pyrite aggregates. (e-h) Areas selected
for in situ S isotope analysis show homogeneous trace element compositions (for example, 3S, " As, *Se, 2%Pb*2S); (i-1) photomicrographs showing
variation in 8*S values of sulfide grains from WSH-07, WSH-36, WSH-23, and WSH-20, respectively. Sample numbers correspond to those listed
in Supplemental' Table S2. Abbreviations: Py = pyrite, Sp = sphalerite, OM = organic matter. (Color online.)
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9¢c, 10k, and 101), suggesting more **S-riched H,S produced by
BSR was incorporated during early formation. BSR can only
take place at temperatures of <~110 °C (Jorgensen et al. 1992).
However, prior to the arrival of hydrothermal fluids, the ambient
temperatures during the transition from the late Ediacaran to early
Cambrian, were likely <110 °C (Xue et al. 2015). Accordingly,
the formation of a local H,S reservoir prior to the arrival of ore-
forming fluids cannot be ruled out. As the temperatures of the
mineralizing fluids were episodically raised to more than 120 °C
(inferred from fluid inclusion data; e.g., Xiong et al. 2016), the
site of mineralization would inhibit BSR and promote TSR.
Hence, the mixing of different proportions of H,S reduced by
BSR and TSR is capable of producing the observed range of S
isotope values.
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Source of metals

As shown in Figure 11a, our new homogeneous Pb isotope
data plot above the upper crust evolution line, suggesting a ho-
mogeneous or well-mixed metal source originating in the upper
crust. Second, the coarse-grained massive galena aggregates have
distinct Pb isotopic compositions relative to the fine-grained brec-
ciated and banded sulfide ores (Figs. 11b and 11c). Considering
that the U and Th contents of galena are negligible, Pb isotopic
ratios of galena formed at different paragenetic stages likely reflect
the composition of hydrothermal fluids (Zhou et al. 2018b). The
data suggest that the two stages of ore-forming fluids had distinct
Pb isotopic compositions (Figs. 11b and 11c). Highly radiogenic
Pb from wall rock sequences (e.g., late Ediacaran sedimentary
rocks) is inferred to have provided a greater contribution during
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FIGURE 11. (a) Comparison plot of Pb isotope ratios ’Pb/?*Pb vs. 2°°Pb/?**Pb among the Wusihe deposit, late Ediacaran Dengying Fm., dolostone,
Devonian to Permian carbonate rocks, Proterozoic basement (Kunyang/Huili Group) and late Permian Emeishan basalts (Huang 2004). Data for
Upper Continental Crust (U), Orogen Belt (O), Mantle (M), and Lower Continental Crust (L) are from Zartman and Doe (1981). (b and ¢) Plots of
207Pb/2%Ph vs. 2°Pb/2*Pb, 2%Pb/***Pb vs. 2%Pb/?*Pb for galena formed during stage II (disseminated, brecciated, stockwork) and stage III (massive).
(d) Comparison plot of 27Pb/?*Pb vs. 2Pb/**Pb of in situ data among the Maliping (MLP), Nayongzhi (NYZ), Yinchanggou (YCG), Wusihe
(WSH), and Huize (HZ), Fule (FL), (Liangyan) LY, Maozhachang (MZC) deposits (data from Bao et al. 2017, Tan et al. 2017, Zhou et al. 2018a,
2018b,2018c, and Luo et al. 2019). Letters in brackets represent corresponding sequences hosting the Pb-Zn deposits: £ = Ediacaran, ¢ = Cambrian,
D = Devonian, C = Carboniferous, P = Permian. Dashed lines represent ages. The data imply that ore formation ages clearly fall into two clusters:
(1) Maliping, Wusihe, and Yinchanggou (black lines) and (2) Nayongzhi, Huize, Liangyan, Maozhachang, and Fule (white lines). (Color online.)
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stage I mineralization than stage III.

Figure 11d shows the in situ Pb isotopic results from this study,
along with previous in situ data from the Upper Yangtze Pb-Zn
metallogenic province for comparison (Bao et al. 2017; Tan et al.
2017; Zhou et al. 2018a, 2018b, 2018c¢; Luo et al. 2019). The data
show that in situ Pb isotopic compositions vary between deposits,
and that variations correlate directly with the age of the host rock.
Galena in situ Pb isotope ratios become increasingly radiogenic
from Pb-Zn deposits hosted in Cambrian strata (e.g., the Nayong-
zhi and Maliping deposits), to those Pb-Zn deposits hosted in Up-
per Ediacaran strata (e.g., the Wusihe and Yinchanggou deposits),
and further still for Pb-Zn deposits in Carboniferous-Permian strata
in this province (e.g., the Maozhachang, Liangyan, and Huize
deposits). This pattern might have resulted from: (1) the variable
accumulation of radiogenic Pb due to variations in parental U and
Th concentrations, (2) heterogeneity of the Pb isotopic signature
of basement rocks, (3) the evolution (e.g., migration, precipita-
tion) of a single source material (e.g., basement source rocks), or
(4) the interaction of separate and isotopically distinct Pb sources
(e.g., Moyers 2015; Potra et al. 2018). The first scenario can be
excluded because trace element LA-ICPMS data show that there is
no significant difference in the U and Th contents of galena among
these deposits (Ye et al. 2011 and unpublished data). The slopes
may imply that the Maliping, Wusihe, and Yinchanggou deposits
are separate from the Nayongzhi, Huize, Liangyan, Maozhachang,
and Fule deposits, the two groups defining separate age clusters,
supported by radiogenic dating results (dashed lines in Fig. 11d;
Wu 2013; Zhang et al. 2014b; Xiong et al. 2018; Zhou et al.
2013b, 2015, 2018a, and references therein). This pattern could
potentially result from the evolution of a single source material.
However, the fluid driving mechanism in this province during
mineralization was considered to be local non-aquifer tectoni-
cally driven fluid expulsion from orogenic belts (Han et al. 2007),
which is different from that of the Mississippi Valley, or eastern
Australia where topographically driven gravitational fluid flow
occurred via long-distance/large-scale migration along sandstone
aquifers (Appold and Garven 1999; Huston et al. 2017). Our
new Pb isotope data plot on the upper margin of the broad field
of basement rocks, while Devonian to Permian carbonate rocks
extend to significantly more radiogenic compositions (Figs. 11a
and 11d). Hence, in addition to Pb isotope variations related to the
age of the host rocks, part of the observed scatter may reflect the
isotopic heterogeneity of the basement. However, a local mixture
of less radiogenic Pb (low 2’Pb/?*Pb) from basement rocks and
more radiogenic Pb (high 27Pb/2%Pb) originating from carbonate
wall rocks cannot be ruled out.

IMPLICATIONS
Ore-forming environments

Itis generally accepted that most major low-temperature hydro-
thermal deposits formed in large-scale contractional events during
nearby orogenic activity (e.g., Leach et al. 2010; Hu et al. 2017).
These deposits include hydrothermal Hg, Carlin-type Au deposits
(e.g., Huetal. 2017) and the MVT Pb-Zn deposits featured in this
study (Fig. 1b; e.g., Zhang 2008; Duan et al. 2014; Xiong et al.
2018; Zhou et al. 2018b). When continental margins in mountain
belts are buried beneath thrust sheets, hydrothermal fluids expelled
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from marginal sediments migrate into the foreland basin and con-
tinental interior. These fluids are involved in faulting, migration of
hydrocarbons and metals, metamorphism, paleomagnetism, and
final ore concentration (Oliver 1986; Appold and Nunn 2005).
This environment is consistent with that along the margins of the
Yangtze Block (Fig. 1b; e.g., Li et al. 2003; Hu et al. 2017), the
formation of low-temperature hydrothermal deposits, occurred
in various basin-mountain systems (Fig. 1b), coincided with col-
lision compression and post-collisional extension related to the
late Caledonian and the late Indochina orogenies (e.g., Xiong et
al. 2018; Zhou et al. 2018b).

In addition to tectonic setting, wall rock sequences appear to
be more important in concentrating ores than previously thought.
Pb-Zn deposits surrounding the Yangtze Block are primarily hosted
in carbonate rocks of the late Ediacaran-early Cambrian and the
early Devonian-early Permian (Huang et al. 2004; Zhou et al.
2018b). Among these two sequences, the late Ediacaran Dengying
Formation is the dominant host of Pb-Zn orebodies. This is likely
because: (1) the Dengying Formation comprises thickly bedded
siliceous, evaporitic dolostones with high porosity, interlayered
with numerous H,S-bearing hydrocarbon reservoirs (Shao and Li
1996; Wu et al. 2013; Lin 2014); (2) extensive pre-existing karst
cavities and interlayered faulted zones present in this sequence
provided the necessary space for the formation of high-grade
ores (Lin 2014); and (3) the immediately overlying organic-rich
marine black shales of the early Cambrian Qiongzhusi Formation
are thermally mature and contain up to 22.3% total organic carbon
(TOC), most of which yields type-I kerogen (Zou et al. 2010). The
shales provided an important source of oil and hydrocarbons, sup-
ported by the large volume of solid bitumen degraded via pyrolysis
that characterizes the Wusihe district (e.g., Zhang et al. 2010;
Zheng 2012; Luo et al. 2019). Hence, this constitutes an aquitard
plus a key geochemical reduction barrier for migrating fluids, for
example. This arrangement is in agreement with the occurrence
of the ~50 km long ore-hosting belt located in the Wusihe district.

The precipitation mechanism for sulfide minerals

There are three identified precipitation mechanisms for sulfides
in MVT deposits, including: (1) the reduced sulfur mechanism;
(2) the local sulfate reduction mechanism; and (3) the metal and
reduced sulfur-mixing mechanism (Leach et al. 2005 and refer-
ences therein). At Wusihe, the reduced sulfur mechanism can be
excluded because the pH of the predicted mineralizing solution
was likely too high (>~5.5) (as suggested by the presence of authi-
genic K-feldspar), and hence the reduced sulfur and metals were
probably not delivered via a single fluid (Sverjensky 1984; Emsbo
2000). The presence of extensive fine-grained and colloform
textured sphalerite of stage I indicates a fluid-mixing mechanism
in the Wusihe deposit (Fig. 3; Corbella et al. 2004; Zhang et al.
2009). The local sulfate reduction mechanism could dominantly
lead to stage II and stage III sulfide precipitation, with typically
large, well-formed sulfides reflecting slow H,S generation, and
organic matter derived from ore-hosting wall rocks (Anderson
2015; Xiong et al. 2016).

Evolution of the hydrothermal system

Through an integrated approach, this paper proposes a new
working model to explain the Pb-Zn mineralization in the Wusihe
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FIGURE 12. (a) The ideal model for the evolution of the hydrothermal system in Wusihe, showing metal leaching, fluid mixing, local sulfate
reduction and involvement of black shales and carbonate sequences, etc., and (b) schematic section showing the deposition of the ores in Wusihe,
and the spatial relationship between wall rock sequences and different stages of mineralization (modified from Wang 2015). (Color online.)

district (Fig. 12a). Within the western margin of the Yangtze
Block, hot and weakly acidic brines (e.g., HySq) + Oz = SOF™ +
2H"*; Corbella and Ayora 2003), driven by the late Caledonian
orogeny (411 = 10 Ma; sphalerite Rb-Sr; Xiong et al. 2018),
extracted metals primarily from the basement rocks, potentially
followed by a limited contribution from local carbonate wall rocks
(as suggested by Pb isotopes, this study), to form metal-bearing
chloride in ore-forming fluids. These fluids migrated along the
Ganluo-Xiaojiang fault zone into unconformities and interlayered
fault zones associated with the Wanlicun syncline in the Wusihe
district (e.g., Han et al. 2007). This is supported by the presence
of authigenic K-feldspar in the Wusihe deposit that required the
flux of multiple pore volumes of fluid through the rocks, reflect-
ing fluid migration events during orogenic activity. The fluids
interacted with the 3*S-enriched pre-existing H,S generated in situ,
largely through close-system BSR (<~110 °C) at the deposition
site during the first stage of mineralization (stage I), forming the
lower group of the deposition site. Due to variable mineral com-
positions, porosity, and permeability of the wall rocks, these ore
fluids selectively replaced some of the parallel organic-bearing
fissure layers in the wall rocks, forming lamellar ores with clear
boundaries between sulfide layers.

Meanwhile, a 3*S-enriched H,S reservoir generated by open-
system BSR formed before the arrival of the high-T ore-forming
fluid within the upper group of the deposition site (stage II and
stage III; Fig. 12b). The organic-rich Qiongzhusi Formation may
have served as a reducing agent. When the fluids ascended, the
mineralization system yielded 3*S-enriched H,S because of the
high temperature of the fluids inhibited BSR and promoted TSR.
Proximal to faults, fluids containing Pb-Zn chloride complexes
rapidly mixed with the H,S reservoir and cooled to form hydro-
thermal collapse breccia fragments, fine-grained stock-work, and

brecciated ores. The relatively Pb-enriched fluids formed massive
ore. The sulfide precipitation processes outlined above correspond
to an acid-producing chemical reaction (as suggested by Al con-
centrations). This reaction enhanced the acidity of fluids, resulting
in further dissolution of surrounding wall rock carbonates, thereby
providing additional space for further sulfide precipitation during
ore-forming processes.
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