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ARTICLE INFO ABSTRACT

Keywords: The Dahebian stratiform barite deposit, which is situated in the Nanhua Basin, is one of the world’s largest and
The Dahebian zinc-lead deposit most important barite deposits. This deposit was formed through sedimentary exhalative processes in the early
Stratiform barite deposit Cambrian stage. Recently, beneath stratiform barite ore, stratabound Zn-Pb-(Fe-bearing) sulfide mineralization,

Nanhua Basin
Sedimentary exhalative
South China

which is hosted by the Doushantuo Formation, was discovered. Ores that represent Zn-Pb sulfide mineralization
are mainly discordant but stratabound. The Doushantuo Formation consists of laminated interbedded layers of
micritic dolomite and carbonaceous mudstone, associated with phosphorite and chert. The sulfide ores consist
primarily of sphalerite, pyrite and galena. The associated gangue minerals are barite, quartz, minor calcite, as
well as trace amounts of apatite and hyalophane. Hyalophane found in the stratiform barite ore is richer in
barium but poorer in potassium than that associated with the sulfide ores. This outcome corresponds to as-
cending hydrothermal fluids that are richer in barium along with sulfide mineralization. Investigation of the ore
fluid reveals relatively high temperature (142-368 °C) with scattered salinity (0.53-25.62 wt% NaCl eq.). This
finding suggests that fluid cooling and/or mixing with seawater could be the primary mechanisms that prompted
the ore formation. Sulfides selected from the zinc-lead sulfide ores and stratiform barite ore have similar sulfur
isotopic compositions, with §3*S values ranging from 13.5%o to 30.0%o; 8>*S values of barite from these ores are
analogous, with §°*S values ranging from 29.5%o to 55.1%o. The sulfur isotopic fractionation between minerals
(barite and sulfide) and the early Cambrian seawater is Aparite-seawater = 7-8%0 and Asyifide-seawater = — 12.1%o,
respectively, demonstrating that the sulfur in the Dahebian zinc-lead deposit and the stratiform barite deposit
were derived from the early Cambrian stratified seawater column. Lead isotopic compositions of sulfide ores
indicate that these ore metals are mainly sourced from rocks of the Doushantuo Formation and the underlying
fold basement.

Therefore, the Dahebian zinc-lead deposit and stratiform barite deposit probably arose from Selwyn-Type
sedimentary exhalative hydrothermal fluids. Zn-Pb sulfides were mineralized in the feeder zone of these hy-
drothermal fluids, and the stratiform barite ore deposits represent the upper sedimentary-exhalative miner-
alization. This finding points to intensive Zn-Pb-Fe-Ba hydrothermal fluid venting into the Nanhua Basin and to
relatively oxic deep ocean waters during the early Cambrian.

1. Introduction characterized by episodic hydrothermal fluid exhalative events (e.g.,
Lott et al., 1999; Fang et al., 2002; Jiang et al., 2006a,b; Chen et al.,

The Nanhua Basin is considered an intracontinental marine basin 2009; Huang et al., 2011; Wen and Carignan, 2011; Fan et al., 2013)
that developed during the breakup of the Rodinia Supercontinent and long-term stratified oxic-suboxic-euxinic basins during the Neo-

(Fig. 1; Wang and Li, 2003; Wang et al., 2014; Zhang et al., 2013). It is proterozoic to early Cambrian (Li et al., 2010, 2015). Along the margin
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Fig. 1. Schematic map of the Nanhua Basin and other rift basins along the west
and north margin of the Yangtze Block (modified from Wang et al., 2014). Y1-1
Hunan-Guizhou-Guangzi sub-basin, YI-2 Jiangnan sub-basin, Y1-3 Northern
Zhejiang sub-basin.

of the basin, the Neoproterozoic and the basal early Cambrian sequence
host large manganese, phosphorite, barite, sapropelite, Ni-Mo-PGE
polymetallic sulfide-rich units and zinc-lead deposits (Fig. 2a).

The Dahebian Zn-Pb deposit is located in the northwestern Nanhua
Basin (Tianzhu-Xinhuang-Yuping basin (TXY basin); Figs. 1, 2a). There
are approximately ten deposits of this type emplaced along the north-
western part of the Nanhua Basin. Some of these deposits, such as
Dongjiahe, Dilu, and Laobao have been mined since the 1990s (Luo,
1990; Zeng and Li, 2007; Liang et al., 2009; Liao et al., 2013; Xiang and
Luo, 2013; Wen et al., 2017). The Dahebian Zn-Pb deposit is located
beneath the vast Dahebian stratiform barite ore deposit, which is con-
sidered to have formed through hydrothermal sedimentary exhalative
(SEDEX) processes during the early Cambrian (Maynard and Okita,
1991, Xia et al., 2004, 2005; Han et al., 2015). Geological investigation
of drill cores from this district showed that the zinc-lead mineralization
is primarily discordant but stratabound and is hosted in the Doushantuo
Formation (Fig. 3). These sulfide mineralization sites have a close
spatial relationship with the stratiform barite ore. However, the genesis
of this type of zinc-lead mineralization is not well constrained, espe-
cially the relationship between zinc-lead mineralization and stratiform
barite mineralization.

In this study, we report data that pertain to the geology, mineralogy,
fluid inclusions and S-Pb isotopic compositions of the Dahebian Zn-Pb
deposit and the stratiform barite deposit. These data provide insights
into the mineralizing fluid and metal source mineralization mechanism,
as well as their genetic relationships. This paper also presents a dis-
cussion of the possibility of Selwyn-type SEDEX hydrothermal fluid
(Cooke et al., 2000) involvement in the ore-forming process, which
appears to be critical to the current understanding of hydrothermal
events and the change in the paleo-redox seawater condition during the
early Cambrian along the Nanhua Basin.

2. Geological settings

The South China Block is generally considered to have been formed
through subduction of the Paleo-Huanan oceanic lithosphere beneath
both the southeastern margin of the Yangtze Block and the north-
western margin of the Cathaysia Block during the period of
970 Ma-825Ma and then by collisional amalgamation along the two
overriding continental margins at the end of the Jinning Orogeny (ca.
825 Ma-815 Ma) (Li et al., 1999, 2003; Zhao and Cawood, 2012; Zhang
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et al., 2013). Between ca. 820 Ma and 420 Ma, in the course of breakup
of the Rodinia Supercontinent, the South China Block experienced
episodic rifting along the Jiangnan Orogen that formed during the
Jinning Orogeny (Feng et al., 2010; Zhang et al., 2013), and a south-
east-facing passive continental margin on the Yangtze Block was de-
veloped throughout rifting. These rifting events were ended by the
Guangxi intracontinental orogeny (ca. 540 Ma—405 Ma) (Wang and Li,
2003).

The Nanhua Basin is an intracontinental marine basin that can be
traced from Guangxi Province in the west through eastern Guizhou
Province, Hunan Province and Jiangxi Province to northern Zhejiang
Province (Figs. 1, 2a and 3a). This giant basin was separated by paleo-
uplifts, resulting in the formation of numerous sub-basins. From the
Neoproterozoic to early Cambrian, the Nanhua Basin consisted of a
stratified ocean with oxic shallow water and anoxic deep water (mostly
euxinic, ferruginous zones) (Li et al., 2010, 2012; Feng et al., 2010;
Wen et al., 2016), as well as hydrothermally induced and accumulated
iron, zinc and barium (Lott et al., 1999; Huang et al., 2011; Zhou et al.,
2011). The Neoproterozoic to early Cambrian paleogeographic re-
construction reveals a sedimentary zonation from a shallow shelf facies
in the northwest to a protected and deep basinal facies in the southeast
(Fig. 2; Jiang et al., 2011), which is marked by the upper Ediacaran
System and low Cambrian diachronous sequences across the Nanhua
Basin.

The basement rock outcrops in the Nanhua Basin were built up by
the Lengjiaxi and Banxi Groups and, to a lesser and deeper extent, by
crystalline basement rocks. Stratigraphy sequences rest unconformably
on the slate rocks of the Banxi Group represent a basinal facies char-
acterized by repeated transgression episodes during rifting in the period
ranging from the Neoproterozoic to early Cambrian (Fig. 4). Three
types of sedimentary sequences that had been influenced by synsedi-
mentary hydrothermal fluids were distinguished in the basal area of the
Niutitang Formation (Fig. 4) including: (1) the sedimentary phosphorite
and barite units, (2) sapropelite (combustible shale), up to tens of
meters thick, of algal origin, and (3) an organic- and sulfide-rich Ni-Mo-
PGE ore layer locally distributed in the lower part of the Niutitang
Formation with a thickness of a few to two hundred centimeters (Jiang
et al., 2006a,b; Wen and Carignan, 2011).

3. Ore geology
3.1. Zn-Pb sulfides mineralization

The Dahebian district consists of a NE-SW-trending fold that formed
during the Guangxi intracontinental orogeny (Gongxi syncline, Fig. 3a).
The Gongxi syncline is comprises numerous sub-level echelon folds
(such as the Benglongshan anticline, Pingdi syncline and Yundong
syncline) (Fig. 3a). All of the large barite and sulfide deposits in the
Dahebian district are within the Gongxi syncline. The Sangzhi-Jishou-
Xinghuang-Tianzhu fault controlled the distribution of the stratiform
barite (Fig. 3a; Yang et al., 2008).

The Dahebian Zn-Pb deposit is located in the TXY basin (Fang et al.,
2002; Wen et al., 2017), which is a continental margin sedimentary
basin characterized by the deposition of thick Neoproterozoic to Lower
Cambrian sequences of siliciclastic rocks with intercalations of calcar-
eous-shales (Fig. 4). The Doushantuo Formation overlies lower Neo-
proterozoic slate-siltstone of the Banxi Group and diamictite of the
Nanhua System and mainly comprises micrite dolomite and carbonac-
eous mudstone, with localized phosphorite and chert layers. The
Doushantuo Formation is characterized by ulfide ore replacement. The
Liuchapo Formation overlies the Doushantuo Formation, and consists of
chert with approximately 2 m thick layers of pyritic shale at its center.
The Liuchapo Formation, in turn, is overlain by stratigraphically
bedded barite deposits or barium-bearing shales from the Lower Cam-
brian Niutitang Formation. The Jiumenchong Formation conformably
overlies the Doushantuo Formation and consists of shale and siltstone.
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Fig. 2. a. The variety of early Cambrian stratiform ore deposits and the zinc-lead deposit hosted in the Doushantuo Formation on the margin of the Yangtze platform
within its early Cambrian geotectonic and paleogeographic setting (modified from Jiang et al., 2011; Lehmann et al., 2016). b. Paleogeographic setting of the Hunan-
Guangxi sub-basin during the Ediacaran to Early Cambrian (modified from Jiang et al., 2011) within the location of zinc-lead deposits hosted in the Doushantuo

Formation and early Cambrian stratiform barite deposits.
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788



Z. Zhou et al.

Ore Geology Reviews 101 (2018) 785-802

Formation

Period| System| column

. Fig. 4. Stratigraphic section of the Dahebian
BaSIn district, showing locations of zinc-lead sul-

Sediments thhology Sedimentary evolution fide mineralization and stratiform barite

facies mineralization. The crystalline basement
stage mainly consists of the Archean and the
Paleoproterozoic metamorphic complexes,

e o o o o o Sandstone

which are upper amphibolite-granulite fa-
cies metamorphic rocks (Zhai, 2013). The
folded basement rocks are represented by

Tidal-beach

Carbonaceous shale

Niutitang

X
Ba

Lower Cambrian

Banded(stratiform)
gabarite

Closed

Lengjiaxi and Banxi Groups, the former
containing mainly greenschist-facies sand-
A stone, siltstone and slate, with minor tuff
and mafic-ultramafic dykes (Wang et al.,
2004, 2008; Zhao and Cawood, 2012), while
Shallow sea the later one consists of low-grade meta-
basin morphosed sandstone, siltstone, associated
with minor tuff interbeds (Wang et al.,
2008; Zhao and Cawood, 2012; Geng, 2015;
Zhou et al., 2017). The Lengjiaxi Group is
characterized by high-angle upright folds
and chevron folds overprint. However, the
deformation of Banxi Group appears to be
weaker than that of the underlying Lengjiaxi
Group. The Banxi Group has a wedge-
shaped sequence on a SE-tending section
through the Nanhua Basin (Wang et al.,
2014), and represents the launch of the

Basin margin

542 M g(:';

Si

= Si Chert

Liuchapo

Si

Si

rifting event. The Nantuo System which
rests unconformably on the slate rocks of the
Banxi Group. Two main Nanhua diamictite
successions, the lower Chang’an Formation
and the upper Nantuo Formation, have been
well studied and understood. The inter-
glacial Datangpo Formation of rhodochro-

Basin

Fault Depression

Dolomite;
massive barite

~Il~ 1 ~ZnBa

—l I_I l! i_l |_| l_’X\ FeArgiIIaceous

IW_1_JIl_17n dolomite

Ediacaran

=] =1 = Banded dolomite

Doushantuo

Neoproterozoic

~ —~ ~ /\%Zn

~1 ~1 ~ Dolomicrite

635 M4 all el ~ ;;1/2(;

X Lagoo

site layers sits on the glacial deposits of the
lastic beach Chang’an Formation (Feng et al., 2010). The
Doushantuo Formation overlies the dia-
mictite of the Nantuo Formation and con-
sists of micrite dolomite and carbonaceous

mudstone, with localized phosphorite and
A chert layers. An approximately 30 m-thick
chert sequence of the Liuchapo Formation
Platform overlies the Doushantuo Formation. The
Niutitang Formation of black shales overlies
the Liuchapo Formation, which is domi-
nated by black shales and cherts and cov-
ered by shale and siltstone of the Jiu-
menchong Formation.

Initial

Nantud ., Tillite

Glaciation

Patangpq o 1 Mnll Mn Manganese carbonate| Inter-glaciation

Nanhua

Chang'an Tillite

Glaciation

80 Low-grade metamorphig

~“Asandstone and siltstone

Banxi

814 M

Flysch

Based on geological investigations, the mineralization in the
Dahebian Zn-Pb deposit has a NE-strike for at least 3.8 km. In an ex-
ceedingly narrow area of exploration (approximately 2 km?), approxi-
mately 0.5 Mt grading 0.91-10.15 wt% Zn and 1.24-1.36 wt% Pb have
been recorded. Investigations of drill-core samples suggest that the zinc
and lead mineralization can be divided into upper and lower layers
(Fig. 3b). The lower layer of mineralization is near to the boundary line
between the Nantuo Formation and the Doushantuo Formation, pri-
marily hosted in the cap of dolomite. The upper layer of mineralization
is hosted in the organic-rich dolomite and shale of the upper part of the
Doushantuo Formation (Fig. 3b). Sulfide mineralization in drill cores is
usually related to intensive brecciation in the host-rocks, accompanied
by silification (Fig. 5¢/d/g), and associated with barite, carbonate, and

minor organic alteration (Fig. 5). Sphalerite, iron sulfides (such as
pyrite and marcasite) and galena are the principal sulfide minerals in
the relatively simple mineral assemblage that exists, along with minor
amounts of chalcopyrite and stibnite. Quartz and barite are the major
gangue minerals, along with negligible amounts of carbonate (dolo-
mite, calcite and witherite), apatite and bitumen of hydrothermal
origin. Hyalophane is an accessory mineral and is intergrown with the
sulfide minerals.

Sulfide mineralization generally occurs as veins or stock-veins that
replaced or filled in the rocks of the Doushantuo Formation (Fig. 5¢c-g),
with minor layers of laminated sulfides (Fig. 5b) and with brecciated
textures (Figs. 5e-g, 6a/h). Relatively thick intervals of micrite showing
abundant stylolite were filled by sulfides, with small laminated or
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disseminated textures (Fig. 5c¢). To a lesser extent, some drill-cores
show a laminated fine-grained sphalerite and pyrite layer at the base of
the Niutitang Formation. The laminated fine-grained sphalerite and
pyrite layers are laterally semi-continuous units. Hydrothermal stage
pyrite in the ore is usually coarse-cubic grained (Figs. 5a/b, 6a/d) or
fine grained (Fig. Se/f, 6a/b/f).

Based on the extensive textural and mineralogical associations ob-
served in the drill core samples, the mineralization process can be
classified into four stages (Fig. 8) as follows: (1) the diagenetic stage,
and (2-4) hydrothermal stages I, II and III. In the diagenetic stage,
framboidal pyrite is randomly distributed in the organic-rich micrite
and shale of the Doushantuo Formation (Fig. 5a). Minor amounts of
barite and apatite were recrystallized when the Doushantuo Formation
entered the diagenetic stage (Shields et al., 1999; Zhou et al., 2010;
Huang et al., 2011). Hydrothermal stage I contains massive coarse-
cubic pyrite co-precipitated with red-brown sphalerite, quartz and bi-
tumen, along with minor amounts of apatite and hyalophane. This stage
is predominantly accompanied with brecciation with silification to the
host-rock. Hydrothermal stage II is represented by fine-grained pyrite,
acicular marcasite and pale-yellow sphalerite co-precipitated with
quartz and barite, minor amounts of galena, hyalophane (Fig. 6h, i),
dolomite and anhydrite. Finally, in hydrothermal stage III, barite occurs
in association with minor amounts of pyrite, sphalerite, galena, chal-
copyrite, witherite and dolomite that precipitated as fission veins and
cross-cuts in earlier generations of mineralization.

3.2. The stratiform barite mineralization

The Dahebian stratiform barite deposit is situated mainly in the
basal layer of the Niutitang Formation. The stratiform barite ore hor-
izon overlies chert of the Liuchapo Formation and is covered by black
shale and siltstone (Wang et al., 1991).

This deposit has a NE-strike on a length of at least 20 km, and
containing more than 250 Mt of ore grading 85.6 wt% BaSO,4 (Tian
et al., 2014). Moreover, the barite ore is remarkable as it is enriched in
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Fig. 5. Examples of sulfide ores in the
Dahebian Zn-Pb deposit. a. disperse diage-
netic pyrite in carbonaceous siltstone; b.
laminated pyrite and sphalerite; c. fine
grained sphalerite disseminated in dolos-
tone; d. fine grained pyrite intergrowth with
pale-yellow sphalerite and replacing host
rock; e. fine grained sphalerite filling inter-
spaces between early stage course grained
pyrite; f. pale-yellow sphalerite replacing
fine grained pyrite; g. sphalerite and fine
grained pyrite distributed in quartz veins
and the intense silicification through dolos-
tone.  Abbreviations:  Py-Pyrite;  Sph-
Sphalerite; Brt-Barite; Cal-Calcite; Q-Quartz;
Bit- Bitumen. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)

ed dolostone

zinc, mostly with concentrations above 0.6 wt% (with a mean of
0.65 wt%). The ore-horizon generally has a thickness of 1-5m, with a
maximum of 10.2 m. The principal ore mineral is barite, accompanied
with chert, hyalophane and apatite, minor amounts of carbonate (do-
lomite and witherite) and sulfide minerals (sphalerite, chalcopyrite,
pyrite, stibnite and galena).

4. Samples and methods
4.1. Sampling

Over 600 Samples were collected from 7 recent drill-cores from the
Dahebian district (Fig. 3). Each drill core was sampled systematically at
1-m intervals. Polished petrographic and fluid inclusion sections were
prepared to provide a representative suite of samples. On the basis of
detailed work on the petrography and fluid inclusions, we chose re-
presentive samples to crush using a 40-80 mesh. We then handpicked
selected sulfides and sulfates using a stereoscopic microscope. Sufficient
quantities of whole rock samples, sulfides and sulfates were crushed
using an agate mortar before using a 200 mesh.

4.2. Methods

Fluid inclusion petrography, microthermometric measurements and
petrographic analysis was carried out at the State Key Laboratory of Ore
Deposit Geochemistry (SKLODG), Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang in Guizhou Province. Microthermometric
data of fluid inclusions were based on the observations of phase transi-
tions of fluid inclusions at — 196 to 600 °C in quartz, barite and sphalerite
using a Linkam THMSG-600 heating-freezing stage, coupled with a Zeiss
microscope. Freezing runs were done with a precision of = 0.1 °C for ice
melting; heating runs were done with a precision is + 0.5°C for the
critical point. Salinity expressed as weight percent NaCl eq. (wt% NaCl
eq.) was calculated from microthermometric data, using the equations
provided by Bodnar (1993).
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coarse grained pyrite; b. sphalerite intergrowth with fined grained pyrite; c. pyrite and sphalerite intergrowth with bitumen and crystallized around dolostone; d. late
stage coarse-grained pyrite; e. late stage pyrite and quartz replacing sphalerite; f. pyrite and marcasite intergrowth with sphalerite, pyrite layer around sphalerite as
the corona texture; g. pyrite grains in the bitumen, these pyrite grains always coated with dolomite; h. hyalophane grains around pyrite; i. the EDS image showing the
composition of hyalophane grain marked by blue point in Fig. 5-h. Photomicrograph a—f were taken under reflected light, g-h were taken with a backscattered
electron microscope. Assbbreviations: Q-Quartz; Sph-Sphalerite; Gn-Galena; Ccp-Chalcopyrite; Py-Pyrite; Mr-Marcasite; Dol-Dolomite; Cal-Calcite; Bit-Bitumen; Hy-

Hyalophane.

Scanning electron microscope analyses were done on a Japan
Electron Optics Limited (JEOL) JSM-7800F Superprobe® equipped with
energy dispersive spectrometers (EDS) at the SKLODG. EDS spot ana-
lyses were done using a beam diameter of 1 um, a beam current of
50nA, an accelerating potential of 20 kV, a dwell time of 30 s on peak,
and a 30-s off-peak background on either side of the peak.

Sulfide minerals (including sphalerite and pyrite) and barite were
prepared for sulfur isotopic analysis. The analysis was carried out using a
Flash-EA-MAT-253 mass spectrometer at the SKLODG. The sulfide mi-
nerals and the mixture of barite-V,0s were combusted with copper oxide
in a vacuum at 1000 °C to produce SO, gas for analysis by isotopic ratio-
monitoring (Robinson and Kusakabe, 1975). Isotopic data were reported
as 8%%S values relative to VCDT of IAEA-S-1 (8**Sycpr = — 0.30%o),
IAEA-S-2 (8%*Sycpr = 22.62%0) and IAEA-S-3 (8**Sycpr = — 32.49%o).
The relative error at 20 was better than 0.1%o.

Sulfide samples (sphalerite, galena and pyrite) and representative se-
dimentary rock samples were selected to measure lead isotopic composi-
tions. These measurements were performed at the SKLODG, using a
Thermo-Scientific Neptune plus MC-ICP-MS coupled with a membrane des-
olvation system (CETAC Aridus II). Lead was separated and purified by
using a conventional cation-exchange technique, with diluted HBr as the
eluant. Lead isotopes are reported relative to the measured ratio of NBS 981
(*°°Pb/***Pb = 16.9327 + 0.0002, >*’Pb/***Pb = 15.4843 = 0.0004,
and 2°®Pb/2%*Pb = 36.6856 + 0.0001) and corrected for instrument mass
fractionation. The precision of 2°®Pb/2°Pb measurements (1 ug of Pb) is
better than 0.001%.
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5. Results
5.1. Petrography

The results of ore microscopy observations are summarized in
Figs. 5-7. Hyalophane in the stratiform barite ore and the shale in the
middle of the Liuchapo Formation is mostly xenomorphic and granular,
intergrown with barite, pyrite, apatite and fine-grained sphalerite.
Some pyrite inlaid in hyalophane display mosaic and/or zoned struc-
tures (Fig. 7c, d). However, compared to its abundant appearance in the
stratiform barite ore, hyalophane is rare in theZn-Pb sulfide ores. There
hyalophane occurs as small particles with a diameter of 10-200 ym, in a
co-precipitation with sphalerite, pyrite and apatite. We selected typical
hyalophane for EDS analyses, to better understand the ore mineralogy
as well as the physicochemical conditions of the zinc-lead mineraliza-
tion and the barite mineralization. The analytical results are presented
in Table 1.

Hyalophane has a theoretical formula of (K, Ba) Al,Si,Og.
Hyalophane in the stratiform barite contains SiO, concentrations of
45.26-52.58% (mean = 48.81%; n = 8), Al,O3; concentrations of
20.38-24.16% (mean = 23.27%; n =8), K,O concentrations of
4.68-6.52% (mean = 5.52%; n =38), BaO concentrations of
18.36-25.89% (mean = 21.12%, n = 8), the sample of hyalophane
tznp-62 contain As,O3; concentrations of 1.44%. Hyalophane in shale
situated at the middle of the Liuchapo Formation contains SiO, con-
centrations of 62.21-69.62% (mean = 67.15%; n = 3), Al,O;
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Fig. 7. Backscattered electron (BSE) photomicrographys of ores selected from the Dahebian Zn-Pb deposit and stratiform barite deposit. a. hyalophane intergrowth
with barite and minor pyrite; b. barite and witherite intergrowth with apatite; c. hyalophane encircled with pyrite, hyalophane also scattered around chalcopyrite,
both of them were parallel with micro-layers of chert; d. zonal growth of pyrite and hyalophane, there also exist minor amounts of acicular sphalerite; e. pyrite and
galena, fill into the interspace between apatite and hyalophane grains; f. apatite nodules among fine grained pyrite. a—d were taken from the stratiform barite deposit
and e-f were taken from the Pb-Zn deposit. Abbreviation: Hy- Hyalophane; Wth-Witherite; Sph-Sphalerite; Gn-Galena; Ccp-Chalcopyrite; Py-Pyrite.

concentrations of 15.65-19.71% (mean = 17.00%; n = 3), K,O con-
centrations of 4.50-9.44% (mean = 6.15%; n = 3), BaO concentrations
of 8.65-10.23% (mean = 9.70%, n = 3). Hyalophane in the Zn-Pb
sulfide ores contain SiO, concentrations of 47.76-55.65%
(mean = 51.46%; n = 6), Al,03; concentrations of 20.42-23.18%
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(mean = 21.84%; n =6), K,O concentrations of 7.44-11.72%
(mean = 9.23%; n =6), BaO concentrations of 11.28-19.87%
(mean = 16.58%, n = 6), samples of hyalophane tznp-62 and tznp-63
have P,05 concentrations of 2.00% and CaO concentrations of 3.41%,
respectively.
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Fig. 8. Simplified paragenetic sequence of ore and gangue minerals from the Dahebian Zn-Pb deposits.

5.2. Fluid inclusions

Fluid inclusions trapped in sphalerite commonly vary in size from 5 to
15 pum, with minor amounts exceeding 20 um in size. These fluid inclu-
sions have two phases (liquid + vapor) with a vapor phase ranging from
10 to 20 vol% of the whole inclusion (Fig. 9). They always have negative
crystal distribution and an oval shape. Upon freezing these inclusions
formed a brown, granular ice at about —81 to —90 °C (mean = —87 °C).
The first melting of ice was observed at —52 to —56 °C (mean = —54 °C).
The final melting of ice occurred between —24.4 and —0.6 °C, corre-
sponding to salinities of 1.05-25.62 wt% NaCl eq. (Table 2, Appendix A).
Inclusions are homogenized into a liquid phase between 142 and 317 °C.

Based on the phases and estimated volumetric proportion of vapor to
liquid present at room temperature, fluid inclusions trapped in sulfidic

Table 1

mineralization stage quartz can be divided into two types. Type I in-
clusions are characterized by a dominant aqueous fluid and are rare in all
examined samples. Type II inclusions have two phases (liquid + vapor),
the vapor phase typically occupies 10-30 vol% of the total inclusion, and
are oval in shape with some having an irregular shape. Type II inclusions
mostly vary in size from 5 to 20 um, a few fluid inclusions exceeding
30 um in size. Upon freezing these inclusions formed a brown, granular
ice at about —63 to —59°C (mean = —61 °C). The first melting of ice
was observed at about —30 °C. Last ice melting occurred between —7.6
and —0.3°C, corresponding to salinities of 0.53-11.23 wt% NaCl eq.
Inclusions are homogenized into a liquid phase between 165 and 368 °C.

Fluid inclusions confined in barite can be divided into two types,
based on the volumetric proportion of the vapor phase to liquid present
at room temperature. Type II inclusions have two phases

Compositions of hyalophane within the Dahebian Zn-Pb deposit, the middle of the Liuchapo Formation and stratiform barite deposit, determined by EDS (wt%).

Samples location Spot No. Al,O3 SiO, K,0 BaO P,0s5 CaO As,03 Molecular formula
Stratiform barite deposit tznp-57 20.38 46.95 4.70 19.17 Ko.34Bag gsAly 37526708
tznp-58 22.96 52.58 6.10 18.36 Ko.40B20.73Al1 385126808
tznp-61 23.80 51.18 6.42 18.61 Ko.42Bao.75Al7 445126308
tznp-62 23.46 50.86 6.18 19.51 1.44 Ko.41Bag 7oAl 43Sis 6305
tznp-63 24.09 48.19 5.34 20.94 Ko.36Bag.g7Al 515125608
tznp-147 23.70 46.05 4.99 25.26 Ko.35Ba1.08Al1 525125008
tznp-164 24.16 45.26 4.68 25.89 Ko.33Ba;.11Al 56Si2.470s
tznp-166 23.61 49.4 5.79 21.20 Ko.30Bag.g7Al .46Si2.500s
The middle of the Liuchapo Formation tznp-115 15.65 69.62 4.50 10.23 Ko.26Ba0.37Al0,85513.2008
tznp-116 15.65 69.62 4.50 10.23 Ko.26Bag.37Al0.855i3.200s
tznp-117 19.71 62.21 9.44 8.65 Ko.57B20.32Al1 105120508
tznp-123 22.46 47.76 7.92 19.87 2.00 Ko.55Bag g4Aly 43Si2 5808
tznp-125 23.18 50.42 9.06 17.35 Ko.60Bao.70Al1.42Si2.610s
Zinc-lead deposit tznp-128 21.36 55.65 11.72 11.28 Ko.74Bag.44Al; 25512 7705
tznp-130 21.53 48.56 8.97 17.54 3.41 Ko.60Bag.73Ca0.10Al; 34Si2 5708
tznp-133 22.07 51.48 10.29 16.16 Ko.68Bag.65Al1.34512.660s
tznp-137 20.42 54.86 7.44 17.28 Ko.48Bao.69Al1 228127008
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Fig. 9. Photomicrographs of fluid inclusions in the Dahebian Zn-Pb deposit.

Table 2
Summary of aqueous fluid inclusion data for the Dahebian deposit.
Mineral Sample No. Number Tm/clath- Th Salinity
ice Q) (wt% NaCleq.)
0
Sphalerite  Zk902-2 21 —24.4 to 142-255 2.06-25.62
-1.2 (190) (11.60)
(-9.9)
03H22 3 —23to 188-317 2.23-9.85
-1.3 (252) (3.31)
(-2.0)
Zk202H75 4 —15to 195-317 1.04-2.56
-0.6 (262) (1.93)
(-1.1)
Quartz Zk902-2 21 —7.6 to 165-353 2.56-11.23
-1.5 (256) (5.45)
(=34
Zk202H77 6 —-1.2to 222-368 1.89-7.81
-0.4 284) (1.30)
(-0.8)
Zk202H75 9 —1.4to 177-320 0.53-2.40
-0.3 (253) (1.31)
(-0.8)
Barite Zk902-1 24 —11.4 to 142-198 2.56-15.45
-15 (170) (8.59)
(—5.8)
Zk202H77 13 —2.6to 158-308 0.52-4.32
-0.3 (208) (2.14)
(-1.3)
Zk202H75 4 —0.8to 228-320 0.53-1.40
-0.3 (279) (0.93)
(-0.5)

Note: Partly data were cited from Wen et al. (2017).
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(liquid + vapor) with the vapor phase ranging from 10 to 20 vol% of
the whole inclusion. These inclusions are elongate to rounded in shape
with a few having an irregular form. Type III inclusions have two
phases (liquid + vapor) with the vapor phase beyond 40 vol% of the
whole inclusion. The observed shapes have an orthogonal, hexagonal
and elongated morphology. Upon freezing, these inclusions formed a
brown, granular ice at about —60 to —50°C (mean = —56 °C). The
first melting of ice was observed between approximately — 40 to-28 °C.
The final melting of the ice occurred between —11.4 and —0.3°C,
corresponding to salinities of 0.53-15.45 wt% NaCl eq. The inclusions
homogenized into a liquid phase between 142 and 320 °C.

5.3. Sulfur isotopic compositions

The 8*Sycpr values of sulfides (sphalerite and pyrite), barite se-
lected from Zn-Pb sulfides and stratiform barite ore are listed in Table 3
and shown in Fig. 11. The §3*Sycpr values of sulfide samples range from
13.5%o to 30.0%0 with an average value of 20.5 = 3.1%o (n = 30).
These samples record a relatively narrow range of 834Sycpr values, ie.,
13.5%0-22.9%0 (n = 15, mean = 19.6 = 2.9%o0) for sphalerite and
15.0%0-30.0%0 (n = 15, mean = 21.4 + 3.2%o) for pyrite. The ranges
of §*Sycpr values of barite selected from Zn-Pb sulfide ores range from
29.5%0 to 57.4%o (n = 4, mean = 40.0 = 12.1%o), and the samples
selected from the stratiform barite ore have values ranging from 29.5%o
to 55.1%o0 (n = 45, mean = 40.4 = 4.3%o).

5.4. Lead isotopes

Lead isotopic compositions of sulfides, barite and host rocks from
the Zn-Pb sulfides and the stratiform barite ore, together with those of
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Sulfur isotope of sulfide minerals and barite from the Dahebian Zn-Pb deposit and stratiform barite deposit.

Sample No. Depth (m) Mineral 8%4Sycepr (%0) Sample No. Depth (m) Mineral 834Sycepr (%0)
GS-2 - Barite 39.39 zk202H121 204.5 Pyrite 25.31
GS-3 - Barite 39.01 zk202H121 204.5 Sphalerite 19.23
DHB-1 - Barite 42.43 zk202H123-125 206.0 Sphalerite 18.39
zk202H2 54.0 Barite 32.26 zk202H127 209.8 Pyrite 25.44
zk202H10 63.6 Barite 48.31 zk202H127 209.8 Sphalerite (Red-brown) 14.28
zk202H37 98.5 Pyrite 29.96 zk001 - Sphalerite (Red-brown) 13.49
zk202H48 1135 Pyrite 17.52 zk001-3 - Sphalerite (Pale-yellow) 22.89
zk202H75 154.3 Barite 57.41 zk501H69-H72 - Sphalerite (Pale-yellow) 18.36
zk202H75-1 154.3 Pyrite 22.39 zk701H36-37 - Sphalerite (Pale-yellow) 18.19
zk202H83 161.6 Fine-grained pyrite 19.15 zk902-1 - Sphalerite (Pale-yellow) 21.11
zk202H83-1 161.6 Coarse-grained pyrite 19.25 zk902-2 - Sphalerite (Pale-yellow) 21.65
zk202H87 165.6 Fine-grained pyrite 21.07 zk902-3 - Sphalerite 21.64
zk202H87-1 165.6 Coarse-grained pyrite 20.15 zk902-4-1 - Sphalerite (Red-brown) 22.56
zk202H97 174.6 Fine-grained pyrite 21.15 zk902-4-2 - Sphalerite (Pale-yellow) 21.30
zk202H97-1 174.6 Coarse-grained pyrite 20.26 zk902-4-1-1 - Sphalerite (Pale-yellow) 21.54
zk202H103 181.3 Sphalerite 21.55 zk902-1 - Barite 29.51
zk202H111 192.0 Fine-grained pyrite 19.36 zk902-1 - Barite 36.00
zk202H111-1 192.0 Coarse-grained pyrite 19.64 zk902-1 - Barite 37.08
zk202H117 200.8 Pyrite 20.75 zk902-2 - Barite 36.33
zk202H117 200.8 Sphalerite 17.87

the basement rocks and Mississippi valley type (MVT) zinc-lead de-
posits adjacent to the Dahebian district, are summarized in Table 4 and
shown in Fig. 12 (full data are shown in Appendix B).

Sulfides representing the Zn-Pb sulfide mineralization have a range of
205pb/20%pb rations from 17.6790 to 17.7177 (mean = 17.6940),
207pb,/29*Pb from 15.5370 to 15.5773 (mean = 15.5683), and *°*Pb/***Pb
from 37.5870 to 37.7159 (mean = 37.6873). The lead isotopic data of the
sulfides selected from the stratiform barite ore show a slightly radiogenic,
which have a range of 206'Pb/204Pb, 207ph,/204ph and 2°®Pb/2°*Pb rations
range from 17.9707 to 18.8165 (mean = 18.4252), 15.6743-15.7212
(mean = 15.6961) and, 38.0255-38.6187 (mean = 38.2638), respectively.

U and Th content of sedimentary rocks are relatively high and may
influence their lead isotopic compositions. Hence, lead isotopic composi-
tions of these sedimentary rocks need to be corrected with age (e.g., Carr
et al., 1995; Muchez et al., 2005). The Ni-Mo-PGE polymetallic sulfide-rich
units, overlies on the stratiform barites ores, with formed age of
541 + 16 Ma (molybdenum-nickel ore samples Re-Os isochron age, Mao
et al., 2002). Besides, the stratiform barite ores located at the basal
Cambrian system. So 542 Ma was used to correct the lead isotope. After
correction, the host rock of Zn-Pb sulfide mineralization have a range of
205ph/2%'ph  ratios from 17.7270 to 19.3290 (mean = 18.1940),
207pb/2%pb from 15.5750 to 15.6670 (mean = 15.6140), and *°*Pb/2**Pb
from 37.6860 to 38.0440 (mean = 37.8490); the stratiform barite ore and

Table 4

interbedded shale have a range of 2°Pb/2°*Pb rations from 16.3453 to
18.7599 (mean = 17.8015), 2°7Pb/?**Pb from 15.4855 to 15.7065
(mean = 15.6415), and 2°°Pb/?*Pb from 37.3690 to 38.3430
(mean = 37.9559).

6. Discussion

6.1. The linkage between Zn-Pb sulfide mineralization and stratiform barite
mineralization

Zn-Pb sulfide mineralization and stratiform barite mineralization
have a close spatial relationship. Gaps between sulfide mineralization
and stratiform barite mineralization consist of chert and shale of the
Liuchapo Formation, mostly less than 30-m thick (Fig. 3b). The sulfides
and stratiform barite ore have similar mineralization element associa-
tions. Barium concentrations in Zn-Pb sulfide ores are notably high,
with a range of 1230-16,600 ppm (mean = 6193 ppm, zk 202). Zinc
shows a remarkable enrichment in the stratiform barite deposit, with a
range from 334 ppm to 7220 ppm (mean = 2598 ppm, zk 202). Abun-
dant barite is present in the sulfide ores and shows an intergrowth re-
lationship with the sulfide minerals. In the Xinhuang region (the
northeastern Dahebian district), an approximately 5-m thick layer of
barite on the upper part of the sulfide mineralization was exploited for

Summary of Pb isotopic composition of sulfides, barite and sedimentary rocks in the Dahebian district.

Sample Type Number of Samples 208pp, /204pp

207Pb /204pb

206p}, /204p u value

Dahebian zinc-lead deposit
Pyrite 6
Sphalerite 20

37.6966-37.7134 (37.7052)
37.5870-37.8010 (37.7198)

Dahebian strariform barite deposit
Galena 4
Barite and shales 15

38.0255-38.6187 (38.2638)
37.3690-38.1903 (37.8902)

MVT zinc-lead deposit

15.5721-15.5762 (15.5739)
15.5370-15.5863 (15.5741)

15.6961-15.6743 (15.6961)
15.4855-15.7065 (15.6253)

17.6853-17.7033 (17.6918)
17.5971-17.7499 (17.7035)

9.62-9.69 (9.65)
9.43-9.52 (9.50)

17.9707-18.8165 (18.4252)
16.3453-18.7599 (17.7522)

9.62-9.69 (9.65)
9.59-16.13 (10.53)

Huayuan

Basement
Banxi Group
Lengjiaxi Group

Sedimentary rocks
Doushantuo Formation
Liuchapo Formation
Qingxudong Formation

51

25

12

38.099-38.888 (38.373)

37.897-41.640 (39.031)
39.294-46.917 (41.870)

37.686-38.044 (37.849)
37.919-38.343 (38.137)
38.107-39.408 (38.483)

15.524-15.875 (15.721)

15.430-15.705 (15.542)
15.586-15.937 (15.715)

15.575-15.667 (15.614)
15.636-15.686 (15.659)
15.479-15.783 (15.665)

18.028-18.293 (18.173)

15.528-20.106 (18.004)
18.832-22.038 (19.993)

17.727-19.329 (18.194)
17.559-18.484 (17.937)
17.204-19.073 (18.285)

9.33-10.03 (9.73)

9.24-10.01 (9.43)
9.39-11.25 (9.82)

9.49-9.93 (9.59)
10.57-18.35 (13.83)
9.35-9.79 (9.61)
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several years. In the stratiform barite ore, we observed abundant of
fine-grained pyrite, chalcopyrite and sphalerite minerals intergrown
with barite, as well as a few samples at the bottom of the stratiform
barite sequence displaying fine-grained laminated sphalerite/pyrite
layers.

In addition to both the principal sulfide and sulfate minerals that
can be found in sulfide and/or sulfate ores, the accessory mineral
hyalophane is present both in the sulfides and the stratiform barite ore.
Hyalophane has the ideal formula (K, Ba) Al,Si»Og and forms in the
binary solid-solution series between potassium and barium feldspars.
Hyalophane is typically associated with exhalative hydrothermal pro-
cesses and low to medium grade metamorphism (Jakobsen, 1990;
Fortey et al., 1993; McSwiggen, 1994; Moro et al., 2001). In hydro-
thermal processes, the presence of authigenic hyalophane is generally
associated with barium-rich hydrothermal fluids and is thus generally
regarded as evidence of reduced hydrothermal activity (Moro et al.,
2001; Han et al., 2015). Zoned authigenic hyalophane occurring in the
Dahebian stratiform barite deposit implies a multi-stage hydrothermal
activity during the barite sedimentary exhalative process (Han et al.,
2015, and references therein). Authigenic hyalophane in the Zn-Pb
sulfide ores implies reduced brines in which the (H,S-predominant)
hydrothermal fluids result in sulfide mineralization.

We analyzed the composition of hyalophane for the first time in Zn-Pb
sulfide ores, in the sulfide layer at the middle of the Liuchapo Formation,
and the stratiform barite ore. Estimations based on eight oxygen atoms in
hyalophane gave the following empirical formulae for hyalophane in these
three occurrences (Table 1): (1) Ko 4~ 0.74B0.44 —0.84Al1.22 - 1.43Si2.57~ 27608
in the sulfide ores, (2) Ko.26~0.57B20.32~0.37Alo.85~1.10512.05 ~ 32008 in the
pyritic shale at the middle of the Liuchapo Formation and (3),
Ko.33~0.42B80.73 - 1.11Alo. 85~ 1.56512.47 ~ 3.2005 in the stratiform barite ore. The
earliest hydrothermal stage has the lowest Ba concentration, which is
represented by hyalophane in the pyritic shale at the middle of the
Liuchapo Formation. Ba concentration is elevated with stronger hydro-
thermal exhalative, which is shown in higher Ba concentrations in the
sulfide ores and stratiform barite ores. From the Zn-Pb sulfide miner-
alization to the stratiform barite mineralization, hyalophane is enriched
in barium and depleted in potassium content. This finding corresponds
to ascending hydrothermal fluid being richer in barium along with sul-
fide mineralization. This result suggests that Zn-Pb sulfide mineraliza-
tion and stratiform barite mineralization were controlled by the same
hydrothermal fluids at different stages of the mineralization process.

6.2. Nature of ore-forming fluids

Fluid inclusions trapped in stage I quartz, barite and sphalerite were
formed at recorded high homogenization temperatures and low salinity
brines (Th > 300 °C, salinity < 2.5wt% NaCl eq.; Table 2, Fig. 10)
that was involved in the ore-forming processes. Comparison with sea-
water isodensity (p = 1.028 g/cm®) and the lower limit of the field of
buoyancy reversal (Haas, 1976; Turner and Campbell, 1987; Sangster,
2002), the low salinity and relatively high temperature brines in this
deposit are analogous to buoyant fluids (Fig. 10); those fluids show
cooling processes and increases in salinity and density around 165 °C.
Such brines have significant differences in both temperatures and
salinities in comparison with metallogenic brines in MVT, Irish-type,
sandstone-hosted and vein-type sediment-hosted Zn-Pb deposits but are
similar with SEDEX type ore fluids (Basuki and Spooner, 2002; Leach
et al., 2005; Wilkinson, 2014).

The primary and pseudosecondary fluid inclusions yield two pat-
terns of salinity vs. homogenization temperature relationships: (1) a
constant salinity around 2.0 wt% NaCl eq. for homogenization tem-
peratures ranging mostly between 180 and 350°C (Fig. 10); (2) a
constant homogenization temperature approximately 165 °C for salinity
ranging typically between 2.5 and 25.6 wt% NaCl eq. (Fig. 10). The
former, variable homogenization temperatures for a constant compo-
sition are always caused by the cooling processes of hydrothermal fluids
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Fig. 10. Homogenization temperature vs. salinity of fluids in the Dahebian
deposit. Pale-blue line AB and AC is the seawater isodensity line and the lower
limit of the field of buoyancy reversal, respectively (Haas, 1976; Turner and
Campbell, 1987; Sangster, 2002). Those marked with orange and blue indicate
fluid inclusion trapped in stage I and stage II minerals, respectively. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

(Wilkinson, 2001). This usually happens during the ascent of fluids
along faults. A constant homogenization temperature for variable
compositions is mostly triggered by isothermal mixing through the
evolution of hydrothermal fluids (Wilkinson, 2001). This tendency is
similar with the result of fluid inclusions trapped in sphalerite-bearing
quartz veins hosted in the Ediacaran system occurring at Zunyi (in
Guizhou Province) and Dayong (in Hunan Province), which recorded
the likelihood of mixing between highly saline brine and seawater (Lott
et al.,, 1999). During the depression period of the Nanhua Basin, this
region had high geothermal gradients (Fang et al., 2002). Through a
thick reduced sedimentary sequence, infiltrated brines were buffered to
acidic, reduced, and high temperature (up to 350 °C) metalliferous
hydrothermal fluids. High salinity brines (above 20 wt% NaCl eq.),
which were trapped in stage II sphalerite, may represent brines from
submarine hydrothermal fluids that underwent prolonged periods of
condensation and boiling (Kelley et al., 2002).

It can be concluded that the ore-forming processes in the Dahebian
Zn-Pb deposit may have been due to reactions of relatively high-tem-
perature, low-salinity hydrothermal fluids channeled into open spaces
along faults and mixing with low-temperature and high-salinity sea-
water or connate water. Initially, less dense fluids ascend along faults.
Upon mixing with seawater/connate water (seawater-saturated, low-
temperature, high-salinity; Sangster, 2002) trapped in the open space
beneath the seafloor, these fluids form buoyant plumes. The main mi-
neralization mechanism during this period is cooling. However, further
mixingprompts mineralization and elevates the densities of hydro-
thermal fluids that might occur as bottom-hugging dense brines. These
brines vent into seafloor depressions and would then move downslope
by gravity in a manner analogous to that of turbidity currents (Sangster,
2002). Futhermore, the addition of SO42~ results in the rapid miner-
alization of stratiform barite ore on the seafloor (Holland and Malinin,
1979).

6.3. Sources of sulfur

The 8%*Sycpr values of selected sulfide minerals from Zn-Pb sulfide
ores vary from 13.5%o0 to 30.0%o. Their mean value (n = 30,
mean = 20.5 * 3.1%o) is consistent with the sulfur isotopic composi-
tion of pyrite from the stratiform barite ore (8%*Sycpr = 19.4%0)
(Fig. 11). Moreover, barite selected from zinc- iron- and lead-sulfide
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Fig. 11. Sulfur isotope composition of the Dahebian Zn-Pb deposit and stratiform barite deposit (parts of barite deposit data were cited from Maynard and Okita,
1991; Murowchick et al., 1994; Wu et al., 2009; Johnson et al., 2009; Hou et al., 2015; the sulfur isotopic compositions of the early Cambrian in Yangtze Block
(8%*Sycpr = 29.0-37.2%o, mean = 32.6 + 1.8%o) were cited form Shields et al., 1999).

ores and the stratiform barite ore have similar sulfur isotopic compo-
sition. The &%*Sycpr values for barite in these two parts are
29.5%0-57.4%0 (n = 4, mean = 40.0 + 12.1%o) and 29.51%o t055.1
%o (n = 45, mean = 40.4 + 4.3%o) (Fig. 11). This result means the
sulfide ores and the stratiform barite ore in the Dahebian district may
have a similar sulfur source. Various natural environments as a function
of the sulfate reduction rate (open (e.g., water column) or closed (e.g.,
sediment-porewaters)), type of organic carbon reduced, and con-
centration of dissolved sulfate (Leavitt et al. 2013) lead to a large range
of sulfur isotopic compositions of residual sulfate.

Sulfate present in the early Cambrian stage seawater through sulfate
reduction processes was probably the main mechanisms that provided
hydrosulfide to the Dahebian Zn-Pb sulfides and stratiform barite mi-
neralization. The most reliable process is bacterial sulfate reduction
within an ambient water column combined in varying proportions with
thermochemical sulfate reduction, either within the seafloor or within
the hydrothermal fluid feeder zones. The sulfur of the Dahebian stra-
tiform barite deposit was derived from seawater that was affected by
sulphate-reducing bacteria in a restricted stratified marine environment
(Maynard and Okita, 1991; Murowchick et al., 1994; Wu et al., 2009;
Johnson et al., 2009; Hou et al., 2015; Han et al., 2015). The §>*Sycpr
values of barite are higher than that of early Cambrian seawater
(8%*Sycpr = 29.0-37.2%0, mean = 32.6 * 1.8%o; Shields et al., 1999),
demonstrating 3*S enrichment. Generally, the relatively positive iso-
topic fraction is believed to be related to biotic activity in the organic
matter-rich environment. During the Ediacaran to early Cambrian, the
Nanhua Basin was a stratified ocean with stagnant and anoxic abyssal
waters (Li et al., 2010, 2012; Cai et al., 2015; Wang et al., 2013; Wen
et al., 2016). This area was a favorable place for sulfate reduction to
occur in the water column as well as in the sediments (Machel et al.,
1995; Ohmoto, 1997; Johnson et al., 2004). Framboidal and randomly
distributed diagenetic pyrite in the organic-rich micrite and shale
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indicate bacterial sulfate reduction processes had taken place in sedi-
ments (Machel et al., 1995); in the hydrothermal stage, fine-grained
pyrite was the product of rapid sulfide crystallization, which results in
hydrothermal fluids mixing with sufficient hydrosulfides. These hy-
drosulfides accumulated through bacterial sulfate reduction processes
in the long-term restricted stratified marine environment. Furthermore,
thermochemical sulfate reduction was initiated by Zn-Pb sulfide mi-
neralization, since: (1) bitumen intergrowth occurred with sulfide mi-
nerals in the Zn-Pb sulfide ores (Fig. 5b, g, 6¢), and (2) some sulfide
minerals were coated with dolomite (Fig. 6g) (Machel et al., 1995; Cai
et al., 2003). When Zn?* -, Fe?>* - and Pb?* -bearing hydrothermal fluids
ascend into the sulfate reduction reaction site or sites with H,S con-
centration, sulfide minerals are immediately precipitated as a result of
sulfide generation (Machel et al., 1995). Additionally, these sulfide
minerals always record 3*S depletion values of hydrosulfides, which are
produced through sulfate reduction processes. This finding is consistent
with the 8%'Sycpr values of sulfide minerals in the Dahebian Zn-Pb
deposit and the barite deposit in the range of 13.5-30.0%o (n = 30,
mean = 20.5 + 3.1%o), demonstrating 3*S depletion compared with
sulfate in early Cambrian seawater. Furthermore, the high 8%4Sycpr
values of residual SO,>~ in bottom seawater are mainly precipitated as
barite, represented by high sulfur isotopic compositions of barite in the
stratiform barite deposit.

6.4. Sources of metallic ores

The Dahebian Zn-Pb deposit has different ore metals when com-
pared to the MVT zinc-lead deposits in this region (Fig. 12). Unlike MVT
deposits in this region, sulfides from the Dahebian Zn-Pb deposits have
homogeneous and low radiogenic lead isotope values. In the diagrams
of 27Pb/?°*Pb vs. 2°°Pb/?**Pb and 2°®°Pb/***Pb vs. 2°°Pb/***Pb
(Fig. 12), and in comparison to the lead evolution curve (Zartman and
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Dahebian district.

Doe, 1981), it can be shown that all sulfide samples from the Dahebian
deposit lead evolution curves plot between the orogen and upper Crust.

The ore metals in the Dahebian deposit, at least in part, may be
sourced to the fold basement and its host-rock. Samples from the
Doushantuo Formation (the predominant host rock of the Dahebian Zn-
Pb deposit) are scattered and roughly parallel with the orogen lead
evolution curve. Some samples have similar 2°7Pb/2°pPb, 2°°pb/2%‘pb
and 2°®pb/2°pb ratios with sulfides in the Dahebian Zn-Pb deposit.
Although the data for samples from the folded basement rocks (Liu and
Zhu, 1994; Liang, 1989) are scattered in these diagrams, they still
roughly overlap with the fields of the sulfide ores (Fig. 12).

Stratiform barite ore and the Zn-Pb sulfide ores may have similar
ore metal sources but are not entirely identical. Similar p values of
sulfide between the stratiform barite ore and the Dahebian Zn-Pb de-
posit were recorded. This finding may reflect that they have analogous
ore metal sources. Additionally, in the diagram of 2°®Pb/?°*Pb vs.
206pp,/204ph, the isotope composition fields of the stratiform barite ore
and that of the Dahebian Zn-Pbores show a good overlap but stratiform
barite ores have broader range. Stratiform barite ore and interbedded
shale and chert, as well as sulfide occurrences, have analogous lead
isotopic compositions. These compositions are roughly parallel with the
upper crustal lead evolution curve confirming that the stratiform barite
mineralization was formed through a sedimentary process in episodic
hydrothermal fluid injected anoxic abyssal waters (Xia et al., 2005; Wu
et al,, 2009; Hou et al., 2015; Han et al., 2015). Compared to the
stratiform barite ore, the Zn-Pb sulfide ores have a more homogeneous
and lower radiogenic lead isotopic composition. This difference may
result from (1) the stratiform barite ore enriched in organic matter (Xia
et al., 2005; Wu et al., 1999; Hou et al., 2015; Han et al., 2015), in
which it is likely adsorbed uranium and thorium will influence lead
isotopic compositions and (2) continuous sediments in the abyssal
waters influencing the lead isotopic composition of exhalative hydro-
thermal fluids. The difference means that organic adsorbed uranium
and thorium and sediment material should be another lead source that
mixed with hydrothermal fluids.

6.5. Possible genetic model

During the episodic rifting of the Nanhua Basin from the
Neoproterozoic to early Cambrian, the ocean of this basin was char-
acterized by stratification and widespread water-column anoxia (Li
et al.,, 2010, 2012, 2015; Wen et al., 2016, 2017; Fan et al., 2013).
Shallow nearshore regions were always oxic, and, in deep offshore re-
gions, the seawater tended to be more anoxic and was correlated with
increasing depth. Regions from the slope to the basin were anoxic.
Locally, some sub-basins showed extreme environments, such as
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euxinic or in the presence of ferruginous bottom water, which de-
pended on the stagnation (Li et al., 2012) or hydrothermal fluid venting
events (Huang et al., 2011) having taken place in these basins.

At the margin of the Nanhua Basin, many sub-basins were isolated
from the open ocean by paleo-uplifts which formed in the Jinning
Orogeny, or in those basins that were predominately controlled by lo-
cally synsedimentary faults. The TXY basin (Fang et al., 2002; Fig. 3) is
one such restricted basin and is located at the conjunction of the
Yangtze Block and Jiangnan Orogen. Neoproterozoic to Cambrian stage
paleogeographic reconstruction reveals a continental slope to deep
basinal facies in this basin (Fig. 2; Jiang et al., 2011). Additionally,
according to sedimentary facies reconstruction, the evolution stage of
the TXY basin was recognized by Fang et al. (2002): (1) the Neopro-
terozoic to middle-Ediacaran was the initial stage of the TXY basin, (2)
the late-Ediacaran to early-Cambrian was the fault depression stage and
(3) the TXY basin extinction began in the middle-Cambrian.

Benefits from the passive continental margin on the northwestern
flank of the Nanhua Basin and the long-term stratified ocean promoted
stable anoxic bottom water in the TXY basin. The sedimentary rocks
during rifting periods are thick and tend to be mostly anoxic. The Banxi
Group outcrops in this region consist mostly of grayish-green sericite-
bearing siltstone-slate. These materials represent a reduced siliciclastic
flysch sedimentary assemblage. Additionally, these repeated trans-
gression episodes sequences mainly consist of glacial deposits (the
Chang’an Formation and the Nantuo Formation), manganese-bearing
carbonate and organic-rich carbonate (the Datangpo Formation), mi-
crite dolomite and carbonaceous mudstone (upper part of the
Doushantuo Formation), chert (the Liuchapo Formation) and black
shale (the Niutitang Formation) (Fig. 4). Additionally, the hydro-
thermal episodic activity events are frequently on the margin of the
Nanhua Basin and are especially obvious behind these syn-sedimentary
faults (e.g Fang et al., 2002; Jiang et al., 2006a,b; Chen et al., 2009;
Huang et al., 2011; Wen and Carignan, 2011; Fan et al., 2013).

Such reduced siliciclastic and shale sediment sequences occur on
the basin with the long-term stratified and stable anoxic bottom water
in the TXY basin. The presence of hyalophane in the ores indicates the
ore-forming fluids were reduced brines. Stratiform barite deposits and
abundant barite in the Zn-Pb sulfide ores demonstrate the miner-
alization fluids were rich in barium, which refined the ore-forming
fluids from which the ore was reduced. These settings are very similar
with the preconditions that form a Selwyn-type SEDEX deposit
(Goodfellow and Jonasson, 1984; Goodfellow, 1987; Shanks et al.,
1987; Turner, 1992; Cooke et al., 2000; Sangster, 2002; Johnson et al.,
2015).

We put forward the sulfide and the stratiform barites were miner-
alized froma hydrothermal system that can be classified as a Selwyn-
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type SEDEX deposit. Based on the stratigraphy sequence and basin
evolution stage, we propose a possible genetic model for the Dahebian
Zn-Pb deposit. This model can be dividing into two stages (Fig. 13),
which are:
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Stage I: Reduced sediments accumulation on the basin

During the Neoproterozoic to middle-Ediacaran, the TXY basin ex-
perienced initial rifting. Thick reduced sediments of the Banxi
Group, the Nanhua System, and the Doushantuo Formation were
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deposited. In the stratified ocean, shallow water was oxic which
mainly resulted from an injection of oxidative weathering of mate-
rial on land. However, this zone was narrow and rapidly turned into
a suboxic-anoxic zone. Minor amounts of hydrosulfide, produced
through bacterial sulfate reduction in the suboxic zone, could mi-
grate into the deep anoxic zone. Scarce hydrothermal fluids and
continental materials (rich in Ba®>*, Fe** and Zn>*) were brought
into the basin floor during this period (Shields, 2005; Zhou et al.,
2010; Huang et al., 2011; Fan et al., 2013). Parts of these metals
were deposited as sulfides, while other metals accumulated in the
anoxic abyssal water.

During this period, especially the early Ediacaran, repeated trans-
gression-regression episodes of seawater, postglacial isostatic re-
bound (Meyer and Kump, 2008; Hoffman and Macdonald, 2010;
Zhou et al., 2010) and methane release (Jiang et al., 2006a,b) gen-
erated many open spaces (such as sheet cracks, small stacked cavities
and Kkarstic dissolution cavities) in the overlying dolomite, which
provided favorable locations for hydrothermal fluids to infuse.

Stage II: Hydrothermal fluids, buoyant plumes and sedimentary ex-
halative processes

During the late-Ediacaran to early Cambrian, along the Nanhua
Basin, the platform evolved from an open shelf to a rimmed shelf
(Condon et al., 2005; Jiang et al., 2011). In addition, intensive fault
depressions led to decreasing chemocline. Voluminous sedimentary
phosphate deposits were formed (Fig. 2a), indicating the ocean was
more oxic than previous periods.

High salinity brines from evaporate environments on the rimmed
shelf infiltrated along extensional faults. In the background of high
geothermal gradients (Fang et al., 2002), through a thick reduced
sedimentary sequence, these brines were buffered to acidic, re-
duced, and metalliferous hydrothermal fluids. When hydrothermal
fluids migrated into the syn-sedimentary faults, they ascended along
these faults and arrived at these open spaces and cavities beneath
the seafloor. The first stage sulfide mineralization was launched by
cooling and addition of H,S (mainly coarse-grained pyrite and red-
brown sphalerite) through the feeder zone of hydrothermal fluids.
With further mixing with SO4>~-bearing seawater, hydrothermal
fluid densities increased. With continuous addition of H,S from
abyssal seawater and/or thermochemical sulfate reduction around
these cavities in the rock, sulfide mineralization was promoted (al-
ways accompanied with fine-grained pyrite and sphalerite pre-
cipitation). After hydrothermal fluids vented into the seafloor,
continuous mixing with seawater resulted in rapid density elevation.
The ‘turbidity current’-like (Sangster, 2002) exhalative hydro-
thermal fluids were barium saturated, and upon mixing with the
relatively low temperature and SO, -bearing seawater, barite
would quickly precipitate as stratiform ore on the seafloor (Holland
and Malinin, 1979; Johnson et al., 2004).

7. Conclusions

(1) The Dahebian Zn-Pb deposit is discordant but stratabound, as
hosted in the Doushantuo Formation with this type of continuous
mineralization in the northwestern part of the Nanhua Basin.

(2) Fluid inclusions in the Dahebian Zn-Pb deposit recorded high
homogenization = temperatures and  low-salinity  brines
(Th > 300°C, salinity < 2.5wt% NaCl eq.) involved in the ore-
forming processes. Cooling and mixing with seawater may have
been the mainly mechanisms of mineralization.

(3) Sulfides selected from the sulfide ores and the stratiform barite ore
have similar sulfur isotopic composition. In addition, the 834Sycpr
values of barite in those two parts are analogous. Compared to the
sulfur isotopic compositions of early Cambrian seawater, the sulfur
isotopic fractionation of barite and sulfide is Aparite-seawater = 7-8%0
and Agyifide-Seawater = — 12.1%o, demonstrating that the sulfur was
derived from bacterial/thermochemical sulfate reduction that took
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place in the stratified seawater column. The ore metals in the
Dahebian deposit were mainly sourced from the rocks of the
Doushantuo Formation and underlying folded basement rocks.

(4) Sulfide and stratiform barite ores in the Dahebian region were mi-
neralized from the same hydrothermal system belonging to a Selwyn-
Type SEDEX deposit. Zn-Pb sulfide mineralization provided the feeder
zone of these hydrothermal fluids. During the early Cambrian, the
northwestern Nanhua Basins had an intensive Zn-Fe-Pb-Ba hydro-
thermal fluid exhalative event, and the deep ocean was relatively oxic.
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