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The western Hunan-eastern Guizhou (WHEG) Pb-Zn metallogenic belt hosts around 300 carbonate-hosted Pb-Zn
deposits (total Pb-Zn metal reserve: >20 Mt), accounting for a major proportion of Pb-Zn resource in China. The
origin and ore-forming process of these Pb-Zn deposits are still under debate. The newly-discovered Danaopo Zn-
Pb deposit (~150 Mt ore @ 2.58% Zn and 0.48% Pb), which was formed during the Early Devonian orogenic
event (~410 Ma), is one of the largest Zn-Pb deposits in the region. In this study, LA-MC-ICP-MS S-Pb isotope
analyses were performed on sulfides (pyrite, sphalerite, and galena) and sulfate (barite) from the Danaopo Zn-Pb
deposit. 8%*Sycpr values of the diagenetic and late hydrothermal barites are of +36.5 to +36.9%o and +27.1 to
+28.1%o, respectively. The sulfides 634SVCDT values (+23.5 to +35.5%o) imply a thermochemical sulfate reduc-
tion (TSR) origin from coeval seawater sulfates, as supported also by the dissolution cavities of diagenetic barite
and the nodular and stripe-textured calcite. Furthermore, in-situ sulfide Pb isotopic ratios of different ore-forming
stages and altitudes are highly similar: 2°°Pb/2°*Pb = 18.144-18.254, 207Pb/2%*Pb = 15.718-15.797, and
208pp, /204p, — 38.378-38.605. Such narrow Pb isotopic ranges suggest well-mixing of multiple Pb sources, which
likely include the Lower Cambrian Niutitang Fm. (LCNF) black shale, Proterozoic Banxi Group metamorphic
basement rocks, and the Lower Cambrian Qingxudong Fm. (LCQF) reef limestone. Considering the deposit
geological and S-Pb isotopic features, we suggest that the hydrothermal fluids may have circulated and extracted
metals from various sequences in the basin. The fluids then ascended along the Huayuan-Zhangjiajie fault zone
and mixed with reduced sulfur-bearing fluids from ore-bearing strata and precipitated the sulfide ores. Miner-
alization at the Danaopo deposit is thus best classified as Mississippi Valley Type (MVT), which is controlled by
the ore-hosting reef limestone and various fault structures.

1. Introduction mineral processing (Hu et al., 2017; Tan et al., 2018); (2) stratiform and

lenticular orebodies hosted mostly in the Lower Cambrian Qingxudong

Lead-zinc (Pb-Zn) mineralization of the western Hunan-eastern
Guizhou (WHEG) metallogenic belt is hosted in the platform carbon-
ate sequences in southeastern Yangtze Block (Figs. 1 and 2; Yang and
Lao, 2007). The WHEG metallogenic belt contains about 300 Pb-Zn
deposits with over 20.0 million tonnes (Mt) of Pb and Zn reserve
(Zhao et al., 2016; Li, 2018). These Pb-Zn deposits are characterized by:
(1) large tonnage of low ore-grade ore (avg. 4% Pb + Zn; Wei et al.,
2020), with simple ore mineralogy and thus low cost for mining and

* Corresponding author.

Fm. (LCQF) carbonate rocks; (3) orebody distributions controlled by
algal reef zone and regional deep faults (Tang et al., 2013; Zhao et al.,
2016); (4) low-medium temperatures (140-220 °C) and medium-high
salinities (11.0-19.0 wt% NaCl equiv.) of the ore-forming fluids (Liu
etal., 1999a; Cai et al., 2014; Duan et al., 2014; Wei, 2017); (5) presence
of bitumen with sulfides and methane in fluid inclusions, suggesting
organic matter involvement during the ore formation (Liu et al., 1999b;
Zhou et al., 2014).

E-mail addresses: wutao@mail.gyig.ac.cn (T. Wu), huangzhilong@vip.gyig.ac.cn (Z. Huang), Yelin@vip.gyig.ac.cn (L. Ye), weichen@mail.gyig.ac.cn (C. Wei),
chenjun@mail.gyig.ac.cn (J. Chen), yangmu@csu.edu.cn (M. Yang), yanzaifei@mail.gyig.ac.cn (Z. Yan).

https://doi.org/10.1016/j.oregeorev.2020.103941

Received 24 October 2020; Received in revised form 10 December 2020; Accepted 13 December 2020

Available online 16 December 2020
0169-1368/© 2020 Elsevier B.V. All rights reserved.


mailto:wutao@mail.gyig.ac.cn
mailto:huangzhilong@vip.gyig.ac.cn
mailto:Yelin@vip.gyig.ac.cn
mailto:weichen@mail.gyig.ac.cn
mailto:chenjun@mail.gyig.ac.cn
mailto:yangmu@csu.edu.cn
mailto:yanzaifei@mail.gyig.ac.cn
www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2020.103941
https://doi.org/10.1016/j.oregeorev.2020.103941
https://doi.org/10.1016/j.oregeorev.2020.103941
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2020.103941&domain=pdf

T. Wu et al.

Ore Geology Reviews 129 (2021) 103941

(9]
=
N
=
o
c
o
-
o
=
3
o |
®
\

29°16':109°14"'

29°37':109°14’ 29°37':1109°52'
c ! B~ .
) 000 \'
KA . \
O (B £ e
Q‘ 3
> W
4
™
/ Longshan
T 5 —— North China
P Songpan-Ganzi \Mlcroplate
.\ Microplate
N '
¢ Zhangjiajig||€ |
. 6 %
4 a
/ E 3
. 8
/7 s e
o . g"- 2
= J [ﬂ
o
‘gl
e Legend of Figure 1A
‘g\ Cambrian-Ordovician carbonate
o : > and clastic rocks
Q' ’ I:l Silurian clastic rocks
4l

0

l l|0 2|0km Provincialboundary

|:| Mosozoic clastic and carbonate rocks

Upper Paleozoic-Mosozoic carbonate
and clastic rocks

- Proterozoic clastic and carbonate rocks
III Large-middle scale Pb-Zn deposits
Anticline
Syncline
Strike slip fault
Normal fault
Reverse fault

City or county

29°16':109°52’

Fig. 1. (A) Regional tectonic setting of the western Hunan-eastern Guizhou Pb-Zn metallogenic belt (modified after Zhou et al., 2013; Li, 2018); (B) Geotectonic
setting of the Huayuan Pb-Zn orefield in the Upper Yangtze Block (modified after Yu et al., 2014; Li, 2018); (C) Geological sketch map of the Western Hunan Pb-Zn
metallogenic belt in South China (modified after Yang and Lao, 2007), showing the distribution of Pb-Zn deposits, structures and strata.
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Fig. 2. Sketch map of algal reef facies model and paleogeographic environment in western Hunan-eastern Guizhou area (modified after Yu et al., 2014; Chen et al.,

2018), showing the distributions of Pb-Zn deposits, faults and sedimentary facies.

Although substantial progress has been made in revealing the
mineralization characteristics, the origin of the ore-forming materials of
these Pb-Zn deposits are still not well constrained due to the lack of high-
quality mineral S-Pb isotope data (Bao et al., 2017a; Peevlera et al.,
2003; Yuan et al.,, 2018), thus limiting the understanding of Zn-Pb
metallogenic mechanism and regularity in the WHEG. Some authors
proposed a single sulfur source from seawater sulfates in the ore-bearing
strata (e.g. Cai et al., 2014; Zhao et al., 2016; Cao et al., 2017), whereas
some others suggested a mixed S source from the Lower Cambrian
Niutitang Fm. (LCNF) and LCQF strata (e.g. Hu et al., 2017; Wei et al.,
2020). The metal source(s) is also disputed among a single mantle-
derived source (Shu, 1983; Li, 1992), carbonate ore host (e.g., Cai
et al., 2014; Kuang et al., 2015; Li, 2018), or mixing between the Pro-
terozoic Banxi Group (Gp.) metamorphic rocks and the underlying

Cambrian ore-bearing strata (Schneider et al., 2002; Cao et al., 2017;
Wei et al., 2020). Meanwhile, the metallogeny was variably attributed to
sedimentary-type (Luo et al., 2009; Chen et al., 2011), sedimentary-
reworking type (Li, 1992), or Mississippi Valley Type (MVT) (Yang
and Lao, 2007; Cai et al., 2014; Li, 2018; Wei et al., 2020).

The newly discovered Danaopo Zn-Pb deposit (reserve: ~4.57 Mt Zn
+ Pb, 65279 t Cd, 758 t Ag; Yu et al., 2014), hosted by the LCQF reef
limestone and controlled by the Huayuan-Zhangjiajie deep fault, is
located in the middle WHEG metallogenic belt (Fig. 1A, C; Yang and Lao,
2007). The deposit shares similar geological characteristics with other
Pb-Zn deposits in the belt, and is thus representative for studying the
WHEG ore-forming material source and mechanism. In recent years,
micro-analyses (notably LA-MC-ICP-MS and Nano SIMS technique) on
mineral isotopes have been increasingly adopted to clarify the ore-
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Fig. 3. Geological sketch map of the Danaopo Zn-Pb deposit (modified after Yu et al., 2014), showing the strata, faults and the drill-hole locations.

forming material and fluid source(s) (Bao et al., 2017a; Bendall et al.,
2006; Chen et al., 2017; Ikehata et al., 2008; Souders and Sylvester,
2010; Yuan et al., 2018). Compared with conventional bulk-mineral S
and Pb isotope analyses, the in-situ analytical techniques can avoid the
mixing effects of the complex mineral generations or impurities, and
constrain accurately the origin of ore-forming components and genesis
of the deposit (Luo et al., 2019, 2020; Tan et al., 2017; Yuan et al., 2015;
Zhou et al., 2018b). In this paper, therefore, detailed scanning electron
microscopy (SEM) works and in-situ LA-MC-ICP-MS S-Pb isotope ana-
lyses of sulfates and sulfides were conducted to determine the sulfur and
metal source(s) at the Danaopo deposit and constrain its ore formation.
The outcomes will provide further constraints on the ore-forming
mechanism of carbonate-hosted Pb-Zn deposits in the WHEG.

2. Regional geology

The Yangtze Block is bounded by the Sanjiang, Qinling, Songpan-
Ganze, and Cathaysia terranes to the west, north, northwest, and
southeast, respectively (Fig. 1A, B). The Upper Yangtze comprises a
crystalline basement made of the Banxi Gp. metamorphosed sand-
stone-siltstone and silty slate, which is overlain by Sinian to Quaternary
clastic and carbonate rocks with the exceptions of Carboniferous,
Jurassic, and Tertiary sequences (Li, 2018). Regional magmatism was
minor and mineralization-unrelated (Yang and Lao, 2007; Duan et al.,
2014). Folds and faults are widely developed by the Wuling, Xuefeng-
Caledonian, Hercynian and Indosinian-Yanshanian orogenic events
(Yang and Lao, 2007; Li, 2018), and anticlines/synclines and NE-striking
faults control the mineralization distribution along the WHEG



T. Wu et al.

Ore Geology Reviews 129 (2021) 103941

ZK045017

ZK045025

ZK045033

P 7
~/] ~

71 Argillaceous dolomite [77 ,,,'Lumina(cd dolomite 7

(/ L4 ¢
s | e .
IF = Algal limestone

| Middle to Upper Cambrian Middle Cambrian I:I The second section of the upper member of l:l The first section of the upper member of
| Loushanguan Formation Gaotai Formatiom Lower Cambrian Qingxudong Formation Lower Cambrian Qingxudong Formation

- The second section of the lower member of
Lower Cambrian Qingxudong Formation

[:l The third and fourth section of the lower member
of Lower Cambrian Qingxudong Formation

S ] o " ——] X a & & .
Leopard limestome ~=——]| Lead-zinc orebody and “Umbt‘l' Breccia

DNP-1-04, 07
————DNP-1-08. 09, 10

,

ZROLS04T

“| Drill number and depth

Fig. 4. Geological cross-section of the Danaopo exploration line No. 45 (modified after Yu et al., 2014), showing the distributions of orebodies and lithologic units.

metallogenic belt (Fig. 1C; Zhao et al., 2016).

In the WHEG metallogenic belt, the 300 Pb-Zn deposits discovered
are hosted in the Ediacaran, Cambrian and Ordovician strata, particular
in the LCQF reef limestone (Tang et al.,, 2012; Li et al., 2013) that
controlled the distribution of the Xiunao, Bukouchang, Shizishan, Lao-
huchong, Limei, Bamaozhai, Danaopo, and Yangjiazhai deposits
(Figs. 1C and 2; Luo et al., 2009; Yang et al., 2015; Zhou et al., 2017;
Chen et al., 2018; Li, 2018). Geochronological studies of the WHEG Pb-
Zn deposits remain primitive, with only a calcite Sm-Nd isotope age
(422 + 48 Ma) and a sphalerite Rb-Sr isotope age (483 + 9 Ma) reported
from the Bukouchang deposit (eastern Guizhou) (Yang et al., 2015), and
a couple of other sphalerite Rb-Sr isotope ages from Rouxianshan (412
+ 6 Ma), Shizishan (410 + 12 Ma), and Dagoudong (490 + 6.5 Ma) (Du
et al., 2012; Duan et al., 2014; Tan et al., 2018). With these ages, the
WHEG Pb-Zn mineralization likely occurred in two phases during the
Ordovician (~490 Ma) and Silurian (~410 Ma).

3. Deposit geology

3.1. Stratigraphy

At the Danaopo deposit, the exposed strata trend mainly north-east
and are of Lower to Middle Cambrian age (Fig. 3), and comprises the
Shipai, Qingxudong, Gaotai and Loushanguan Fm.. The Shipai Fm. is
composed of silty and calcareous shale (Fig. 3). The Qingxudong Fm.
comprises a lower member that contains four beds, i.e., (from bottom to
top) (1) thin-bedded argillaceous/dolomitic limestone (Fig. 4); (2) thick-
bedded leopard limestone with minor algal limestone (Fig. 4); (3) thick-
bedded algal limestone (main ore host) (Fig. 4); (4) thick-bedded sandy/
pebbly/oolitic/algal limestone (minor ore host) (Fig. 4). The upper
member comprises a lower bed of medium-thin-bedded dolomite and
medium-thick-bedded argillaceous dolomite, and an upper bed of thick-
bedded dolomite and laminated micritic dolomite (Fig. 4). The Gaotai
Fm. includes thick-bedded to thin argillaceous dolomite (Fig. 4). The
Loushanguan Fm. is composed of (from bottom to top) thick-bedded
dolomite, laminated argillaceous dolomite, and thick-bedded pebbly
dolomite (Fig. 4).

3.2. Structures

Faults are well developed and control the distribution of Pb-Zn de-
posits in the Huayuan orefield (Fig. 1C). At the Danaopo deposit, faults
are NE-, NW- and ENE-trending (Fig. 3; Mao, 2016). The NE-trending
faults (F;-group; possible ore-fluid conduits) may have formed by the
syn-ore Huayuan-Zhangjiajie regional fault movement (dip angle
60°-75°) (Figs. 1-3; Wei et al., 2020). Both the NW-trending reverse
faults (F2-group; dipping 70°-81°) and ENE-trending normal faults (F3-
group; dipping 45°-70°) crosscut the Danaopo Zn-Pb orebodies (Fig. 3;
Chen et al., 2018). Open-space structures developed in the carbonate
rocks, including joints, stylolites and pores, serve as sites of ore depo-
sition at the Danaopo deposit (Fu, 2011).

3.3. Orebodies

The Danaopo Zn-Pb mineralization trends northeast, covering an
area of about 20 km? (~8 km long and ~2.4 km wide). Currently, 25
orebodies have been identified (Fig. 4; Mao, 2016), containing ~150 Mt
ore at 3.06% Zn + Pb (Yu et al., 2014). The orebodies dip to the
southeast (dip angle: 3°~10°), with their thickness thins out horizontally
toward the margin. The footwall sequence is leopard limestone of the
2nd bed of the LCQF lower member, and the handing-wall sequence is
the laminated argillaceous dolomite of the 1st bed of the LCQF upper
member.

3.4. Alteration and mineralization paragenesis

The Danaopo Zn-Pb deposit contains both oxide and sulfide ores.
Metallic minerals include mainly sphalerite, galena, smithsonite,
cerussite, willemite, and pyrite. Non-metallic minerals include mainly
calcite, dolomite, barite and fluorite (Figs. SA-L, 6A-L, 7A-I). Ore tex-
tures include mainly vein (Fig. 5A, C, G, I, J) and disseminated (Fig. 5B,
F, L), and the ore minerals are subhedral to anhedral granular
(Fig. 6A-P), or have metasomatic (Fig. 6A, C, D, N, O), poikilitic (Fig. 6B,
M, F, K), cataclastic (Figs. 6C and 8I), or interstitial (Fig. 6 C, G, I)
texture.

The Danaopo alteration/mineralization

includes diagenetic,
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Fig. 5. Field and hand-specimen photos in the Danaopo Zn-Pb deposit; A: veined sphalerite, pyrite and calcite in algal limestone; B: sphalerite in algal limestone and
the calcite with nodular and zebra (stripes) texture; C: sphalerite vein in algal limestone; D: galena vein in algal limestone; E: sphalerite and fluorite inclusions in
calcite; F: sphalerite and barite in algal limestone; G: veined pyrite in algal limestone; H-K: irregular sphalerite and pyrite vein-infill in algal limestone; I-J: sphalerite
and pyrite vein in algal limestone; L: sphalerite in calcite. Abbreviations: Py-pyrite; Sp-sphalerite; Gn-galena; Cal-calcite.

hydrothermal and supergene periods (Fig. 7), based on the ore cross- (ID): sphalerite + pyrite + galena + calcite + dolomite + fluorite; (III):
cutting and replacement relationship identified through optical micro- pyrite + galena + calcite + barite. Stage-I minerals consist mainly of
scopy and SEM. The hydrothermal process can be further divided into subhedral coarse-grained pyrite and minor anhedral sphalerite veinlets
three stages, i.e., (I): pyrite + sphalerite + calcite + dolomite + fluorite; (Fig. 6A-C, F, K, M). Stage-II is the main Pb-Zn ore-stage, and contains
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Py-I has subhedral fine-grained texture; B: subhedral-anhedral Py-I filled and included by coarse-veined Sp- II; C: fine-veined Gn- II filled and replaced coarse-grained
Py- II that coexists with fine-veined Sp-I. All of these are crosscut, filled and replaced by Cal- II; D: coarse-grained Gn- II in the Cal- II and oxidize to cerussite at its
edge; E: subhedral granular Py- II coexists with Sp- II, both of which filled by Cal- II; F: subhedral fine-coarse granular Py-I included/replaced by coarse-grained Gn-
II; G: Sp- II filled/replaced by fine-veined Cal- III and granular Bar- III; H: coarse-veined Sp- II enclosed/crosscut diagenetic barite, and both are filled/crosscut by
fine-veined Cal- III; I: fine-veined Cal- III and Gn- III crosscut and fill Sp- II; J: anhedral Py- III crosscut Sp- II vein, and are both crosscut/replaced by Cal- III; K:
subhedral Dol- II replaced by Bar- III includes Sp-I, and replaces and fills Sp- II which enclose fine-grained Py-I. Cal-I replaced/filled by Sp- II and Dol- II include
granular euhedral-anhedral Py-I; L: subhedral Py- III fill/crosscut Sp- II, both of which are included/filled by Cal- III; M: euhedral Cal- II and Dol- II (with Dol-I
inclusions) coexist with fine-veined Sp- II, all of which enclose or replace anhedral-subhedral Py-I; N: Sp- II oxidized mostly to smithsonite and replaced by anhedral
Bar- III, both of which included by Cal- III; O: Sp- II partly oxidized to smithsonite and willemite, which include fine-grained Bar- III; P: anhedral Flu-I included by

Cal- II. Abbreviations: Py-pyrite; Sp-sphalerite; Gn-galena; Bar-barite; Cal-calcite; Dol-dolomite; Flu-fluorite; Smi-smithsonite; Wil-willemite.

thick-veined sphalerite and subhedral coarse-grained galena, and few
coarse-grained pyrite. These minerals enclose or locally replace stage-I
minerals (Fig. 6D-0). Stage-III minerals include anhedral pyrite, galena
and barite veinlets that crosscut or replace stage-I/-Il minerals (Fig. 61-J,
N, L).

4. Sampling and analytical methods

4.1. Sampling

Sulfide ore samples were collected from three drill holes (ZK045041,
ZK3725 and ZK8529) at the Danaopo deposit. Twenty-four polished thin
sections were prepared and observed under the optical microscope and
SEM to determine the mineral paragenesis, and ten representative
samples (including barite, sphalerite, galena, and pyrite from the
different ore stages) were selected for in-situ S-Pb isotope analyses to
trace the ore-forming material source(s). The sampling location and
other information were given in Fig. 3 and Table 2.

4.2. LA-MC-ICP-MS S-isotope analysis

In-situ S isotope analysis was performed at the State Key Laboratory
of Continental Dynamics, Northwest University (China), using a Nu
Plasma 1700 MC-ICP-MS (Nu Instruments Wrexham, UK) combined
with a Resolution M-50 laser ablation system (ASI, Australia) equipped
with a 193 nm ArF CompexProl02 excimer laser (Coherent, USA). For
the S isotope analysis, 3.6 L/cm? laser energy density, 3 Hz frequency,
and 25-37 pm spot size, and the single spot method were used. Helium
was used as the carrier gas (flow rate: 0.28 mL/min) and Ar as the
makeup gas (flow rate: 0.86 mL/min). Nu 1700 MC-ICP-MS was
equipped with three ion counters and sixteen Faraday cups, of which the
H5, Ax and L4 cups were used for receiving 3*S, 33S and 32 signal,
respectively. In addition, sulfur compositions were calculated by relative
values (6%*S = [(3*S/**Ssample)/(**S/**Sstandard) — 11¥1000) with high
accuracy (2SE < 0.2%o), and the international standard IAEA-S-1 (Ag,S,
5%*Sycpr = —0.3%0) was used. The 5°%S values of samples relative to
IAEA-S-1 are normalized to the Vienna Canon Diablo Troilite (VCDT).
Furthermore, the standard of barite, sphalerite, pyrite and galena used



T. Wu et al.

Ore Geology Reviews 129 (2021) 103941

Period Diagenetic Hydrothermal Supergene

Stage I I 11

Mineral Py+Sp+Cal+ Sp+Py+Gn+Cal+ ) . o ]
+Dol+ +

assemblage Cal+Dol+Bar Dol+Flu Dol+Flu Py+Gn+Cal+Bar |Lim+Smi+Cer+Wil

Pyrite(Py)

Sphalerite(Sp)
Galena(Gn)
Calcite(Cal)

Dolomite(Dol)

|

Barite(Bar)
Fluorite(Flu)

Limonite(Lim)
Smithsonite(Smi)
Cerussite(Cer)

Willemite(Wil)

—— Less; === More
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iﬁte,l;ez)logical characteristics of orebodies in Danaopo Zn-Pb deposit (modified after Yu et al., 2014).
Average
Orebody Occurrence(®) Pb+Zn Orebody Grade(%) Zn/Pb | Altitude
NO. Dip Dip Reserves Scale Ratios
Direction | Angle (tons) Zn Pb

VI 101 7 15500 small 1.84 | 0.65 2.8 high\
Vb 101 7 45795 medium | 2.06 | 0.56 3.7

Vi 101 7 253264 large 224 | 097 2.3

V, 102 7 494598 large 240 | 0.85 2.8

Vi 102 7 341238 large 1.78 | 0.49 3.6

A% 102 7 375146 large 2.55 | 045 5.7

I\Y 102 7 108112 large 1.91 | 0.24 8.0

1L 94 7 1068090 large 3.51 0.82 43

1 94 2 160264 large 1.71 | 0.20 8.6

1> 100 7 485940 large 2.73 | 0.22 12.4

1, 100 7 774025 large 1.78 | 0.08 223

I 105 7 372022 large 1.61 | 0.18 8.9

I 105 7 75580 large | 129 | 011 | 117 | oV

are NBS127 (6**Sycpr = 20.3 + 0.2%o), NBS123 (8**Sycpr = 17.8 +
0.2%o0), Py-4 (6**Sycpr = 1.7 £ 0.3%0) and CBI-3 (8%*Sycpr = 28.5 +
0.4%o), respectively (Bao et al., 2017a; Chen et al., 2017; Yuan et al.,
2018). Sample-standard bracketing (SSB) approach is used to correct
instrumental drift and mass bias, during which the standards are
repeatedly measured before and after each sample (standard-sample-
standard). Detailed analytical methods are similar to those described in
Chen et al. (2017) and Yuan et al. (2018).

4.3. LA-MC-ICP-MS Pb isotope analysis

Using the same laser ablation system as in the sulfur isotope analysis,
in-situ Pb isotope analysis was carried out with a Nu Plasma multi-
collector (MC)-ICP-MS system (Nu plasma II, Nu Instruments Wrex-
ham, UK). In this study, the ion beam signals of 208pp,  207py,, 206py,
2057y, 204pp, 4 204yg 203T] and 202Hg were collected by the Faraday
cups H2, H1, Ax, L1, L2, L3 and L4, respectively. Analytical conditions
include 6 L/cm? laser energy density, 5 Hz frequency, 9-120 pm spot
size (9 pm for galena and 100 pm for pyrite and sphalerite), helium

carrier gas (flow rate: 0.28 mL/min), and the single spot method. Mass
fractionation correction of Pb isotopes was calculated by exponential
rule, and the fractionation factor was calculated by 2°°T1/20%T1 =
2.3889. The 2°*Hg/2%?Hg natural abundance ratio (0.229883) was used
to determine the interference from the 2°*Hg species on the 20Pb in-
tensity obtained, while the mass bias was corrected with the standard-
sample bracketing method. The laboratory internal galena (Gn-01)
standard and pressed pyrite powder tablet (PSPT-2) were used to
monitor the analysis. The repeated analyses of PSPT-2 yielded reliable
and reproducible results of average 2°°Pb/2%*Pb = 17.964 + 0.003,
207pp/204ph = 15.620 + 0.003, and 2°®Pb/2**Pb = 38.167 + 0.007 (1 s,
n = 37). Detailed analytical procedures and parameter values are as
described in Bao et al. (2017a) and Yuan et al. (2018).

5. Analytical results
5.1. In-situ S isotope compositions

In-situ §%*Sycpr values of the barite, pyrite, sphalerite, and galena



T. Wu et al. Ore Geology Reviews 129 (2021) 103941

Table 2
In situ S isotopic compositions of metal sulfides formed at stage-I, -II and -III in the Danaopo deposit.

Sample NO. Mineral 8%Svepr/%o 2SE Orebody NO. Altitude/m Drilling NO.
DNP-1-08 Barite +36.5 0.2 11 214 ZK4541
DNP-1-08 Barite +36.9 0.2 I 214
DNP-1-09 Pyrite-I +33.9 0.1 I 213
DNP-1-09 Pyrite-I +34.4 0.1 15 213
DNP-1-09 Pyrite-I +34.9 0.1 I 213
DNP-1-09 Pyrite-I +34.6 0.1 I 213
DNP-1-09 Pyrite-I +35.1 0.1 11, 213
DNP-1-10 Pyrite-I +35.5 0.2 11 212
DNP-1-10 Pyrite-I +35.1 0.2 I 212
DNP-1-14 Sphalerite-I +35.1 0.1 I 180
DNP-1-14 Sphalerite-I +35.0 0.1 I 180
DNP-1-14 Sphalerite-I +34.9 0.1 I 180
DNP-1-10 Sphalerite-I +34.8 0.1 I 212
DNP-1-09 Sphalerite-1 +34.1 0.1 11 213
DNP-1-09 Sphalerite-1 +34.2 0.1 I 213
DNP-1-09 Sphalerite-I +34.5 0.1 I, 213
DNP-1-09 Sphalerite-I +35.2 0.1 11 213
DNP-1-08 Sphalerite-1 +34.7 0.1 11 214
DNP-1-08 Sphalerite-I +32.7 0.1 I, 214
DNP-1-07 Sphalerite-I +34.0 0.2 11 220
DNP-1-04 Sphalerite-1 +34.2 0.2 1I 222
DNP-1-03 Sphalerite-I +33.2 0.2 Vo 294
DNP-1-03 Sphalerite-I +33.3 0.2 Vo 294
DNP-1-03 Sphalerite-I +33.5 0.3 Vo 294
DNP-1-04 Pyrite- I +33.6 0.2 I 222
DNP-1-04 Pyrite- II +33.2 0.1 1 222
DNP-1-03 Pyrite- II +33.0 0.1 \% 294
DNP-1-03 Pyrite- I +32.9 0.1 IV, 294
DNP-1-03 Pyrite- II +32.5 0.1 Vo 294
DNP-1-10 Sphalerite- II +33.5 0.1 T4 212
DNP-1-10 Sphalerite- II +32.3 0.1 11 212
DNP-1-09 Sphalerite- I +32.7 0.1 1 213
DNP-1-08 Sphalerite- I +32.8 0.1 1 214
DNP-1-08 Sphalerite- II +32.7 0.1 11 214
DNP-1-08 Sphalerite- I +32.6 0.2 I 214
DNP-1-07 Sphalerite- II +33.6 0.1 I 220
DNP-1-07 Sphalerite- II +33.6 0.1 11 220
DNP-1-04 Sphalerite- I +32.4 0.1 1I 222
DNP-1-04 Sphalerite- IT +31.9 0.2 11, 222
DNP-1-03 Galena- IT +28.6 0.1 IV, 294
DNP-1-03 Galena- I +30.1 0.2 Vo 294
DNP-1-03 Galena- II +29.2 0.2 1V, 294
DNP-1-03 Galena- IT +28.7 0.1 IV, 294
DNP-1-01 Galena-II +29.9 0.1 Vo 326
DNP-1-01 Galena-II +30.0 0.1 Vs 326
DNP-1-01 Galena-II +29.4 0.1 \2 326
DNP-1-01 Galena-II +30.1 0.1 Vo 326
DNP-1-14 Pyrite-III +31.6 0.2 I; 180
DNP-1-14 Pyrite-III +32.3 0.2 I 180
DNP-1-08 Pyrite-III +33.0 0.1 15 214
DNP-1-08 Pyrite-III +32.0 0.1 11 214
DNP-1-08 Pyrite-IIT +32.7 0.1 I 214
DNP-1-08 Pyrite-III +32.6 0.1 11, 214
DNP-1-07 Pyrite-III +32.4 0.1 11 220
DNP-1-07 Pyrite-III +32.0 0.1 1I 220
DNP-1-07 Pyrite-III +31.1 0.1 1 220
DNP-1-04 Galena-III +25.3 0.6 11 222
DNP-1-04 Galena-IIT +23.9 0.2 1, 222
DNP-1-04 Galena-III +23.5 0.2 1 222
DNP-2-02 Sphalerite-I +35.4 0.1 Vy 416 ZK3725
DNP-2-02 Pyrite-II +33.6 0.2 V, 416
DNP-2-02 Pyrite-II +33.7 0.2 Vi 416
DNP-2-02 Galena-II +29.5 0.1 Vi 416
DNP-2-02 Galena-II +29.6 0.2 Vy 416
DNP-2-02 Galena-II +29.7 0.2 V, 416
DNP-2-03 Barite-III +27.1 0.2 Vi 416
DNP-2-04 Barite-III +28.1 0.2 Vy 416
DNP-3-09 Galena-II +31.0 0.2 I 226 ZK8529
DNP-3-09 Galena-II +26.2 0.2 1I 226
DNP-3-09 Galena-II +30.0 0.1 I 226
DNP-3-09 Pyrite-III +32.2 0.2 1 226
DNP-3-09 Pyrite-III +31.5 0.1 1I 226
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Fig. 8. Sketch for Location and S-isotope values of pyrite, sphalerite and galena from the Danaopo deposit. Abbreviations: Py-pyrite; Sp-sphalerite; Gn-galena; Bar-

barite; Cal-calcite; Smi-smithsonite.

samples from the Danaopo deposit are listed in Table 2 and illustrated in
Figs. 8-10. The 5%*Sycpr values of barite in the diagenetic (Fig. 6H;
Fig. 8K) and late hydrothermal stage (-III) (Fig. 6G, N, O; Fig. 8J, L)
range from 36.5 to 36.9%o (mean + 36.7%0, n = 2) and 27.1 to 28.1%o
(mean + 27.6%o, n = 2), respectively (Table 2 and 5). The hydrothermal
sulfide 634SVCDT values vary from +23.5 to +35.5%o0 (mean + 32.2%o, n
= 68), of which pyrite (+31.3 to +35.5%0, mean + 33.1%o, n = 24),
sphalerite (+31.9 to +35.4%o, mean + 33.8%., n = 26), and galena
(+23.5 to +31.0%o, mean + 28.4%o, n = 17). Pyrite-I and sphalerite-I
have 634SVCDT values of +33.9 to +35.5%o (mean + 34.8%o, n = 17) and
+32.7 to +35.4%0 (mean + 34.3%o0, n = 16), respectively, whilst those
for pyrite-II, sphalerite-II, and galena-II are +32.5 to +33.7%o (mean +
33.2%o0, n = 7), +31.9 to + 33.6%o (mean + 32.8%o, n = 9), and +26.2 to
+31.0%0 (mean + 29.3%o, n = 14), respectively. Pyrite-III and galena-III
have 834Sycpr values of +31.1 to +33.0%o (mean + 32.1%o, n = 11) and
+23.5 to +25.3%0 (mean + 24.2%o, n = 3), respectively. In addition, in-
situ sulfide 534S values follow the decreasing order of 634Spy.1 > 634Ssp.1,
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8%Spy. I > §3%Sgp. 11 > %*Sgp. I and §>*Spy. 11 > §3*Sgy,. 111

5.2. In-situ Pb isotope compositions

In-situ Pb isotope compositions of the pyrite, sphalerite and galena
samples are listed in Table 3 and plotted in Figs. 11 and 12. The sample
data (n = 36) are summarized as follows: 206py, 204ph — 18,144-18.254
(mean 18.200), 27Pb/2°pb = 15.718-15.797 (mean 15.751) and
208pp,/204p — 38.378-38.605 (mean 38.485), with 238U/2%Pb (p)
values of 9.7-9.9 (mean 9.8). Moreover, sulfides of different altitudes
(180-416 m) or ore stages (—I/—II/—III) have similar Pb isotope com-
positions (Figs. 11 and 12). 2°6pb/204pb, 297pb/204ph and 2°8pb,/204pb
ratios of the sphalerite samples (n = 10) are of 18.189-18.254 (mean
18.219), 15.734-15.797 (mean 15.765), and 38.439-38.591 (mean
38.518), respectively, whilst those of the pyrite (n = 10) are of
18.154-18.238 (mean 18.201), 15.726-15.780 (mean 15.747) and
38.406-38.605 (mean 38.484), respectively. The galena samples (n =
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Fig. 9. (A) S-isotope histogram for the Danaopo deposit; (B) Box plot of S isotope compositions of sulfides from different ore stages; (C) Comparison of sulfide 5>*S
values between the Danaopo deposit and the rest of the Huayuan orefield (Cai et al., 2014; Duan et al., 2014; Zhou et al., 2016; Cao et al., 2017; Wei, 2017).
Cambrian seawater (Claypool et al., 1980), Qingxudong Fm. barite (Liu and Lu, 2000; Duan et al., 2014; Zhou et al., 2016; Wei et al., 2017), and Niutitang Fm. (Fan
et al., 1986) data are also shown for comparison; (D) Comparison between S isotope compositions of Danaopo deposit and coeval marine evaporites (modified after

Claypool et al., 1980).

16) have 2°°pb/2%pb = 18.144-18.211 (mean 18.187), 207Pb/2%pb =
15.718-15.746 (mean 15.743), and 2°Pb/2%%pb = 38.378-38.512
(mean 38.463) (Table 3).

6. Discussion
6.1. Source(s) of sulfur and sulfate reduction mechanism

The 8**Sycpr compositions and fractionation of S-bearing minerals
have been used to trace ore-forming material source and constrain the
ore-forming mechanism (Ohmoto, 1972; Rye and Ohmoto, 1974; Jones
and Kesler, 1997; Seal et al., 2000; Yuan et al., 2018). However, due to
the great influence of physical-chemical conditions including fos, pH,
ionic strength and temperature in the ore-forming fluid, 834Ssu1ﬁdes are
always not equivalent to §>*Sgg (Ohmoto, 1972; Chu et al., 1984; Seal,
2006). If significant amounts of sulfates were formed in the main-ore
stage, then 634Ssulfate > 634525 > 834Ssulﬁdes: otherwise 634Ssulﬁdes ~
§%4Sys (Ohmoto, 1972).

Sulfur-bearing minerals at the Danaopo deposit consist of barite,
sphalerite, galena, and pyrite. In-situ 5%*Sycpr values of metal sulfides
range from +23.5 to +35.5%0 (mean + 32.2%o, n = 68) (Tables 2 and 5)
and barite formed at diagenetic and late-hydrothermal stage are
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36.5-36.9%0 and 27.1-28.1%o (Figs. 6-8; Tables 2 and 5), respectively.
The minor amount of hydrothermal barite-III (Fig. 6G, O, N; Fig. 8J, L)
after the main Zn-Pb mineralization stage would make little influence on
the sulfur isotope compositions of the hydrothermal fluid system
(Ohmoto, 1972). Thus, the Danaopo ore-fluid 634825 values approximate
the mean 634Spyn-te values of +33.1%o (+31.3 to +35.5%0, n = 24). In
addition, the sulfide 5%*S values gradually decrease in the trend of
634Spy > 63485lJ > 5%*Sgn (Fig. 9B; Table 2), which indicates that the ore-
forming fluids were enriched in heavy S isotopes, consistent with what
would be expected in thermodynamic equilibrium fractionation.

In many medium-low temperature hydrothermal deposits, sulfates
(SO?{) in the seawater or sediments can be reduced to sulfide (S37) via
bacterial sulfate reduction (BSR) or thermochemical sulfate reduction
(TSR) (Ohmoto and Rye, 1979; Machel et al., 1995; Leach et al., 2005),
depending on the temperature (Machel et al., 1995). BSR usually takes
place at 60-80 °C (Machel, 1989), although its occurrence at 110 °C has
also been reported (Jgrgenson et al., 1992). BSR commonly produces a
wide 8%*Sycpr range due to the large isotopic fractionation (15-66%o)
between sulfate and sulfide (Rees, 1973; Leach et al., 2005; Basuki et al.,
2008; Sim et al., 2011; Li et al., 2019). In contrast, TSR (occur at
100-140 °C) produces relatively narrow range for sulfur isotopic frac-
tionation, yielding <15%o in the presence of organic matter (Ohmoto
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Fig. 10. Plot of 8>S of sulfides at different ore stages vs. altitudes of orebodies
from the Danaopo deposit.

and Rye, 1979; Worden et al., 1995; Wang et al., 2018). Previous studies
indicate that the fluid inclusions (from the Danaopo calcite and sphal-
erite) homogenized mainly at 140-328 °C (Zhou et al., 2015). We ob-
tained similar sulfur equilibrium temperature (147-300 °C) for
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coexisting sulfides (pyrite-galena and pyrite-sphalerite) (Table 4), based
on the sulfur isotope balance fractionation equation (Rye et al., 1974).
Hence, we suggested that TSR was more likely for the case of the
Danaopo deposit, as also supported by the small narrow sulfide §**Sycpr
range (+30 to +35%o) (Fig. 9A). In addition, the sulfide 5%*Sycpr values
of the same ore stage decrease with the increase of altitude (Fig. 10),
suggesting that hydrothermal fluid temperature decreased during the
fluid ascend, which weakened the TSR process.

Although 5%*Sycpr values of the Danaopo sulfides (+23.5 to
+35.5%0, mean + 32.2%o) are slightly higher and with wider-range than
those of bulk 634SVCDT values of single-type sulfide minerals from eight
representative Pb-Zn deposits in the Huayuan orefield (+24.0 to
+34.1%0, mean + 29.4%o, n = 149; Fig. 9C and Table 5), the small dif-
ference indicates that the whole Huayuan orefield has had similar sulfur
source (Fig. 9C). In Fig. 9A, it is shown that the sulfur source of the
Danaopo ore-forming fluid is single-sourced. Besides, the sulfide
§%*Sycpr values have no significant intra-grain variation (e.g., from core
torim) (Fig. 8A, B, E, F, H), which further supports a single sulfur source.
It is clear that sulfur isotope compositions of the Danaopo sulfides are
different from typical mantle rocks (—4 to +8%o; Chaussidon et al.,
1989), metamorphic rocks (—20 to +20%o; Chen and Wang, 2004), or
igneous rocks (—5 to +10%o; Seal et al., 2000), but similar to the
Cambrian seawater sulfate (+28 to +34%o; Fig. 9D; Claypool et al.,
1980), diagenetic barite (+32.8 to +37.3%o) from the LCQF ore host
(Tables 4 and 5; Liu and Zheng, 2000; Zhou et al., 2016; Wei, 2017), and
barite (+33 to +41%o) in the footwall LCNF sequence (Fig. 9C; Table 5;
Fan et al., 1986). The sulfur may thus be derived from ore-bearing or
footwall sequences at the Danaopo deposit. If the sulfur was sourced
from the LCNF sulfates, the theoretical TSR-generated sulfide S-isotope
values could range from +18 to +41%o, broadly similar to the measured
634SVCDT values (+23.5 to +35.5%0). However, this contrasts with to the

Table 3
In situ Pb isotopic compositions of metal sulfides formed at stage-I, -II and -III in the Danaopo deposit.

Sample NO. Mineral 29%pb/2%4pb 1s 297pb/*%Pb 1s 20pb/2%4pb 1s

DNP-1-03 Galena-II 38.497 0.007 15.752 0.003 18.199 0.002
DNP-1-03 Galena-II 38.504 0.004 15.745 0.002 18.205 0.002
DNP-1-03 Galena-II 38.512 0.004 15.746 0.002 18.211 0.002
DNP-1-01 Galena-II 38.450 0.004 15.751 0.002 18.177 0.002
DNP-1-01 Galena-II 38.438 0.005 15.745 0.002 18.171 0.002
DNP-1-01 Galena-II 38.415 0.005 15.735 0.002 18.156 0.002
DNP-2-02 Galena-II 38.453 0.003 15.738 0.001 18.191 0.001
DNP-2-02 Galena-II 38.441 0.003 15.743 0.001 18.182 0.001
DNP-2-02 Galena-II 38.447 0.004 15.742 0.001 18.182 0.002
DNP-3-09 Galena-II 38.454 0.004 15.752 0.002 18.189 0.002
DNP-3-09 Galena-II 38.414 0.005 15.728 0.002 18.168 0.002
DNP-3-09 Galena-II 38.378 0.005 15.718 0.002 18.144 0.002
DNP-1-04 Galena-III 38.497 0.005 15.747 0.002 18.201 0.002
DNP-1-04 Galena-III 38.507 0.005 15.751 0.002 18.206 0.002
DNP-1-04 Galena-III 38.497 0.005 15.749 0.002 18.204 0.002
DNP-1-04 Galena-III 38.500 0.007 15.748 0.002 18.203 0.003
DNP-1-09 Pyrite-I 38.605 0.014 15.780 0.005 18.238 0.005
DNP-1-04 Pyrite-II 38.471 0.026 15.740 0.010 18.186 0.012
DNP-1-03 Pyrite-II 38.514 0.018 15.747 0.008 18.211 0.008
DNP-1-03 Pyrite-IT 38.479 0.007 15.742 0.003 18.202 0.003
DNP-1-14 Pyrite-IIT 38.513 0.009 15.765 0.004 18.208 0.004
DNP-1-14 Pyrite-III 38.437 0.019 15.733 0.008 18.197 0.008
DNP-1-08 Pyrite-III 38.526 0.016 15.769 0.006 18.218 0.008
DNP-1-07 Pyrite-IIT 38.452 0.011 15.745 0.004 18.201 0.005
DNP-1-07 Pyrite-III 38.428 0.019 15.732 0.007 18.193 0.009
DNP-3-09 Pyrite-III 38.406 0.018 15.726 0.007 18.154 0.008
DNP-1-07 Sphalerite-I 38.591 0.026 15.797 0.010 18.254 0.012
DNP-1-07 Sphalerite-I 38.547 0.017 15.777 0.007 18.233 0.008
DNP-1-07 Sphalerite-I 38.558 0.009 15.781 0.003 18.231 0.004
DNP-1-14 Sphalerite-11 38.500 0.022 15.754 0.009 18.213 0.010
DNP-1-09 Sphalerite-II 38.450 0.019 15.750 0.008 18.211 0.009
DNP-1-09 Sphalerite-II 38.516 0.015 15.758 0.006 18.220 0.007
DNP-1-08 Sphalerite-11 38.489 0.012 15.754 0.005 18.201 0.005
DNP-1-08 Sphalerite-II 38.439 0.007 15.734 0.003 18.189 0.003
DNP-1-08 Sphalerite-II 38.529 0.021 15.770 0.009 18.215 0.010
DNP-1-04 Sphalerite-II 38.514 0.017 15.758 0.007 18.206 0.008
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isotope characteristics of the Danaopo deposit.

common interpretation that the Niutitang Fm. contributed much of the
ore-forming metals for Danaopo. Because the Niutitang Fm. is rich in
organic matters (You, 2010; Liu, 2017), which would have reacted with
sulfate to generate reduced sulfur, which then precipitated the ore
metals in the LCNF rather than in the upper LCQF through a long-
distance transport.

Hence, the LCQF marine sulfates may have supplied most of the
sulfur, because: (1) in the early sedimentary diagenetic stage, the decay
of algae, bioclastic and other micro-organisms in the ore-bearing strata
can produce abundant HS™, H,S and CH4 (Liu and Lu, 2000; Tang et al.,
2012, 2013; Kuang et al., 2015); (2) the bitumen and other hydrocar-
bons in the ore-bearing strata, as evidenced by fluid inclusion studies
(Liuetal., 1999b, 1999a; Wei, 2017), may have provided the reductants
for TSR in the Huayuan orefield; (3) the presence of gypsum in fluid
inclusions (Liu et al., 1999a; Wei, 2017) and the calcite as nodular and
zebra (stripes) texture (Fig. 5B) support that evaporates were once
present (Leach, 2014), and provided the ore-forming sulfur; (4) the
theoretical 53*Sycpr values of sulfide ranging from +17.8%o to +37.3%o
by TSR reaction of sulfate in the LCQF match appropriately with the
new-obtained 634SVCDT values (+23.5%0 to +35.5%0) in the Danaopo
deposit and the surface of barite contain many dissolution holes under
SEM (Fig. 6H), which is a probable evidence that such barite provide
sulfur for mineralization.

6.2. Metals source

The Caledonian orogeny in South China led to the formation of
Xuefeng Uplift in western Hunan (Feng et al., 2003; Du and Xu, 2012).
The Xuefeng Uplift may have experienced a tectonothermal event
slightly before 419 Ma, and the influence reached as far west as the
Huayuan-Zhangjiajie fault zone (Hu et al., 2010). In addition, sphalerite
dating results (410-490 Ma) (Du et al., 2012; Duan et al., 2014; Tan
et al., 2018) indicate that the Huayuan Pb-Zn mineralization occurred in
the late Silurian to early Ordovician. Hence, Pb isotope ratios of the
LCQF reef limestone (Schneider et al., 2002; Cai et al., 2014; Hu et al.,
2017), LCNF black shale (Schneider et al., 2002; Chen et al., 2003), and
the Proterozoic Banxi Gp. slate (Liu and Zhu, 1994) were corrected
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(Table 6) with the sphalerite Rb-Sr isochron age (410 + 12 Ma) (Duan
et al., 2014) from the Shizishan Pb-Zn deposit (Fig. 1C).

Previous Pb isotope data of 63 single sulfide minerals (pyrite,
sphalerite and galena) analyzed by the solution method in the Huayuan
Pb-Zn orefield have scattered compositions (Fig. 12 A, C), i.e.,
206pp/204py, 17.91-18.83, 297pb/2%*pb 15.53-15.83, and
208p, /204phy, — 37.57-39.26 (Table 6), which indicate mantle-derived
(Li, 1992), mantle-crust mixing (Shu, 1983; Kuang et al., 2015; Cao
et al., 2017) or crustal (Hu et al., 2017; Wei et al., 2017) source(s),
respectively. By comparison, the sulfides from Danaopo have narrower
Pb isotope ranges, i.e., 206pp,209ph = 18.14-18.24, 207Pb/2%%pb =
15.72-15.80, and 2°®pb/2%%Pb = 38.38-38.61 (Figs. 11, 12 A, G;
Table 6). In the 2°7Pb/2%pPb vs. 2°°Pb/2%‘pb plot (Fig. 12A), the
Danaopo samples fall above the average upper crustal Pb evolution
curve (Zartman and Doe, 1981), suggesting that the metals were mainly
upper crustal-derived. All data points fall into a steeply linear trend
(Fig. 12B, D), indicating that the lead may have been derived from a
single Pb source or the lead isotopes were homogenized by thorough
source mixing (Carr et al., 1995; Canals and Cardellach, 1997; Cunha
et al., 2007; Ding et al., 2016).

There are three potential upper-crustal lead sources in the Huayuan
Pb-Zn orefield, namely the ore-hosting LCQF reef limestone, the LCNF
black shale, and the Proterozoic Banxi Gp. basement rocks (Schneider
et al.,, 2002; Cao et al., 2017; Hu et al., 2017; Wei et al., 2020).
Comparing the Pb isotope compositions of the Danaopo sulfides with
those of the age-corrected (410 Ma) wall-rocks and basement rocks, the
former is clearly different from each of the potential Pb source (Table 6),
suggesting that a single Pb source can be excluded. The sulfides show
very similar 2°°Pb/2%4Pb ratios with the reef limestone, black shale and
slates for the same 2°°Pb/2%*Pb ratios (Fig. 12A, C), albeit minor dif-
ferences do exist as follows: (1) although sulfides have similar Pb isotope
composition with reef limestones, the former have slightly higher
207pp,/20ph and 2°8Pb/2%Pb than the latter (Fig. 12A, C; Table 6); (2)
sulfides also display both higher 27Pb/2%*Pb and 2°%Pb/2%Pb ratios
than black shales at a given 2°Pb/2%*Pb ratio, despite the black shales
have a wider range Pb isotope ratios than that of sulfides (Fig. 12A, C;
Table 6); (3) sulfides show higher 207pp/294ph and lower 2°8pb,/204ph
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Fig. 12. (A, C) Diagrams of 2°7Pb/2%*Pb vs. 2°°Pb/20Pb and 2°8Pb/20Pb vs. 2°°Pb,/2°“Pb for the Danaopo deposit. Data source: Pb isotope evolution curves of Upper
Crust (U), Orogenic Belt (O), Mantle (M) and Lower Crust (L) (Zartman and Doe, 1981); Pb-Zn deposits in the Huayuan orefield (Cai et al., 2014; Zhou et al., 2016;
Cao et al., 2017; Wei, 2017; Li, 2018); age-corrected (t = 410 Ma) Qingxudong Fm. reef limestone (Schneider et al., 2002; Cai et al., 2014; Hu et al., 2017), Niutitang
Fm. black shale (Schneider et al., 2002; Chen et al., 2003), and Banxi Gp. slate (Liu and Zhu, 1994); (B, D) Plots of 207p1 /204ph vs.296ph /294ph and 2°%Pb/2%“Pb vs.

206pp,/294ph for the Danaopo stage-I to -III sulfides.

Table 4
Temperature of symbiotic sulfides calculated by sulfur isotope geothermometer
(Ohmoto and Rye, 1979).

Samples 534S /%0-Py 53%S/%o0-Sp 534S /%0-Gn T(°C) Period

DNP-1-03 +32.5 +28.6 215 Stage-II
DNP-1-03 +32.9 +28.7 197 Stage-II
DNP-1-03 +33.0 +29.2 222 Stage-II
DNP-2-02 +33.6 +29.5 203 Stage-II
DNP-2-02 +33.7 +29.6 203 Stage-II
DNP-2-02 +33.6 +29.7 215 Stage-II
DNP-2-02 +33.7 +29.5 195 Stage-II
DNP-1-04 +33.6 +32.4 165 Stage-II
DNP-1-04 +33.2 +31.9 147 Stage-II
DNP-1-09 +35.1 +34.1 206 Stage-1
DNP-1-09 +35.1 +34.2 232 Stage-I
DNP-1-09 +34.8 +34.1 300 Stage-I
DNP-1-10 +35.5 +34.8 300 Stage-I

A**Spy.gn = 87*Spy — §¥%Sgn = 0.93 x 10°/(T + 273.15)% A**Spy.gp = 57*Spy —
§3%Ssp = 0.23 x 10%/(T + 273.15)* (Rye et al., 1974). Abbreviations: Py-pyrite;
Sp-sphalerite; Gn-galena
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than slates at a given 2°Pb/2%4Pb ratio (Fig. 12A, C; Table 6). The Pb
isotopic evidence suggests that it is possible to provide all 2°Pb/2%Pb
and the lower end-member of 2°7Pb/2%Pb and 2°8Pb/2%Pb in sulfides
for no matter ore-bearing or underlying strata, whereas the higher end-
member of 27Pb/2°4Pb and 2%8Pb,/294Pb in sulfides should be supplied
by the LCNF black shale and the Banxi Gp. basements rocks, respec-
tively. Hence, we considered that the lead (and probably other metals)
was derived from thorough mixing of lead from the limestone, black
shale and basement rocks.

In fact, the age-corrected (410 Ma) sphalerite Sr isotope ratios are
slightly higher than those of the ore host, but generally lower than those
of the footwall and basement rocks, suggesting that the footwall may
have provided more radiogenic Sr (Schneider et al., 2002; Li, 2018; Wei,
2017). Besides, the LCQF in western Hunan alone may not be able to
provide enough Pb (10.1 ppm) and Zn (14.9 ppm) (Lei et al., 2013) for
the world-class Huayuan Pb-Zn orefield with 10 Mt proven Zn + Pb
reserve (Wei et al., 2020). Since the early-stage sulfides have more
radiogenic Pb isotopes than those of the main and late ore stages
(Fig. 12B, D), the lower radiogenic upper-crustal lead may have been
provided by both the Qingxudong and Niutitang Fm..

Published experiment studies indicate that interactions between
COq-rich brine and shale can extract metals (e.g., Co, Cu, Pb, Zn) from
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Table 5
Sulfur isotopic compositions of metal sulfides and barites from Ore-hosting strata in Huayuan Pb-Zn orefield and barite of ore-bearing underlying strata.
Deposit/Area Strata Mineral/Rock 5%4S/%0 Mean/%o Number Source Method
Danaopo Zn-Pb deposit €1q Sulfides +23.5—+35.5 +32.2 67 This paper In situ analysis
Danaopo Zn-Pb deposit Barites +27.1-4+-36.9 +32.2 4
Limei Pb-Zn deposit Sphalerite +27.0-+32.4 +30.2 18 Li, 2018 Bulk analysis
Limei Pb-Zn deposit Sulfides +25.2—+31.3 +28.9 18 Cao et al., 2017
Limei Pb-Zn deposit Sphalerite +28.8-+32.7 +30.3 7 Cai et al., 2014
Limei Pb-Zn deposit Sphalerite and Galena +27.6—+33.4 +29.9 5 Wei, 2017
Shizishan Pb-Zn deposit Sulfides +26.7-+32.9 +30.8 20 Cao et al., 2017
Shizishan Pb-Zn deposit Sulfides +26.3—+34.1 +30.1 15 Cai et al., 2014
Tudiping Pb-Zn deposit Sphalerite and Galena +25.2—+32.2 +30.1 10 Li, 2018
Baomaozhai Pb-Zn deposit Sphalerite and Galena +33.2-+33.9 +33.6 3 Wei, 2017
Laohuchong Pb-Zn deposit Sphalerite and Galena +27.2—+33.8 +30.7 5 Wei, 2017
Naizibao Pb-Zn deposit Sulfides +24.0—+33.4 +28.3 18 Cao et al., 2017
Dashigou Pb-Zn deposit Sphalerite and Galena +24.5-+32.7 +30.7 27 Wei, 2017
Changdengpo Pb-Zn deposit Sphalerite and Galena +28.7—+33.2 +31.0 3 Wei, 2017
Huayuan Pb-Zn orefield Barite +36.3 - - Liu and Zheng, 2000
Baomaozhai Pb-Zn deposit Barite +37.3 +37.3 1 Wei, 2017
Tudiping Pb-Zn deposit Barite +36.1 +36.1 1 Wei, 2017
Limei Pb-Zn deposit Barite +32.8-+34.2 +33.5 6 Zhou et al., 2016
West Hunan €n Barite +33.1-+41.0 +38.2 6 Fan et al., 1986
Table 6

Lead isotopic compositions of sulfides in Huayuan Pb-Zn orefield, reef limestone of Lower Cambrian Qingxudong Fm., black shale of Lower Cambrian Niutitang Fm.

and slate of Proterozoic Banxi Group.

Deposit/Strata Mineral/Rock 206pp, /204ppy Mean 207pp /204pp Mean 208p, /204p Mean NO. Source Method
Danaopo Sulfides 18.14-18.24 18.20 15.72-15.80 15.75 38.38-38.61 38.49 36 This paper In-situ
Limei Sphalerite and Pyrite 18.00-18.11 18.04 15.58-15.68 15.62 38.15-38.35 38.23 4 Cao et al., 2017 Bulk sulfides
Limei Sphalerite 18.15-18.21 18.19 15.70-15.75 15.72 38.31-38.49 38.39 8 Li, 2018

Limei Sphalerite and Galena 17.94-18.12 18.01 15.53-15.72 15.64 38.14-38.44 38.21 5 Wei, 2017

Shizishan Galena and Sphalerite 18.10-18.13 18.13 15.66-15.74 15.70 38.17-38.44 38.24 4 Cai et al., 2014

Shizishan Galena and Sphalerite 18.01-18.14 18.07 15.62-15.68 15.66 38.11-38.30 38.24 6 Duan et al., 2014

Naizibao Sphalerite and Pyrite 18.05-18.12 18.08 15.63-15.69 15.66 38.26-38.35 38.30 3 Zhou et al., 2016

Tuanjie Sphalerite 17.92-18.83 18.25 15.55-15.64 15.60 38.09-38.24 38.15 3 Zhou et al., 2016

Huangliandong Sphalerite and Galena 18.02-18.16 18.11 15.58-15.73 15.69 38.12-38.51 38.33 4 Zhou et al., 2016

Dashigou Sphalerite and Galena 18.14-18.68 18.31 15.69-15.83 15.76 38.24-39.26 38.62 14 Li, 2018

Laohuchong Galena and Sphalerite 18.00-18.13 18.08 15.63-15.75 15.71 38.17-38.54 38.38 4 Wei, 2017

Bamaozhai Sphalerite and Galena 17.88-18.03 17.95 15.62-15.67 15.65 37.63-38.11 37.90 3 Wei, 2017

Tudiping Sphalerite and Galena 17.87-18.02 17.97 15.50-15.75 15.65 37.57-38.24 37.96 5 Wei, 2017

Qingxudong Fm. Reef limestone 18.10-18.23 18.19 15.71-15.76 15.73 38.32-38.50 38.42 6 Hu et al., 2017 Whole-rock
Qingxudong Fm. Reef limestone 17.43-17.49 17.46 15.63-15.64 15.63 37.45-37.54 37.50 2 Cai et al., 2014

Qingxudong Fm. Reef limestone 17.54-17.75 17.64 15.71-15.72 15.72 37.64-37.68 37.66 2 Schneider et al., 2002

Niutitang Fm. Black shale 17.68-20.80 19.23 15.65-15.84 15.75 37.49-38.85 37.81 10 Chen et al., 2003

Niutitang Fm. Black shale 21.13 - 15.87 - 38.12 - 1 Schneider et al., 2002

Banxi Group Slate 16.90-18.37 17.48 15.43-15.67 15.53 37.12-40.71 38.44 14 Liu and Zhu, 1994

Whole rock Pb isotope were corrected by mineralization age of 410 Ma (Duan et al., 2014).

the latter (Kirsch et al., 2014; Virginia and John, 2015; Wunsch et al.,
2013). The Niutitang Fm. in the WHEG metallogenic belt comprises
thick (>200 m) sequences of black shale, carbonates, siliceous rocks,
phosphorite and clastic rocks (Jiang et al., 2008; You, 2010). Moreover,
the Niutitang Fm. has considerably higher concentrations of Pb (31.4
ppm) and Zn (231.8 ppm) than most other sequences in western Hunan
(Yan et al., 1997; Lei et al., 2013; Fig. 13). In particular, the black shale
(Pb-Pb isochron age of 531 + 24 Ma and Re-Os isochron age of 535 + 11
Ma) show very high contents of Pb (76.6 ppm) and Zn (936.2 ppm)
owing to the submarine hydrothermal exhalation in the early Cambrian
(Jiang et al., 2006, 2008). We thus suggest that the Niutitang Fm. could
have been a major metal source for the Danaopo Zn-Pb mineralization.

6.3. Metallogenic model
The Danaopo deposit has common wall-rock alteration styles

(calcite, dolomite, barite, and fluorite) to typical MVT Pb-Zn deposit,
simple hydrothermal mineral assemblage (pyrite, sphalerite, galena,
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calcite, dolomite, fluorite, and barite), single sulfur source and homog-
enous Pb isotope ratios, and no link to regional magmatism, which
altogether suggests that the mineralization is of a sedimentary-related
style. Sedimentary-diagenetic and sedimentary-reworking type Pb-Zn
deposits have syngenetic sedimentation of ore-forming materials and
ore-bearing rocks (Li, 1992; Luo et al., 2009; Chen et al., 2011), whereas
it is precluded by the low Pb and Zn contents in the LCQF (Lei et al.,
2013; Fig. 13).

The Danaopo Zn-Pb deposit is hosted in the LCQF reef limestone
deposited in a carbonate platform margin (slope-facies) setting, and
structurally controlled by the Huayuan-Zhangjiajie fault zone (Figs. 2
and 4). This geotectonic framework likely provided both the space for
hydrothermal fluid circulation and metal precipitation, and the neces-
sary organic matters for the TSR process. Additionally, the geological
and metallogenic characteristics at the Danaopo deposit are comparable
to typical MVT deposits (Table 7), except for its higher temperatures
(140-328 °C) which indicate it may be an iron-rich MVT deposit (Marie
etal., 2001; Xiong et al., 2019), as supported by the higher Zn/Pb ratios
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Strata Pbx10° | Znx10° | Number Source
East of China| carbonate rocks 8.0 18.0 Yanetal., 1997
Ordovician O,n 5.2 9.3 165

€;;l 4.8 7.4 67
€,g 8.3 8.8 32
Cambrian €q 10.1 14.9 34 Leietal.,2013
€s 14.5 71.3 121
€n 31.4 231.8 154
Bilscanen Z,dy 8.7 2.2 228
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Fig. 13. Histogram of Pb-Zn contents for carbonate rocks from Eastern China (Yan et al., 1997), Banxi Gp. sandstone and slate (Zhou et al., 1983), and Ediacaran to

Lower Ordovician sequences in northwestern Hunan (Lei et al., 2013).

(1.3-22.3; Table 1) and abundant pyrites in all ore stages (Fig. 7). Hence,
we consider Danaopo as a MVT Zn-Pb deposit.

The Caledonian orogenic event likely promoted folding and the
formation of Xuefeng Uplift, and the topographic difference (horst-
graben) generated may have led to large-scale circulation and conver-
gence of ore-bearing brine to the Huayuan district (Hu et al., 2010; Du
and Xu, 2012; Wei et al., 2020). The well-mixed Pb isotopic signature
may have been the result of continuous circulation of basinal brine that
extracted ore-forming elements from the different strata in the district.

The Zn/Pb ratios in the Danaopo orebodies decrease from 1.3 to 22.3
with shallowing depths (Table 1), implying that the sphalerite content in
the deeper level is higher than galena, and vice versa in the shallower
level. Since sphalerite precipitated before galena at the Danaopo depo-
sit, and the orebodies gradually thin out toward the margin (Fig. 4),
indicating that the hydrothermal fluids first ascended from basement to
ore-bearing strata, and then spread out horizontally: The ore-forming
fluid was likely driven by the pressure and ascended along the
Huayuan-Zhangjiajie fault zone to the LCQF. Then, the fluid may have
migrated laterally and continued to extract metals from the ore-bearing
strata. The acidic ore-forming fluids, low-medium temperature and
medium-high salinity fluid (Liu and Zheng, 2000; Zhou et al., 2014,
2015) dissolved the carbonate wallrock, which further increased
porosity of the reef limestone and thus the space for later ore precipi-
tation. The ore precipitation was likely formed by the mixing the fluids
rich in ore metals with reduced S reservoir formed by TSR of seawater
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sulfates (from the LCQF), facilitated by the presence of organic matters
in the ore-hosting strata.

7. Conclusions

(1) Sulfur isotope compositions of sulfates and sulfides at the
Danaopo deposit reveal that the sulfur source was originated
from TSR of marine sulfates in the ore-bearing strata, which
occurred at around 147-300 °C.

Sulfide Pb isotope compositions suggest well-mixing of multiple

Pb sources, including mainly the LCNF black shale with minor

contribution from the Proterozoic Banxi Gp. metamorphic base-

ment rocks, and the LCQF reef limestone.

(3) Danaopo is best classified as a MVT Zn-Pb deposit, and the ore
deposition was likely triggered by the mixing of ore-forming fluid
with reduced sulfur reservoir during the Early Devonian orogenic
event (~410 Ma).

(2

—
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Table 7

Typical geological characteristics of MVT deposit and Danaopo Zn-Pb deposit.

Characteristics

Typical MVT Pb-Zn deposit

Danaopo Zn-Pb deposit

Tonnages and
grades

Mineralization
Depths

Mineralization
ages

Tectonic setting

Relationship with
magmatism
Ore-bearing rocks

Ore-controlling
factors
Orebodies
occurrences
Wall-rock
alterations
Ore structures

Ore textures

Ore minerals
compositions
Gangue minerals

Associated metal
(s)

Temperature and
salinity

Organic matter

Sulfur source(s)

Metals source(s)

Single orebodies < 1 Mt, av.
Pb + Zn < 10 wt%

< 1500 m

Epigenetic, Proterozoic to
Cretaceous

Carbonate platform,
Foreland basin of passive
continental margin

Little relationship with
igneous activities
Cambrian to Carboniferous
carbonate rocks

Faults, folds and lithology

Layered, stratoid, veined
and lenticular

Dolomitiz-, calcitiz-, baritiz-
, fluoritiz- and silicific-ation
Disseminated, massive, fine-
granular and colloidal

Colloidal and skeleton
coarse-crystalline

Sphalerite, galena, pyrite
and marcasite

dolomite, calcite, barite,
fluorite, quartz and bitumen
Ag

50-250 °C, 10-30 wt% NaCl
equiv.

Bitumen and hydrocarbon
inclusions

Seawater sulfate (5°*S: +10
to +35%o)

Basements and sediments

~4.57 Mt Pb + Zn reserves
with av. 2.58 wt% Zn and
0.48 wt% Pb

200-400 m

Epigenetic, Late Silurian to
Early Devonian (~410 Ma)
Slope facies of carbonate
platform margin

Irrelevant with regional
magmatism

Lower Cambrian Qingxudong
Fm. reef limestone
Huayuan-Zhangjiajie fault
belt and algal reef zone
Stratoid and lenticular

Calcitiz-, dolomitiz-, baritiz-
and fluoritiz-ation
Porphyritic veined, piebald
(similar to disseminated) and
massive

subhedral to anhedral
granular, metasomatic,
poikilitic and interstitial
Sphalerite, galena, pyrite

Calcite, dolomite, barite,
fluorite (and bitumen)
Cd and Ag

140-328 °C, 4.5-21.4 wt%
NaCl equiv.

CHy-bearing fluid inclusions
(and bitumen)

Seawater sulfate in the ore-
bearing strata (5°*S: +23.5 to
+35.5%0)

Metamorphic basement of the
Proterozoic Banxi Group +
black shale of the LCNF (+reef
limestone of the LCQF).

Precipitation Reduced S, Sulfate reduction ~ Mixing of reduced S and
mechanism or mixing of reduced S and metals
metals
References Leach et al. (2005), Leach Yang and Lao (2007), Yu et al.
et al. (2010), Zhou et al. (2014), Duan et al. (2014),
(2018a), Xiong et al. (2019) Zhou et al. (2015), This study
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