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The Maoping carbonate-hosted Pb-Zn deposit (25 Mt ores @ 12-35% Zn + Pb) is a representative and the third-
largest Pb-Zn deposit in the Sichuan-Yunnan-Guizhou Pb-Zn metallogenic province (SYGMP). In this study, Pb-
Zn-Cd isotope analyses were performed on sphalerite from Maoping, in order to understand the ore metal source
and metallogenesis in the SYGMP. The sphalerite samples have narrow ranges of Pb isotope ratios: 2°°Pb/204Pb
— 18.675-18.751, 27Pb/2**pb = 15.758-15.768, and 2°°Pb/2%*Pb — 39.287-38.436. This implies thorough
mixing of two Pb sources, which we interpreted to be the Devonian-Carboniferous ore-hosting carbonate wall-
rocks and the Neoproterozoic Kunyang/Huili Group (Gp.) clastic and metamorphic rocks. The Maoping sphal-
erite samples have uniform §%7n (—80.07 to + 0.25%0) and §'1Cd (—0.10 to + 0.27%o) values, which further
support complete source mixing. In the §°°Zn vs. Cd/Zn plot, the Maoping sphalerite data fall close to the field of
basement rocks and distal to the carbonate wallrocks, indicating that the ore zinc was mainly derived from the
metamorphic basement with heavier §°6Zn values and low Cd/Zn ratios with certain contributions from the
minor carbonate wallrock with lower §%°Zn values and high Cd/Zn ratios. In the §'*Cd vs. 1/Cd plot, all
Maoping sphalerite samples fall inside the Mississippi Valley-type (MVT) field, and the deposit shares many
geological and sulfide geochemical (incl. isotopic) features with MVT deposits. Thus, the Maoping Pb-Zn
mineralization is best classified as MVT, and the sulfide precipitation in structural (fault-fold) traps was
caused by binary mixing of a metal-bearing and a reduced S-bearing fluid.

studies, the regional Pb-Zn ore metal source has been variably attributed
to the Emeishan flood basalt, the metamorphic basement, and/or the

1. Introduction

The world-class Sichuan-Yunnan-Guizhou metallogenic province
(SYGMP) in South China hosts ~ 400 Pb-Zn deposits, containing a total
of > 200 Mt ores @ 10-15% Pb + Zn (Fig. 1a; Liu and Lin, 1999; Huang
et al., 2004, 2011; Hu et al., 2017). During the past two decades, many
studies were conducted on the SYGMP carbonate-hosted Pb-Zn deposits,
especially on their geological features and mineralization ages (e.g.,
Huang et al., 2004; Li et al., 2004; Han et al., 2007; He et al., 2017; Zhou
et al., 2013a, 2013b, 2015, 2018b; Xu et al., 2019). Despite these
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Sinian-Permian sedimentary sequences (e.g., Huang et al., 2004; Zhou
et al., 2013a, 2013b, 2018b; Zhu et al., 2013, 2018; Luo et al., 2019;
Xiang et al., 2020 and reference therein). The lack of ore metal source
constraints limits the construction of an inclusive regional Pb-Zn met-
allogenic model.

The large Maoping Pb-Zn deposit (>3.0 Mt contained Zn + Pb; Wei
etal., 2015; Xiang et al., 2020) is typical in the SYGMP, and is hosted by
Devonian-Carboniferous carbonate rocks (Zhang et al., 2015).
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Fig. 1. (a) Tectonic map of China, showing the location of the Sichuan-Yunnan-Guizhou (SYG) region and Emeishan Large Igneous Province (ELIP) (modified after
He et al., 2020). (b) Regional geologic map of the SYG Pb-Zn mineral province, showing the distribution of Emeishan flood basalts, major structures, and Pb-Zn

deposits (modified from Liu and Lin, 1999).

Previously, Han et al. (2007) suggested that the ore fluids were of me-
dium temperatures (180-280 °C) and low salinities (4.1-9.5 wt% NaCl
equiv.). Yang et al. (2019) reported a Late Triassic mineralization age by
sphalerite Rb-Sr dating (202.5 + 8.5 Ma), possibly related to the late
Indosinian orogeny. Certain studies suggested that the reduced sulfur
was sourced from marine evaporite in the ore-bearing sequence, via
thermochemical (TSR) and/or bacteria sulfate reduction (BSR) (Ren
et al., 2018; Tan et al., 2019; He et al., 2020; Xiang et al., 2020). As for
the metal source(s), some authors proposed that the ore metals were
sourced mainly from the carbonate ore host (Tan et al., 2019; Xiang
etal., 2020), whereas He et al. (2020) suggested a mixed source from the
ore-bearing carbonate and basement rocks, in addition to minor
contribution from the Emeishan flood basalt. In terms of the deposit
type, the Maoping was variably proposed to be sedimentary-reworking
(Liu and Lin 1999), SEDEX (Wang et al. 2009), or MVT (He et al.,
2020; Wei et al., 2021) type.

Recent advances in multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) enable high-precision measurement of
transition metal isotopes (e.g., Zn, Cd) with good long-term reproduc-
ibility (below =+ 0.06%o for Zn and Cd isotopes; Zhu et al., 2020), opening
a new opportunity to better understand various metallogenic processes
(e.g., Wilkinson et al., 2005; Moynier et al., 2017; Zhu et al., 2018, and

reference therein). Due to their high abundance in typical Pb-Zn de-
posits, Zn and Cd isotopes are considered as good tracer for ore-metal
source and ore-forming processes (Mason et al., 2005; John et al.,
2008; Kelley et al., 2009; Pasava et al., 2014; Zhou et al., 2014a; Zhu
et al., 2013, 2018). For example, based on sphalerite Zn isotope study,
Kelley et al. (2009) proposed a mixing model of a metal-bearing and a
sulfur-bearing fluid for the Red Dog shale-hosted massive sulfide de-
posits in NW Alaska (USA).

In this study, we integrated unconventional Zn-Cd isotopes with
conventional Pb isotope MC-ICP-MS analyses on the Maoping ore
sphalerite, in order to constrain the ore metal source(s) and possible
metallogenic implications from the Zn-Cd isotope variation. Our find-
ings provide a new insight into the carbonate-hosted Pb-Zn metallogeny
in the SYGMP.

2. Geological setting
2.1. Regional geology
In the Neoproterozoic (ca. 820-850 Ma), the Yangtze block collided

with the Cathaysia block along the Jiangnan orogen to form the South
China block (e.g., Zhao et al. 2010). Subsequently, the South China block
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Fig. 2. (a) Geological sketch map of the Maoping Pb-Zn deposit, showing the distribution of the sedimentary sequences, structures (fold and fault), orebodies, and the
A-A’-B-B’ profile location (modified from Liu and Lin, 1999; Wei et al., 2015). (b) Geological cross-section of the Maoping A-A’-B-B’ profile, showing the distributions

of Pb-Zn orebodies and lithologic units (modified after Wei et al., 2015).

collided in the Triassic with the North China and Indochina block to its
north and southwest, respectively (e.g., Wang et al., 2013). The Sichuan-
Yunnan-Guizhou (SYG) district in the southwestern Yangtze block
(Fig. 1a) is confined by three regional fault zones, i.e., the Anninghe (NS-
trending), Yiliang-Shuicheng (NW-trending), and Shizong-Shuicheng (NE-
trending) (Fig. 1b; Ren et al., 2018; He et al., 2020). The western Yangtze
block contains a basement consisting of Archean (ca. 3.3-2.9 Ga), Paleo-
proterozoic (ca. 2.5-2.1 Ga), Mesoproterozoic (ca. 1.7-1.5 Ga; Dongchuan
Group (Gp.)), and Neoproterozoic (ca. 1.1-0.9 Ga; Kunyang/Huili Gp.)
metamorphic rocks (Zhao et al., 2010; Gao et al., 2011; Qiu et al., 2016;
Xiang et al., 2020). The folded basement rocks, including mainly slate and
metamorphosed greywacke-carbonate-tuff interbeds, are widely exposed
in the SYG region (Yan et al., 2003; Hu et al., 2017; Zhou et al., 2018a).

Overlying the basement are the Ediacaran-Triassic marine carbonate and
clastic sedimentary rocks, Late Permian Emeishan continental flood ba-
salts, and Jurassic-Quaternary continental sedimentary rocks (Liu and Lin,
1999; Zhang et al., 2019a; Xiang et al., 2020). The mantle plume-related
Emeishan basalts (~260 Ma) cover > 250,000 km? in the southwestern
Yangtze block (Fig. 1a; Zhou et al., 2002), and are spatially associated with
the SYG carbonate-hosted Pb-Zn mineralization. Sphalerite Rb-Sr and
calcite/fluorite Sm-Nd dating showed that these deposits were mainly
formed in ca. 225-192 Ma, interpreted to have linked to the syn-collision
compression and post-collisional extension of the Indosinian Orogeny (Li
et al., 2004; Li et al., 2007; Lin et al., 2010; Hu and Zhou, 2012; Zhou et al.,
2013b, 2015; Zhang et al., 2015; Zhou et al., 2018a; Yang et al., 2019).
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Fig. 3. Field (a-d), hand-specimen (e-h), microscope (g-i) photographs and SEM images (m-p) of the occurrence and textures of sulfide ore at Maoping: (a) Clear
boundary between sulfide orebody and wallrocks. (b) Massive sphalerite and galena enclosed by pyrite. (¢) Massive sulfide orebody cut by late calcite vein. (d)
Sulfide vein as wallrock fracture infill. (e) Brown-yellow sphalerite replaced by galena stockwork. (f) Pyrite-sphalerite-galena ore mineral assemblage. (g) Brown
sphalerite replaced the early-formed pyrite. (h) Brecciated sulfides ores. (i) Euhedral pyrite enclosed by late sphalerite. (j) Anhedral sphalerite and fine-grained pyrite
replaced by late galena. (k) Coarse-grained sphalerite replaced by galena. (1) Porous sphalerite overgrowth with pyrite and galena. (m) Euhedral pyrite enclosed by
late sphalerite. (n) Euhedral pyrite distributed along the boundary of sphalerite and galena. (o) Galena and dolomite as void-infill in early sphalerite. (p) Galena
veinlet cut early sphalerite. Abbreviations: Gn-galena; Sp-sphalerite; Py-pyrite; Cal-calcite; Dol-dolomite.

2.2. Deposit geology

The Maoping Pb-Zn mining district (in the northeastern SYGMP;
Fig. 1b) is located in the tectonic junction of the regional NE-trending
Yadu—Ziyun and Zhaotong-Qujing faults (Tan et al., 2019). Local stra-
tigraphy (mainly Devonian to Permian) comprises the Upper Devonian
Zaige Fm. dolostone and sandstone-mudstone. These are in turn overlain
by the Lower Carboniferous Datang Fm. limestone (with thin shale beds)
and Baizuo Fm. dolostone-shale interbeds. The Middle Carboniferous
Weining Formation above mainly consists of limestone and dolostone,
which is overlain successively by the Lower Permian Liangshan Fm.
shale-sandstone and the Lower Permian Qixia and Maokou Fms. lime-
stone. The Emeishan flood basalts are widespread outside the mining
area (Fig. 2a).

Distribution of the Pb-Zn orebodies is structurally controlled by the
Shimenkan inverted anticline (dominant), the NE-trending Maoping
fault, and its secondary interlayer fractures (Fig. 2a-b, 3a; Wei et al.,
2015). The Shimenkan inverted anticline has its fold axis striking
NE20°-45°in the north and NW350° in the west. The western limb is
overturned with a dip angle of 65°-86°, while the eastern limb has a
relatively gentle dip (17°-35°). The Maoping fault (30 km) long strikes
NE10°-80° and dips SE65°-85°.

Orebodies at Maoping occur as steeply-plunging pipes (Fig. 2b) and
fall into two groups (Gp. I-II; Fig. 2a, b; He et al., 2020). Group I ore-
bodies are hosted in the Upper Devonian Zaige Formation, accounting
for 70% of the total metal reserve at Maoping (Wei et al., 2015). These
orebodies are 280-320 m long, 5.0-31.0 m thick, and have average
grade of 12.8% Zn and 5.5% Pb. Group II orebodies are developed in the
interlayer fractures of the Carboniferous Baizuo-Weining formations.
These orebodies are 40-150 m long, 0.2-6.0 m thick, and have average
grade of 13.6% Zn and 2.8% Pb.

The Maoping Pb-Zn ores are chiefly of open-space-filling and
replacement types (Fig. 3a-h), and comprise mainly sulfides with minor
oxides. Sulfide ore textures include massive (Fig. 3a, c, g), brecciated
(Fig. 3b, h), and veined (Fig. 3d). Metallic minerals include sphalerite,
galena, and pyrite, whilst non-metallic minerals include mainly dolo-
mite and calcite and minor quartz (Fig. 3). Ore minerals are subhedral-
anhedral granular (Fig. 3i, j, m-o0), or have metasomatic (Fig. 3j-1, n, o),
enclosed (Fig. 3i, j, m-0), crosscutting vein (Fig. 3p), and coplanar
(Fig. 3m-o0) textures.



T. Wu et al.

Ore Geology Reviews 135 (2021) 104214

Table 1
Lead isotope compositions of sphalerites from the Maoping No. I-1 and No. I-2 orebodies.

Sample Location Orebody 208pp,/204p +20 207pp,/204ph +26 206pp,/204phy +26

MP-16-7 760 m I-1 39.428 0.001 15.767 0.001 18.744 0.001
MP-16-8 760 m I-1 39.431 0.002 15.767 0.001 18.746 0.001
MP-16-9 760 m I-1 39.428 0.001 15.768 0.001 18.751 0.001
MP-16-14 760 m I-1 39.436 0.002 15.768 0.001 18.751 0.001
MP-16-15 760 m I-1 39.434 0.002 15.767 0.001 18.747 0.001
MP-16-16 760 m I-1 39.414 0.001 15.765 0.001 18.738 0.001
MP-16-17 760 m I-1 39.381 0.002 15.764 0.001 18.725 0.001
MP-16-18 760 m I-1 39.411 0.002 15.767 0.001 18.737 0.001
MP-16-22 760 m I-1 39.394 0.002 15.765 0.001 18.730 0.001
MP-16-37-1 720 m I-1 39.393 0.002 15.765 0.001 18.728 0.001
MP-16-37-2 720 m I-1 39.393 0.002 15.766 0.001 18.726 0.001
MP-16-70 720 m 1-2 39.358 0.002 15.765 0.001 18.705 0.001
MP-16-72 720 m 1-2 39.425 0.002 15.766 0.001 18.744 0.001
MP-16-73 720 m 1-2 39.355 0.002 15.765 0.001 18.705 0.001
MP-16-75 720 m 1-2 39.331 0.002 15.763 0.001 18.693 0.001
MP-16-82 720 m 1-2 39.337 0.004 15.762 0.002 18.696 0.002
MP-16-86 720 m 1-2 39.392 0.002 15.765 0.001 18.732 0.001
MP-16-87 720 m 1-2 39.288 0.002 15.761 0.001 18.678 0.001
MP-16-40 670 m 1-2 39.407 0.002 15.767 0.001 18.736 0.001
MP-16-41 670 m 1-2 39.401 0.001 15.765 0.001 18.732 0.001
MP-16-45 670 m 1-2 39.370 0.002 15.766 0.001 18.713 0.001
MP-16-49 670 m 1-2 39.370 0.002 15.764 0.001 18.713 0.001
MP-16-54 640 m 1-2 39.287 0.005 15.758 0.002 18.675 0.002
MP-16-58 640 m 1-2 39.436 0.002 15.768 0.001 18.748 0.001
MP-16-61-1 640 m 1-2 39.385 0.006 15.760 0.002 18.727 0.002
MP-16-61-2 640 m 1-2 39.426 0.005 15.768 0.002 18.743 0.002

3. Sampling and analytical methods

3.1. Sampling

In this study, sulfide ore samples at Maoping were collected from the
760 m, 720 m, 670 m, and 640 m adits of the No. I orebody (Fig. 2), the
only operating orebody in the mine. Dark (brown) and light (brownish-
yellow and light-yellow) pure sphalerite (40-60 mesh) were handpicked
from the crushed sulfide samples under a binocular microscope.
Representative sphalerite samples were selected for the subsequent Pb
(n = 26), Zn (n = 23), and Cd (n = 21) isotope analyses. The sampling
location and other sampling information were listed in Tables 1 and 2.

3.2. Methods

All the analyses in this study were carried out at the State Key Lab-
oratory of Ore Deposit Geochemistry (SKLODG), Institute of Geochem-
istry Chinese Academy of Science (IGCAS). Scanning electron
microscope (SEM) images were obtained using a JSM7800F (JEOL,
Japan) SEM equipped with a TEAM Apex XL (EDAX, America) energy
dispersive X-ray spectroscope (EDS). The beam current used was 10nA
with 25 kV accelerating voltage, and 200 x magnification was used for
most images. Back-scattered electron (BSE) images were obtained for
the ore minerals.

The sphalerite Zn-Cd contents were measured with a Varian Vista
MPX inductively coupled plasma optical emission spectrometer (ICP-
OES). The Pb, Zn and Cd separation was performed at the clean labo-
ratory of the SKLODG, with the detailed procedures as described by Zhu
et al. (2016), Zhu et al. (2018). Before the Pb, Zn and Cd isotope ana-
lyses, 3 ml AGMP-1 anion-exchange resin (100-200 mesh; BIO-RAD,
USA) was used to chemically purify the Pb, Zn and Cd in the sphal-
erite samples (Tang et al., 2006).

The isotope analyses were conducted on a Thermo Scientific Neptune
Plus MC-ICP-MS instrument, following the procedures described by He
et al. (2016) and Zhu et al. (2018). For the Pb isotope analysis, the
samples were doped with Tl to facilitate instrumental mass bias
correction, based on an exponential mass law dependence. NIST NBS-
981 (2°°Pb/20*Pb = 16.9405, 2°7Pb/2**Pb = 15.4963, 2°5pb/2*pb =
36.7219; Yuan et al., 2016) was used as the external standard.

For the Zn and Cd isotope analyses, the sample-standard bracketing
(SSB) method was used to correct instrumental drift and mass bias (e.g.,
Zhu et al., 2002). The internal IRMM 3702 and secondary NIST SRM 683
reference standards were used for the Zn isotope measurement. The
sample 8%9/647n values (relative to IRMM 3702) were calculated with
the formula: 6°%/%4Zn (%0) = (5°% 64Znsamp1e/566/ 64ZnIRMM 3702 — 1) X
1000. Repeated analyses of IRMM 3702 and NIST SRM 683 yielded an
average 5%6/647n value of 0.00 + 0.03%0 (n = 56) and —0.15 + 0.03% (n
= 6), respectively, in agreement with the recommended 6°/%*Zn values
for IRMM 3702 (0.00%o; Zhu et al., 2020) and NIST SRM 683 (—0.12%o;
Yang et al., 2018). Since most of the Zn isotope values are published
relative to the Johnson Matthey Zn “Lyon solution” (JMC Lyon Zn
standard 3-0749L), the most widely accepted international Zn isotope
standard. Thus, the Maoping sphalerite 5%0Zn e values were calculated
with the equation: 666ZHJMC = 6662nIRMM3702 + 0.27 (Table 2; Wang
et al, 2017). For Cd isotopes, NIST SRM 3108 and JMC Cd
(lot#74-075219 k) were used as the internal and secondary standard,
respectively. The sample 5!1%119Cd values (relative to NIST SRM 3108)
were calculated with the equation: S1110¢q (%o) = (6'1411%¢d sample
/81 110¢d \ist srm 3108 — 1) X 1000. Average S1110¢q values ob-
tained from repeated analyses of NIST SRM 3108 (0.00 + 0.05%o, n =
52) and JMC Cd solution (—1.64 £ 0.06%o, n = 4) are consistent with
their respective recommended values, i.e., NIST SRM 3108 (514 110¢cq
= 0.00%o; Zhang et al., 2016) and JMC (—1.56 to —1.63%o; Zhang et al.,
2016). All the Maoping sphalerite 5'1#/11°Cd values are given relative to
the internal reference standard Spex Cd (6“4CdSpex = 8"MCdnisT srm
3108 + 0.11; Zhang et al., 2016) (Table 2).

4. Results
4.1. Lead isotope compositions

The sphalerite samples (n = 11) from No. I-1 orebody have
206pp,/204pp — 18.725-18.751, 2%7Pb/2%%pb = 15.764-15.768, and
208pt, /204ph — 39,381-39.436. Meanwhile, sphalerite samples (n = 15)
from No. I-2 orebody have 2°°Pb/2%pb = 18.675-18.748, 207pb/2%4pb
= 15.758-15.768, and 2°8Pb/2%*Pb = 39.287-39.436 (Table 1; Figs. 4
and 5).
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Table 2
Zinc-cadmium contents and isotope compositions of sphalerite and potential metal source rocks for the Maoping deposit.
Sample Object Position Orebody  8°°Znywc/ 25D 8"Cdspex/ 28D Zn/% cd/ cd/ Source
%o %o ppm Zn
MP-16-09 Brown-Yellow 760 m I-1 +0.12 0.02 - - 50 2361 0.005 This paper
Sp
MP-16-14 Brown Sp 760 m I-1 +0.13 0.02 - - 51 2368 0.005
MP-16-15 Brown-Yellow 760 m I-1 +0.23 0.04 +0.27 0.01 55 2535 0.005
Sp
MP-16-16 Brown Sp 760 m I-1 +0.14 0.03 +0.16 0.05 52 2885 0.006
MP-16-17 Brown-Yellow 760 m I-1 +0.15 0.02 +0.07 0.06 47 2246 0.005
Sp
MP-16-18 Brown-Yellow 760 m I-1 +0.08 0.00 +0.12 0.05 54 2950 0.006
Sp
MP-16-22- Light-Yellow Sp 760 m I-1 +0.25 0.00 +0.14 0.03 55 1869 0.003
1
MP-16-22- Brown-Yellow 760 m I-1 +0.25 0.02 +0.09 0.01 51 1967 0.004
2 Sp
MP-16-32 Brown-Yellow 720 m I-1 +0.18 0.01 +0.13 0.06 55 2623 0.005
Sp
MP-16-37 Brown-Yellow 720 m I-1 +0.20 0.02 +0.02 0.03 50 2361 0.005
Sp
MP-16-70 Brown-Yellow 720 m 1-2 +0.11 0.03 +0.15 0.06 53 2525 0.005
Sp
MP-16-72 Light-Yellow Sp 720 m 1-2 +0.20 0.06 +0.06 0.03 57 2557 0.004
MP-16-73 Brown-Yellow 720 m 1-2 +0.20 0.02 +0.15 0.07 51 1869 0.004
Sp
MP-16-75 Brown Sp 720 m 1-2 +0.18 0.04 +0.03 0.01 53 2361 0.004
MP-16-82 Brown-Yellow 720 m 1-2 +0.23 0.01 —0.10 0.01 61 2623 0.004
Sp
MP-16-86 Brown-Yellow 720 m 1-2 +0.25 0.02 —0.05 0.06 53 2623 0.005
Sp
MP-16-40 Light-Yellow Sp 670 m 1-2 +0.10 0.05 +0.12 0.01 53 2426 0.005
MP-16-41 Brown-Yellow 670 m 1-2 +0.11 0.03 +0.27 0.04 51 2262 0.004
Sp
MP-16-45 Brown Sp 670 m 1-2 0.00 0.03 +0.22 0.09 49 3148 0.006
MP-16-49 Brown-Yellow 670 m 1-2 +0.23 0.04 +0.23 0.08 50 2230 0.004
Sp
MP-16-58 Brown Sp 640 m 1-2 —0.05 0.05 +0.25 0.02 51 3148 0.006
MP-16-61- Brown Sp 640 m 1-2 -0.07 0.02 +0.23 0.04 56 3344 0.006
1
MP-16-61- Light-Yellow Sp 640 m 1-2 +0.11 0.02 +0.25 0.07 49 2459 0.005
2
D09-3 Sedimentary MDHF -0.19 0.06 Zhou et al.,
D09-5 rock +0.06 0.06 2014a
D09-7 Limestone UDZF —0.22 0.05
Limestone UDZF +0.01 0.03 40*10™ 0.46 0.012 Zhu, 2014
TBS16-2 Graywacke Basements: Kunyang & +0.30 0.03 86%10™ 0.02 0.000 He, 2017
WC-1 Dolostone Huili Gp. +0.21 0.04 4+10* 0.04 0.010
Td1900-8 Phyllite +0.15 0.05 116*10° 0.24 0.002
4
Td1900-3 Phyllite +0.34 0.02 220*10° 0.37 0.002
4
TBDB-4 Sandstone +0.62 0.01 90*10™* 0.04 0.000
TBS16-1 Graywacke +0.33 0.05 11*10* 0.05 0.005
HS-8 Dolostone +0.28 0.00 26%10™ 0.10 0.004
YM-3 Breccia +0.53 0.02 36*10* 0.14 0.004
EMS-1 Basalt +0.35
EMS-2 Basalt +0.34
EMS-3 Basalt +0.29 Wu, 2013
EMS-4 Basalt +0.25
EMS-5 Basalt +0.27
Ems09-14 Basalt +0.32 0.06
Ems09-15 Basalt +0.30 0.04 Zhou et al.,
2014a
Ems09-16 Basalt +0.44 0.10

Abbreviations: MDHF-Middle Devonian Haikou Formation; UDZF-Upper Devonian Zaige Formation; Sp-Sphalerite

4.2. Zinc isotope compositions

Sphalerite samples (n = 23) from No. I orebody have homogeneous
666ZnJMc values of —-0.07 to + 0.25%o (mean + 0.14%o; Fig. 6a). Sphal-
erite §%°Znyyc values of the upper and lower No. I-1 orebody are + 0.08
to + 0.25%0 (mean + 0.17%o, n = 10) and —0.07 to + 0.25%o (mean +
0.12%o, n = 13), respectively (Table 2).

4.3. Cadmium isotope compositions

The same batch of sphalerite samples (n = 21) have uniform
8'14Cd;pex values (—0.10 to + 0.27%o, mean + 0.13%o; Fig. 6b) with Cd
= 1869-3344 ppm (mean 2510 ppm, n = 23). Sphalerite 5'**Cdpex
values of the upper No. I-1 and lower No. I-2 orebodies are + 0.02 to +
0.27%o (mean + 0.13%o, n = 8) and —0.10 to + 0.27%o (mean + 0.14%o,
n = 13), respectively (Table 2).
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5. Discussion
5.1. Source of lead at Maoping

As shown in Fig. 4, the Maoping sphalerite samples have narrow
ranges of Pb isotope ratios (2°°Pb/2%*Pb = 18.68-18.75, 207Pb/2%4pb =
15.76-15.77, 208Pb,/20pb = 38.29-38.44; Table 1), similar to the galena
samples from Nos. I-II orebodies (2°6Pb/2°4Pb 18.71-18.77,
207pp,/204ph = 15.77-15.80, 2°8Pb/2%*Pb = 39.38-39.53; Tan et al.,
2019; He et al., 2020; Xiang et al., 2020). This suggests that the lead in
galena and sphalerite was probably derived from the same source.

At Maoping, Pb isotope data of all sulfide samples plot well above the
average upper crustal Pb evolution line in the 207pp,/204pp v,
206pp, /209ph diagram (Fig. 4), suggesting a homogeneous or mixed
source derived from the upper crust (Zartman and Doe, 1981; Carr et al.,
1995; Zhou et al., 2018b; Wu et al., 2020). Previous studies suggested
three potential upper-crustal lead sources in the SYGMP, i.e., (1) the
Neoproterozoic Kunyang/Huili Gp. basement rocks, (2) Late Permian
Emeishan basalts, and (3) the Sinian to Permian carbonate ore host (Liu
and Lin, 1999; Huang et al., 2004; Zhou et al., 2013a, 2018a). Never-
theless, the Pb isotope compositions of the Maoping sulfides are very
different from each of the age-corrected (202.5 Ma; Yang et al., 2019)
potential source rocks above-mentioned (Fig. 4), precluding a single
lead source.

It is likely that the ore lead at Maoping could be originated from the
mixing of two isotopically distinct sources (high-p and low-p source,
where p = Th/U), as supported by the positive linear correlations of
207pp,/204pp vs. 296pb/20ph (12 = 0.703; Fig. 5a) and 2°8Pb/2%4Pb vs.
206pp, /204ph (12 = 0.986; Fig. 5b). The Pb isotope compositions are
plotted near the age-corrected Devonian to Permian carbonate rocks
(Fig. 4). Carbonate rocks are U-enriched but Th-depleted (Ostendorf
et al., 2017; Rosa et al., 2016), which can account for the low-p source.
The basement rocks and Late Permian Emeishan basalts are character-
ized by high p, and can therefore represent the high-p end-member
source (Dostal and Capedri, 1978; Downes et al., 2001). A major lead
input from the Emeishan basalt could be ruled out for the following
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Fig. 6. §%Znjuc (a) and 6“4Cdspex (b) isotope values of sphalerites from the Maoping No. I orebody.

reasons: (1) the basalt contains higher Cu (6-323 pg/g) and Ni
(16-1160 pg/g) contents than Pb (66-156 pg/g) and Zn (6-30 pg/g) (Xu
et al., 2001; Huang et al., 2004). If it contributed significant amounts of
metals for the mineralization, abundant Cu-Ni sulfide minerals would
also be expected, which were not observed or reported at Maoping (Wei
et al., 2015, 2021; Xiang et al., 2020; He et al., 2020); (2) leaching ex-
periments show that Pb and Zn are difficult to be extracted from basalt
by hydrothermal fluid (Li et al., 2012).

It is noteworthy that sphalerite grains from the upper No. I-1 orebody
are slightly enriched in radiogenic Pb than those from the lower No. I-2
orebody (Fig. 5). This could be interpreted by different proportions of
source mixing between the basement rocks and carbonate wallrocks, in
which the wallrock lead input decreased with depths. Overall, we
consider that the Devonian-Carboniferous carbonate wallrocks provided
the majority of the ore lead, with a significant basement rock contri-
bution especially at depth, in agreement with the in-situ galena Pb

0.4

isotope data (Xiang et al., 2020). A similar conclusion was yielded in the
nearby Yunluheba deposit (Tang et al., 2019).

5.2. Zinc-cadmium isotope variation and ore-fluid mixing

Zn and Cd have similar geochemical behavior and crystallographic
properties, with the latter usually occurring as isomorph (0.2-3.0 wt%)
in sphalerite (Schwartz, 2000; Yang et al., 2015; Zhu et al., 2016).
Previous studies suggested that the Zn and Cd isotope fractionation is
also largely similar in low-medium temperature hydrothermal systems
(Wenetal., 2016; Xu et al., 2019). There are three possible causes for the
Zn-Cd isotope variation in sphalerite precipitation, i.e., (1) fluctuation of
ore-fluid temperature (Maréchal and Sheppard, 2002; John et al., 2008),
(2) kinetic Raleigh fractionation between hydrothermal fluid and
sphalerite (Kelley et al., 2009; Gagnevin et al., 2012; Zhou et al., 2014a),
and (3) mixing of fluid sources with different Zn isotope compositions
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Fig. 7. 8114Cdspex vs. 8%6Znyc plot of sphalerites from Maoping No. I orebody.
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(Wilkinson et al., 2005; He et al., 2016; Zhang et al., 2019b; Zhu et al.,
2020).

At Maoping, the homogenization temperatures of sphalerite fluid
inclusions fall within a narrow range (180 to 218 °C, Han et al., 2007). It
was suggested that temperature change may have caused the sphalerite
8%Znymc (—0.07 to + 0.25%0) and 8''*Cdpex (—0.10 to + 0.27%o) var-
iations. However, it is found that no §°®Znyyc vs. temperature correla-
tion exists at < 300 °C, as supported by both experimental (30-50 °C;
Maréchal and Sheppard, 2002) and hydrothermal ore deposit
(60-240 °C; Wilkinson et al., 2005) studies. This conclusion is further
supported by that the published sphalerite 5°¢Zn v values (—0.26 to +
0.71%o) from many SYG Pb-Zn deposits (e.g., Daliangzi, Maozu, Wusihe,
Tianbaoshan, and Tianqiao) have no correlation with their respective
fluid inclusion homogenization temperature (120-280 °C) (Zhou et al.,
2014a, 2018b; Zhang et al., 2019a; Xu et al., 2019; Zhu et al., 2020).
Therefore, the ore-forming temperature has likely little influence on the
Zn-Cd isotope variation.

Experimental studies and theoretical calculations demonstrated that
the early precipitated sulfides have lower Cd content and 5%7n and
5!14Cd values than those of the late precipitated sulfides (Archer et al.,
2004; Fujii et al., 2011; Yang et al., 2015). Some other studies confirmed
that Rayleigh distillation could fractionate Zn isotopes between sphal-
erite and ore fluid, resulting in systematically increasing sphalerite
850Zn and 5'14Cd values toward the late hydrothermal stages (Wilkinson
et al., 2005; Kelley et al., 2009; Gagnevin et al., 2012; Zhou et al., 2014a;
Zhu et al., 2016; Gao et al., 2017). If the Zn-Cd isotope variation was
mainly controlled by Rayleigh fractionation, the §°°Zn and &!'“cd
values would increase gradually from the early (brown) to late
(brownish-yellow and light-yellow) Maoping sphalerite. However,

5%7n value of the early brown sphalerite (—0.07 to + 0.18%, avg. +
0.06%o0) are lower than those of the late brownish-yellow/light-yellow
sphalerite (+0.08 to + 0.25%o, avg. + 0.18%q) (Table 2), whereas the
5'14Cd values of the early sphalerite (+0.03 to + 0.25%o, avg. + 0.19%)
are higher than those of the late sphalerite (-0.10 to + 0.27%o, avg. +
0.12%o) (Table 2). Hence, Raleigh fractionation alone could not account
for the observed Zn-Cd isotope variation here, as supported by the
negative correlations in §%Znmc vs. 8114CdSpex (Fig. 7) and §%Znmc vs.
Cd/Zn (Fig. 8).

Thus, isotope evidence suggests that ore-fluid mixing between
different isotope end-members may occur during the Maoping Pb-Zn
mineralization. A fluid-mixing metallogenic model was proposed for
many Pb-Zn deposits in the SYG region (Huang et al., 2004; He et al.,
2016; Luo et al., 2019; Zhang et al., 2019b; Wei et al., 2021). Zhu et al.
(2020) proposed a binary fluid-mixing model based on the logarithmic
regression of sphalerite 5%7n jMmc VSs. Cd/Zn for the SYG Ediacaran
Dengying Formation-hosted Pb-Zn deposits (Fig. 8). In the 866ZnJMC VvSs.
Cd/Zn plot (Fig. 8), the Maoping sphalerite samples fall along a steep
linear trend (r> = 0.66) between the basement rocks and carbonate
wallrocks, suggesting that the narrow sphalerite Zn-Cd isotopic ranges
can be ascribed to binary fluid mixing, including a high §°6Zn-low Cd/
Zn end-member and a low 6662n—high Cd/Zn end-member (Fig. 8).

5.3. Source of zinc at Maoping

As above-mentioned, the narrow sphalerite 5°6Zn range at Maoping
is mainly due to ore-fluid mixing, and thus the sphalerite Zn isotopes
should approximate those of the ore fluids. Previous studies have pro-
posed the Neoproterozoic basement rocks, Emeishan flood basalts, and/
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or carbonate wallrocks to be potential ore zinc source in the SYGMP (Liu
and Lin, 1999; Huang et al., 2004; Zhou et al., 2013a). The basalt
§%6Zn e values (+0.25 to + 0.44%o, avg. + 0.32%o; Fig. 10; Wu, 2013;
Zhou et al., 2014a) are generally higher than that of the Maoping
sphalerite (—0.07 to + 0.25%o, avg. + 0.14%o; Table 2). If the Emeishan
basalts were a major Zn source, the 8%°Zn would increase with
decreasing distance from the Pb-Zn orebody and the basalt. However,
the sphalerite §°°Zn values are roughly similar from 640 to 760 m depth
at Maoping. Meanwhile, §°°Zn values of the Fule deposit in the SYGMP
(0.09 to + 0.33%o; Xu et al., 2019) that is also spatially (~1 m) close to
the Emeishan basalts are far lower than those of the overlying Sinian
carbonate-hosted Tanbaoshan deposit (0.18 to + 0.73%0; He et al.,
2016). This suggests that the Emeishan basalt could not be a major
source of the ore zinc.

The Maoping sphalerite §°0Znjyc data (—0.07 to + 0.25%o) fall be-
tween the fields of the Devonian carbonate wallrocks (-0.22 to + 0.06%o;
Fig. 10; Zhou et al., 2014a, 2014b; Zhu, 2014) and the Neoproterozoic
basement rocks (+0.15 to + 0.62%o; Fig. 10; He, 2017), and the mean

10

Ore Geology Reviews 135 (2021) 104214

(+0.14%o) is closer to the basement rocks (Fig. 8). This indicates that
both rock types may have contributed different proportions of zinc and
lead to the Maoping deposit. The negative linear correlation between
sphalerite 5%Znymc and Pb isotope ratios (Fig. 9a—c) also indicates that
the ore lead and zinc at Maoping may have sourced from two different
end-members, namely the basement-derived fluid with heavier Zn but
lighter Pb isotopes, and the carbonate-derived fluid with lighter Zn but
heavier Pb isotopes.

5.4. Implication for Maoping Pb-Zn mineralization

The genesis of the Maoping Pb-Zn deposit is mainly disputable on
sedimentary-reworking (Liu and Lin, 1999), hydrothermal modified
SEDEX (Wang et al. 2009), and MVT (He et al., 2020; Wei et al., 2021).
The epigenetic hydrothermal mineralization features (ore-controlling
fault and fold, Figs. 1 and 2; lenticular and veined orebodies, Fig. 2; ore
fabrics, Fig. 3) and the multilayered Pb-Zn metallogenesis in carbonate
rocks rather than the clastic rocks (the ore-host of SEDEX) suggest that
the Maoping deposit could not be a syn-sedimentary or SEDEX origin.
The similar geological and geochemical characteristics between Pb-Zn
deposits in the SYGMP (e.g., Maoping, Huize, Fule, Daliangzi, Maozu)
and typical MVT Pb-Zn deposits around the world (Table 3; Fig. 10)
indicate that the Maoping deposit is best classified as MVT. This is also
supported by the evidence that all sphalerite samples from Maoping
have 5!1*Cdgpey values (—0.10 to + 0.27%o) and 1/Cd ratios (0.3 x 10~>
to 0.5 x 107°) falling into the MVT field (Fig. 11; Zhu et al., 2013, 2018;
Xu et al., 2019).

MVT Pb-Zn mineralization is closely related to the large compressive
events caused by regional orogenic activity (Leach and Rowan, 1986;
Leach et al., 2001, 2010). Sphalerite Rb-Sr dating (202.5 Ma; Yang et al.,
2019) indicates that the Devonian-Carboniferous carbonate-hosted Pb-
Zn mineralization at Maoping occurred in the Early Jurassic, during
which late Indosinian orogenic activities were active in the SYGMP (Cai
and Zhang, 2009; Hu et al., 2017; Zhou et al., 2018a). At Maoping, the
basement-derived Zn-bearing hydrothermal fluid was likely driven by
regional compression and migrated along the regional Xiaojiang fault
and associated fractures (Fig. 1b) to the porous Devonian-Carboniferous
carbonate rocks. During the migration, abundant ore-forming materials
(mainly lead) were leached from the carbonate wallrocks by the hy-
drothermal fluids. Subsequently, this metal-bearing fluid was trapped by
the local Shimenkan anticline and its associated NE-trending interlayer
faults (Fig. 2a-b). The interconnected open-space structure formed by
faults and folds allowed the mixing of metal-bearing fluids with reduced
S-bearing fluids, from which the reduced sulfur was generated by the
TSR of the Devonian-Carboniferous marine sulfates (Ren et al., 2018; He
et al., 2020). The fluid mixing may have resulted in the sulfide precip-
itation and increase the fluid acidity [(Fe, Zn, Pb)CI (aq) + HsS (aq) =
(Fe, Zn, Pb)S (s) + H™ + 4Cl™; Anderson, 2008]. Further interaction
between this acidic ore-forming fluid and carbonate wallrocks increase
the porosity for high-grade sulfide ore precipitation at Maoping.

6. Conclusions

1 Sphalerite Pb isotope compositions indicate that the ore lead was
mainly derived from the Devonian-Carboniferous carbonate wall-
rocks with significant contributions from the Neoproterozoic base-
ment rocks.

2 The similar sphalerite Zn-Cd isotope compositions may be attributed
mainly to the binary source mixing between the metamorphic
basement (major) and the ore-bearing carbonate sequence (minor).

3 Deposit geological features and sulfide trace element and Pb-Zn-Cd
isotope evidence altogether suggest that the Maoping Pb-Zn depo-
sit is best classified as Mississippi Valley-type. The Zn-rich basement-
derived hydrothermal fluid may have ascended along the regional
fault and its secondary structures, circulated and extracted ore-
forming materials from various wallrock sequences. The metal-rich
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Geological comparison between the Maoping deposit, SYG Pb-Zn deposits, and Mississippi Valley-type (MVT) deposits.

Features

Maoping Pb-Zn deposit

MVT Pb-Zn deposit

SYG Pb-Zn deposits

Mineralization age
Tectonic setting

Host rocks
Ore-controlling
structures
Orebodies
occurrences
Ore structures

Ore minerals
Gangue minerals

Ore-forming fluid

Sphalerite trace
elements

Sulfur source(s)

Metal source(s)

References

Epigenetic, Late Triassic (~202.5 Ma)
Carbonate platform

Dolostone and limestone
Shimenkan anticline and Maoping fault

Stratoid, lenticular and veined
Massive, disseminated, veined and brecciated

Sphalerite, galena, pyrite
Dolomite and calcite

180-218°C, 4.1-9.5 wt% NaCl equiv.
High Cd, Ge and low Mn, Fe, Co, Sn

TSR of marine sulfate in ore-hosting strata (sulfide 5°*S:
+8.6 to + 25.7%o)

Devonian to Carboniferous ore-bearing rocks +
Neoproterozoic basement rocks

Han et al. (2007); Wei et al. (2012); Xiang et al. (2020);
Wei et al. (2020); This study

Epigenetic, Proterozoic to Cretaceous
Carbonate platform, Foreland basin of
passive continental margin

Carbonate rocks

Faults, folds and lithology

Layered, stratoid, veined and lenticular

Disseminated, massive, veined and
brecciated

Sphalerite, galena, pyrite and marcasite
Dolomite, calcite, barite, fluorite, quartz
and bitumen

50-250°C, 10-30 wt% NaCl equiv.

High Cd, Ge, Ga and low Fe, Mn, In, Sn

Seawater sulfate (6345: +10 to + 35%o)
Basement/ore-host/underlying strata

Leach et al. (2005, 2010)

Epigenetic, Late Triassic (200 ~ 225 Ma)
Carbonate platform (margin)

Ediacaran to Permian carbonate rocks
Fault and anticline

Stratoid, lenticular and veined
Massive, disseminated, veined and brecciated

Sphalerite, galena, pyrite

Dolomite, calcite, quartz, barite, bitumen and
fluorite

120-280°C, 10-30 wt% NaCl equiv.

High Cd, Ga, Ge and low Fe, Mn, In

TSR of marine sulfate in ore-hosting strata
(sulfide 5>*S: —5.0 to + 30.0%o)
Neoproterozoic basement rocks + ore-bearing
rocks + underlying strata

Huang et al. (2004); Zhou et al. (2013a, 2018a)
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fluids may have then mixed with reduced S-bearing fluid trapped in
the ore-hosting carbonate sequence and precipitated the sulfide ores.
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