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A B S T R A C T

The Huize Zn-Pb deposit in SW China is a large Mississippi Valley-type (MVT) deposit containing more than 7 Mt
Pb and Zn reserves at an ore grade of ∼25–35% Pb + Zn, and it also contains economically important resources
of Ag, Cd, In, Ge and Ga. To provide better constraints on the major source of the ore metals in the deposit in situ
Pb isotope composition analyses were carried out by using femtosecond laser-ablation multi-collector in-
ductively coupled plasma mass spectrometry (fs-LA-MC-ICP-MS). The results indicate that the galena grains
overall have restricted Pb isotopic compositions with 206Pb/204Pb of 18.486–18.526, 207Pb/204Pb of
15.738–15.806, and 208Pb/204Pb of 38.914–39.076, which are distinctively different from those for the host
dolostones and Permian Emeishan flood basalts. However, the clastic sequence composed of sandstone, siltstone
and slate of Proterozoic Kunyang Group has 206Pb/204Pb of 18.789–23.274, 207Pb/204Pb of 15.712–16.005, and
208Pb/204Pb of 38.169–38.933, slightly radiogenic than that for galena. It is thus likely that the clastic sequence
of the Proterozoic Kunyang Group is the source of ore metals in the Huize deposit. Leaching experimental results
indicate that Pb and Zn in the clastic rocks are easily accessible, and the leaching by 10% HCl resulted in the
preferential release of common Pb in leachates which have 206Pb/204Pb of 18.305–18.785, 207Pb/204Pb of
15.629–15.714, and 208Pb/204Pb of 37.695–38.593, similar to the ratios for galena. The thick clastic sequence of
Proterozoic Kunyang Group is therefore the predominant source of ore metals in the Huize deposit. Precipitation
of sulfides from ore-forming fluids resulted from secular interaction of deep-circulated fluid and the Kunyang
Group in a relatively short ore-forming process may be the major reason for the nearly constant Pb isotope
signatures of the Huize Zn-Pb deposit and insignificant contribution of the host rocks.

1. Introduction

The contiguous area of the Sichuan-Yunnan-Guizhou provinces in
SW China, denoted as the Sichuan-Yunnan-Guizhou (SYG) triangle
district in Chinese literature, is the most important Zn and Pb me-
tallogenic district in China with more than 400 Mississippi Valley-type
(MVT) Zn-Pb ore deposits in the southwestern margin of the Yangtze
Block (Fig. 1). Among them, the Huize deposit is the largest MVT de-
posit in the southwestern margin of the Yangtze Block, with a total Pb
and Zn reserve of about 7 Mt grading 25–35% Pb + Zn, and up to 60%
Pb and Zn in places. In addition, the ores also contain economically
significant Ag, Cd, In, Ge and Ga (Han et al., 2012, 2007; Huang et al.,
2004; Luo et al., 2012; Zhang et al., 2015). The deposit has been the
focus of intensive investigations ever since it was first exploited in the
early 1950s (e.g., Hu and Zhou, 2012; Li et al., 2015; Wu et al., 2013;
Zhang et al., 2005; Zhou et al., 2001, 2013a).

It is widely accepted that ore metals in the hydrothermal fluids of

MVT deposits are mainly leached from the strata in the basin or from
underlying basement rocks along the flow paths (Leach et al., 2010b).
Ore metals in MVT Pb-Zn deposits can be derived from various source
lithologies that are usually significantly older than the hydrothermal
mineralization (Leach and Sangster, 1993), and reconstruction of pos-
sible Pb sources using Pb isotopes depends largely on the relative
concentrations of Pb, U and Th in the source rocks and ages of miner-
alization (Schneider et al., 2002; Vaasjoki and Gulson, 1986). However,
it is still enigmatic where such large amounts of Pb and Zn and other
metals come from, as almost every geological unit in this region has
been considered to be the source rocks in the literature; the carbonate
sequences and Emeishan basalts were proposed to be the sources of ore
metals based on the strata-bounded features of the deposit and high Pb
and Zn contents of the carbonate rocks and basalts (Han et al., 2001;
Huang et al., 2004; Li et al., 1999; Liu and Lin, 1999), whereas the host
Carboniferous carbonates and the late Proterozoic igneous rocks were
proposed because they have Pb isotopic compositions that overlapped
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with the ores (Li et al., 2007). In addition, some others favored a model
of multiple sources including the basement, carbonate sequences, and
the Emeishan basalts (Huang et al., 2003, 2004; Zhou et al., 2013b).

Lead isotopes can provide important insights into the source of
metals and the interaction of hydrothermal fluids with specific rock
types (Goldhaber et al., 1995; Slobodnik et al., 2008). It is thus

Fig. 1. Simplified tectonic and geological map of the Sichuan-Yunnan-Guizhou MVT ore province showing the geographic and tectonic locations (a, b) and distribution of the major ore
deposits (c) [Modified after Liu and Lin (1999)]

Fig. 2. Simplified geological map of the Huize deposit [Modified after Han et al. (2016)]
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Fig. 3. Schematic stratigraphic column for the Huize orefield showing the major facies and thickness of the sequences [after Li et al. (2006)]
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commonly used to determine the sources of Pb (Pedersen, 2000; Portra
and Moyers, 2017) and to guide exploration for some types of ore de-
posits (Gulson et al., 1986). A recently developed technique of in situ Pb
isotope analyses using laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS) and secondary ion mass spectrometry (SIMS)
could resolve grain- and subgrain-scale isotopic variations, which are
critical to complex textural relationships in ore systems. The technique
also makes it possible to compare known chemical reservoirs and fluid
sources by direct analysis for ore-forming minerals (Darling et al., 2012;
Jin et al., 2016). The chalcophile features of Pb make it useful to trace
the sources of hydrothermal deposits, especially for the MVT deposits in
which Pb is an important ore metal.

In this study, we present in situ Pb isotopic compositions of galena
from the Huize Zn-Pb deposit, and compare them with the Pb isotope
data of the sedimentary rocks in this region. In addition, a preliminary
leaching experiment was conducted on the possible source rocks to
decipher the preferential leaching behavior of Pb isotopes. Our results
indicate that the Proterozoic Kunyang Group is likely the metal source
of the Huize Zn-Pb deposit. This conclusion will be applicable to other
MVT deposits in this region.

2. Geological background

In SW China, the Yangtze Block is bounded by the Tibetan Plateau
to the west, and the Indochina Block to the south. The Yangtze Block
has a Mesoproterozoic to early Neoproterozoic basement which is lo-
cally unconformably overlain by the middle Neoproterozoic weakly
metamorphosed strata and the late Neoproterozoic unmetamorphosed
Sinian and Phanerozoic cover (Yan et al., 2003).

In the SYG triangle district, the basement consists mainly of
Mesoproterozoic to the early Neoproterozoic (0.95–1.0 Ga) Kunyang
Group. It is composed of sandstone, siltstone, slate, shale, dolostone,
and minor tuffaceous volcanic rocks with a total thickness of about
20 km (Li et al., 1984), and experienced greenschist facies meta-
morphism. The Kunyang Group is considered to have deposited in a
foreland basin setting (Ji et al., 2016; Li et al., 2013; Pang et al., 2015;
Sun et al., 2009; Zhao et al., 2010). The overlying sedimentary strata
are composed of Neoproterozoic to the middle Triassic submarine
carbonate and clastic sedimentary sequences in a passive continental
margin, and the late Triassic to Cenozoic terrigenous sedimentary se-
quences. Contact relationships among the rocks of different period are
either conformable or show parallel unconformity.

Fig. 4. Photos showing epigenetic features of ores (a, b) and ore mineral assemblages (c, d) [sph – sphalerite, py – pyrite, gln – galena; open circles in (d) are spots of in situ Pb isotope
analysis]
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The Sinian System consists of mottled sandstone, tuffs and slate of
the Chengjiang Formation, purplish tillite of the Nantuo Formation,
neritic facies limestone and littoral facies clastic rocks of the
Doushantuo Formation, and epicontinental dolostones of the Dengying
Formation. The dolostone of the Dengying Formation is about 1 km in
thickness and is the major rocks that host Pb-Zn deposits in this region.

A series of littoral to neritic facies sedimentary rocks composed of
sandstone, shale, limestone had deposited in this region in Paleozoic,
which were then overlain by voluminous flood basalts of the Emeishan
large igneous province in the late Middle Permian with a peak age
dated to be 259 ± 1 Ma (Ali et al., 2005; Shellnutt and Wang, 2014;
Shellnutt et al., 2008; Zhong et al., 2014).

The Carboniferous Baizuo Formation is 60–277 m in thickness and
consists of pale to reddish coarse-grained dolostones with interbedded
limestone and siliceous limestone in local places. The upper Devonian
Zaige Formation has a thickness of 40–60 m and consists mainly of light
gray coarse-grained dolostone with intercalated siliceous limestone
(Chen and Li, 2005; Meng, 2014; Zhong et al., 2013; Zhou et al., 2001).
They are also major ore-bearing strata in the region.

Subsequent depositions in the region include Triassic siltstone and
shale, and Jurassic to Cenozoic fluvial and lacustrine clastic rocks,
mudstone, and freshwater marls.

The majority of Zn-Pb deposits are hosted in the rocks underlying
the Emeishan flood basalts. The ore deposits that are hosted in the
dolostones of the Dengying and Baizuo Formations account for about
81% of the proven Zn + Pb reserves in the SYG district (Chen, 2015;
Liu, 1995; Liu and Lin, 1999).

3. The Huize Zn-Pb deposit

The Huize Zn-Pb deposit consists of three mines, i.e., Qilinchang,
Kuangshanchang, and Yinchangpo, which are separated by three NE-

striking thrust faults, namely the Kuangshanchang, Qilinchang, and
Yinchanggou faults (Fig. 2). Mining operation in this region can be
traced back to the Han Dynasty (decades before B.C.), and recent
geological exploration has been carried out since 1950s.

More than 300 discrete ore bodies with Pb + Zn reserves ranging
from ten to million tonnes have been found in the deposit. The ore
bodies usually occur at the junction areas where NE-, NS- and NW-
trending faults intersected and bounded by the Xiaojiang deep-seated
fault zone to the west and the Zhaotong-Qujing concealed fault zone to
the east. Overall, all the orebodies occur in the eastern flank of the
Jinniuchang-Kuangshanchang anticline.

Most orebodies are mainly hosted in the dolostones of
Carboniferous Baizuo Formation (Fig. 3), and others in Devonian Zaige
Formation (Chen and Li, 2005; Meng, 2014; Zhong et al., 2013; Zhou
et al., 2001). The ore bodies are commonly enveloped in coarse-grained
dolostone and mainly distributed within the interstratified fault zone
within the strata of the Baizuo Formation. Alteration of the host rocks is
insignificant, and the orebodies have sharp contact with the host rocks,
and often exhibit open-space filling features typical of MVT deposits
(Leach et al., 2010a; Leach and Sangster, 1993). The weak alteration
associated with Zn-Pb mineralization include dolomitization, silicifi-
cation, carbonatization and pyritization. Ore bodies appear as tube-,
lens- and column-like in shape, or as veins or veinlets in local places. An
individual orebody can be 10–>1000 m wide, 2–40 m thick and
800–>1000 m long, and the thickness and grade of the ore bodies
increase with the depth (Li et al., 2006).

The ores can be divided into three types, i.e., massive-, dis-
seminated- and vein-type ores. The ores consist mainly of sphalerite,
galena, pyrite, chalcopyrite, hopeite, matildite, acanthite, and frei-
bergite, and gangue minerals include calcite and dolomite, with minor
barite, gypsum, quartz and clay minerals (Fig. 4). Sphalerite is the
dominant ore mineral in both massive and disseminated ores (Han

Fig. 5. Cross section profile of the Huize deposit [after Han et al. (2012)]
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et al., 2007). The ores in the upper part of the deposit were oxidized by
supergene fluids (Fig. 5). The oxidized ores are commonly yellowish to
dark brown with complex mineral assemblage including smithsonite,
galmey, hydrozincite, willemite, cerussite, sardinianite, limonite, and
sulfide relics.

4. Analytical methods

The ore samples in this study were collected from underground
mine, most samples were from the adits at interval of 1880–1191 m
above sea level in the Qilinchang mine. The samples of the Kunyang
Group and host rocks were collected in the places miles away from the
orefield to avoid possible hydrothermal overprints related to the mi-
neralization.

4.1. In situ Pb isotope analysis for galena

The galena was analyzed on the double side-polished slices of the
ores using a 266 nm femtosecond laser-ablation multi-collector in-
ductively coupled plasma mass spectrometry (fs-LA-MC-ICP-MS) at the
State Key Laboratory of Continental Dynamics, Northwest University in
China. The equipment consists of the Nu Plasma II MC-ICP-MS by Nu
Instruments (Nu Ins, UK) and coupled 266-nm NWR UP Femto (ESI,
USA) laser ablation system. To eliminate any potential contamination,
the surfaces of the slices were carefully cleaned using anhydrous
ethanol prior to laser ablation analysis. Test spots were carefully chosen
to avoid possible influence of inclusions and impurities (Fig. 4d). High-
temperature-activated carbon was used to filter Hg contained in the
carrier gas (argon and helium), which reduced the Hg background and
lowered the detection limit. Fractionation and mass discrimination ef-
fects existing in the ICP-MS analytical processes were corrected using
an internal Tl isotope reference NIST SRM997 in conjunction with an

Table 1
fLA-MC-ICP-MS in-situ analytical results of Pb isotope compositions of galena from the Huize ore deposit.

Sample No. H (m)① Ore-type 206Pb/204Pb 1 207Pb/204Pb 1 208Pb/204Pb 1 t(Ma)② μ

YN-14-01 1880 Massive/oxidized 18.4893 0.0007 15.7418 0.0008 38.9668 0.0024 283 9.73
YN-14-02 1880 Massive/oxidized 18.4899 0.0011 15.7399 0.0012 38.9522 0.0033 280 9.73
YN-14-03 1880 Massive/oxidized 18.4889 0.0016 15.7379 0.0015 38.9135 0.0041 279 9.73
YN-30-01 1864 Massive/oxidized 18.5084 0.0094 15.7679 0.0080 39.0524 0.0198 300 9.78
YN-30-02 1864 Massive/oxidized 18.5060 0.0016 15.7610 0.0017 39.0268 0.0045 294 9.77
YN-30-03 1864 Massive/oxidized 18.5004 0.0021 15.7551 0.0022 39.0098 0.0061 291 9.76
YN-5-2-01 1760 Disseminated 18.5007 0.0033 15.8058 0.0034 39.0070 0.0096 350 9.86
YN-5-2-02 1760 Disseminated 18.5049 0.0026 15.7647 0.0028 39.0308 0.0075 299 9.78
YN-2-2-01 1759 Massive 18.4989 0.0023 15.7593 0.0024 39.0131 0.0066 297 9.77
YN-7-01 1759 Massive 18.5264 0.0018 15.7647 0.0019 39.0737 0.0054 284 9.78
YN-4-01 1757 Disseminated 18.5069 0.0025 15.7671 0.0026 39.0358 0.0070 301 9.78
YN-9-1-01 1698 Massive 18.5043 0.0019 15.7686 0.0020 39.0389 0.0056 304 9.79
YN-9-1-02 1698 Massive 18.5041 0.0021 15.7706 0.0022 39.0424 0.0060 307 9.79
YN-9-1-03 1698 Massive 18.5031 0.0022 15.7669 0.0022 39.0375 0.0061 303 9.78
YN-10-2-01 1684 Massive 18.5012 0.0018 15.7657 0.0019 39.0254 0.0054 303 9.78
YN-10-2-02 1684 Massive 18.4964 0.0017 15.7608 0.0019 39.0189 0.0061 301 9.77
YN-12-1-01 1680 Massive 18.5035 0.0019 15.7702 0.0020 39.0357 0.0055 307 9.79
YN-12-1-02 1680 Massive 18.5011 0.0019 15.7668 0.0020 39.0251 0.0057 304 9.78
YN-12-1-03 1680 Massive 18.4857 0.0040 15.7473 0.0038 38.9701 0.0105 292 9.75
YN-12-1-04 1680 Massive 18.5036 0.0035 15.7652 0.0035 39.0144 0.0100 301 9.78
YN-12-2-01 1680 Massive 18.5058 0.0028 15.7531 0.0031 39.0142 0.0093 285 9.76
YN-13-01 1680 Massive 18.5068 0.0022 15.7727 0.0022 39.0470 0.0063 307 9.79
YN-21-1-01 1256 Massive 18.5005 0.0034 15.7668 0.0031 39.0337 0.0078 305 9.78
YN-21-1-02 1256 Massive 18.4988 0.0025 15.7676 0.0024 39.0330 0.0064 307 9.78
YN-21-2-01 1256 Massive 18.5010 0.0017 15.7635 0.0016 39.0289 0.0045 301 9.78
YN-21-2-02 1256 Massive 18.5061 0.0022 15.7666 0.0022 39.0388 0.0058 301 9.78
YN-22-1-01 1248 Massive 18.5092 0.0068 15.7777 0.0059 39.0467 0.0150 311 9.80
YN-22-1-02 1248 Massive 18.4977 0.0017 15.7663 0.0017 39.0251 0.0048 306 9.78
YN-22-2-01 1248 Massive 18.4943 0.0021 15.7601 0.0022 39.0044 0.0061 301 9.77
YN-22-2-02 1248 Massive 18.4912 0.0017 15.7559 0.0018 38.9954 0.0051 298 9.76
YN-29-01 1237 Massive 18.4979 0.0019 15.7618 0.0019 39.0153 0.0052 301 9.77
YN-29-02 1237 Massive 18.4940 0.0012 15.7580 0.0013 39.0023 0.0036 299 9.77
YN-29-03 1237 Massive 18.4969 0.0020 15.7613 0.0020 39.0153 0.0053 301 9.77
YN-25-01 1228 Vein 18.5022 0.0023 15.7676 0.0023 39.0298 0.0064 304 9.78
YN-25-02 1228 Vein 18.5042 0.0029 15.7690 0.0028 39.0375 0.0073 305 9.79
YN-26-01 1228 Vein 18.5089 0.0018 15.7573 0.0018 39.0347 0.0050 288 9.76
YN-18-1-01 1199 Massive 18.5073 0.0019 15.7612 0.0021 39.0296 0.0059 293 9.77
YN-15-1-01 1197 Massive 18.5013 0.0017 15.7635 0.0019 39.0165 0.0054 300 9.78
YN-15-1-02 1197 Massive 18.5025 0.0017 15.7657 0.0018 39.0249 0.0052 302 9.78
YN-15-1-03 1197 Massive 18.5000 0.0024 15.7609 0.0026 39.0050 0.0075 298 9.77
YN-19-1-01 1179 Massive 18.5085 0.0022 15.7722 0.0023 39.0492 0.0062 305 9.79
YN-19-1-02 1179 Massive 18.5079 0.0025 15.7741 0.0025 39.0517 0.0069 308 9.80
YN-19-2-01 1179 Massive 18.4909 0.0021 15.7577 0.0023 38.9984 0.0062 301 9.77
YN-19-2-02 1179 Massive 18.4934 0.0018 15.7581 0.0019 39.0002 0.0054 299 9.77
YN-33-1-01 1091 Disseminated 18.5186 0.0024 15.7728 0.0023 39.0670 0.0063 299 9.79
YN-33-1-02 1091 Disseminated 18.5178 0.0023 15.7733 0.0023 39.0668 0.0061 300 9.79
YN-33-1-03 1091 Massive 18.5217 0.0022 15.7755 0.0023 39.0756 0.0062 300 9.80
YN-33-2-01 1091 Massive 18.4901 0.0092 15.7524 0.0079 39.0102 0.0199 295 9.76
YN-33-2-02 1091 Massive 18.5070 0.0019 15.7630 0.0020 39.0354 0.0055 296 9.77
YN-33-2-03 1091 Massive 18.5082 0.0017 15.7619 0.0018 39.0325 0.0050 294 9.77

① Altitude above sea level.
② Pb isotope model age.
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external reference NIST SRM 610, where the Tl solution is introduced
through the CETAC Aridus II desolvation nebulizer system. The ex-
ponential law correction method for Tl normalization with optimum
adjusted Tl ratio was utilized to obtain Pb isotopic data with good
precision and accuracy. The measured isotopic ratios are in good
agreement with the reference or published values within 2σ measure-
ment uncertainties (Chen et al., 2014; Yuan et al., 2015).

4.2. Whole-rock Pb isotope analysis

Trace element concentrations and Pb isotope ratios of the Kunyang
Group and host rocks were analyzed at the State Key Laboratory of
Isotope geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. Whole-rock samples were crushed in a steel
crusher, carefully rinsed and powdered to<200 mesh using an agate
mill. The powdered samples were dried at 105 °C for 12 h before being
analyzed.

Ore metals and trace elements of the samples were determined using
a Perkin-Elmer Sciex ELAN 6000 ICP-MS at SKLIG. The powdered
samples (50 mg) were dissolved in screw-top Teflon beakers using an
HF+HNO3 mixture for 7 days at ∼100 °C. An internal standard

solution containing the single element Rh was used to monitor drift in
mass response during counting. USGS standards BCR-1, W-2 and G-2
were used for calibrating element concentrations of the samples. In-run
analytical precision for most elements is in a range of 2–5%. The de-
tailed procedures for trace element analysis by ICP-MS were described
by Li et al. (2002b).

Lead isotope measurements of whole-rock samples were obtained by
using a Neptune Plus multiple collector inductively coupled plasma
source mass spectrometer (MC-ICP-MS). 100 mg of rock powder was
weighed into a Teflon vessel and dissolved in a HNO3

+ HF mixture at
140 °C for 72 h. The solution was evaporated to dryness and then added
with 2 ml concentrated HNO3 and kept on an electric hot plate at 140 °C
for 24 h. It was evaporated to dryness again and subsequently added
2 ml 6 M HCl and kept on a hot plate at 140 °C for another 24 h. It was
finally dissolved in 0.8 M HBr solution in preparation for Pb purifica-
tion. Pb was separated and purified by conventional anion exchange
techniques (AG1X8, 200–400 resin) with dilute HBr as eluant. The total
procedural blank is less than 0.4 ng. Samples are doped with Tl, and
mass discrimination was corrected relative to a certified 205Tl/203Tl
ratio. The detail analytical procedures are similar to those described by
Baker and Waight (2002). During the period of analysis, repeated
analyses of NBS981 yielded 206Pb/204Pb = 16.9368 ± 4 (2σ),
207Pb/204Pb = 15.4881 ± 5 (2σ), and 208Pb/204Pb = 36.6788 ± 11
(2σ).

4.3. Leaching experiment

A tentative leaching experiment was carried out in this study to
delineate the mobility of ore metals in the rocks and the variation of Pb
isotope ratios in the leachate and bulk rock sample. 1 g of powdered
samples of possible source rocks was carefully weighed to centrifuge
tubes, 5 ml 10% HCl was added and shacked for 30 min in an ultrasonic
vibration instrument. For the organic-rich rocks such as black shale and
carbonaceous slate, excessive H2O2 was added to dissolve the organics
before leaching. After 24 h’ resting, the tubes were transferred to a
centrifugal machine, then centrifuged for 10 min, and the liquids were
filtered and decanted into new centrifuge tubes. The residuals were
rinsed with MILIQ water, centrifuged and integrated to the leachates for
five times. The ore metal and trace element concentrations and Pb
isotopes of the leachates were analyzed using ICP-MS and MC-ICP-MS
methods following procedures described above.

5. Results

5.1. Mineral and whole-rock Pb isotopic compositions

The galena grains analyzed in this study have restricted Pb isotopic
compositions with 206Pb/204Pb of 18.486–18.526, 207Pb/204Pb of
15.738–15.806, and 208Pb/204Pb of 38.914–39.076 (Table 1). The ga-
lena grains in different ore types at different altitudes have similar Pb
isotopic compositions (Fig. 6). Compared with the results in this study,
the Pb isotopic compositions of the sulfides reported in earlier studies
and analyzed by conventional method are much scattered (Han et al.,
2007; Li et al., 2007; Zhou et al., 2001) (Fig. 7). This is possibly because
in situ determination can effectively avoid the influences of impurities
in sulfides and errors introduced during chemical preparations.

The Pb isotopic compositions of the galena in this study are plotted
just above the average crustal growth curves (Zartman and Haines,
1988) in the plots of 207Pb/204Pb versus 206Pb/204Pb and 208Pb/204Pb
versus 206Pb/204Pb (Fig. 8), whereas the samples of the country rocks
including those from the Kunyang Group, Baizuo Formation, Dengying
Formation, and the Emeishan flood basalts have highly variable Pb
isotopic compositions (Table 2). The dolostones of the Baizuo and
Dengying Formation and the Emeishan flood basalts have 206Pb/204Pb
varying from 19.430 to 23.974, 207Pb/204Pb from 15.764 to 16.046 and
208Pb/204Pb from 38.814 to 42.975, which are remarkably different

Fig. 6. Plot of 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios vs. altitude of the sam-
ples showing extremely homogenous lead isotope signature of the Huize deposit.

Fig. 7. 206Pb/204Pb vs. 207Pb/204Pb plot showing the difference between the previously
published lead isotope compositions of sulfides and bulk ores and those of this study.

Z. Bao et al. Ore Geology Reviews 91 (2017) 824–836

830



from that of galena. On the other hand, the clastic rocks of the Kunyang
Group have 206Pb/204Pb of 18.7891–23.2739, 207Pb/204Pb of
15.7121–16.0050, and 208Pb/204Pb of 38.1689–39.4102, similar to the
ratios for the galena in the ores of the Huize Zn-Pb deposit.

5.2. Leaching experimental results

The clastic rocks of the Kunyang Group contain 100 ppm Pb and
200 ppm Zn, much higher than those for other sedimentary rocks in this
region (Zhang, 2009). In addition, they have similar Pb isotopic com-
positions to the galena from the Huize deposit. They are therefore se-
lected for the leaching experimental study. The results indicate that
leachates of the organic-rich and -poor clastic rocks have disparate Pb
isotope features.

The leachates of organic-poor sandstone, siltstone and slate are
obviously less radiogenic than those of the whole-rock samples,
whereas the leachates of organic-rich black shale and carbonaceous
slate are much radiogenic than those for the whole-rock samples
(Table 3; Figs. 9 and 10). The less radiogenic Pb in the leachates of
organic-poor clastic rocks indicates that the radiogenic Pb in the or-
ganic-poor rocks is likely hosted in the insoluble phases such as silicates
and U- and Th-rich accessary minerals, whereas the common Pb mainly
occur in carbonates and/or calcareous cement. Therefore, progressive
interaction of the rocks and acid hydrothermal fluids could result in the
release of more radiogenic Pb from these rocks, so that the leachates
may have Pb isotope features similar to that for the galena of the ores.

On the other hand, the leachates of organic-rich black shale and
carbonaceous slate have highly radiogenic Pb isotopic compositions

Fig. 8. Lead isotope composition of galena from the Huize deposit and the basement and host rocks in this study. Pb isotope evolution curves for designated model reservoirs are after
Zartman and Haines (1988) and Pb isotope compositions of the whole rocks are age-corrected.

Table 2
Lead isotope compositions of the rocks in the Huize orefield and neighbor region.

Period Rock Th(ppm) U(ppm) Pb(ppm) (206Pb/204Pb)* (207Pb/204Pb)* (208Pb/204Pb)*

Mesoproterozoic Kunyang Group Black shale 6.56 39.7 50.6 17.0702 15.6604 38.8043
6.56 39.7 50.6 17.0087 15.6102 38.4424

Carbonaceous slate 17.9 3.15 7.25 19.2291 15.7735 36.3521
Slate 6.73 8.62 21.4 18.7891 15.7121 38.6896
Siltstone 3.88 1.73 8.18 23.2739 16.0050 38.1689
Thick-layered sandstone 4.50 1.66 4.47 19.7253 15.7841 39.4102
Middle-layered sandstone 7.25 2.48 7.96 19.5817 15.7615 38.9334

Sinian Dengying Formation Dolostone 0.08 0.249 6.95 23.9736 16.0464 38.4842
Carboniferous Baizuo Formation dolostone 0.151 0.366 2.36 19.7671 15.7640 38.8143

dolostone 0.151 0.366 2.36 19.8362 15.7661 38.8206
Permian Emeishan basalt 2.54 2.59 3.36 19.4296 15.8027 42.9747

* Represent radiogenic lead corrected ratios.
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and contain high U and Th contents which may be absorbed in the
organics during sedimentation and diagenesis. The organic matters in
these rocks may absorb and retrain the releasing of ore metals from
rocks during water-rock interactions (Davis, 1984; Reuter and Perdue,
1977). The significant differences between the leachates of organic-rich
rocks and galena demonstrate that the contribution of the black shale
and carbonaceous slate was much less important if any.

6. Discussion

6.1. Comparison of the Pb isotope data obtained in this study and literature

Lead is the predominant metal component of galena, and the ten-
dency for galena to exclude the parent isotopes of U and Th make Pb
isotope ratios of galena close to initial values at the time of crystal-
lization, and no correction for radiogenic in-growth is required. In situ
Pb isotope analyses of galena indicate that the ores in the deposit have
very narrow ranges of Pb isotope compositions, which is strikingly in
contrast with those of the previously published results on the ores. The
previously published Pb isotope data of the ores from the Huize deposit
as well as the Kunyang Group and host rocks in the region are widely
scattering (Fig. 11). It is noteworthy that most of rock samples in the
previous works were collected from the mining areas and the results are
commonly not age-corrected for the radiogenic Pb daughter isotopes

due to the lack of U, Th and Pb data. The highly overlapping ranges of
Pb isotopic compositions for the ores and rocks are likely resulted from
poor precision of the less advanced analytical techniques in the last
century, impurity of sulfide separates, and not age-corrected data, and
consequently almost all of the rock units were proposed by different
researchers to be the source rocks of the Zn-Pb ore mineralization.

6.2. Uniform Pb isotope of the galena

The Pb isotopic homogeneity of the Huize deposit is strikingly in
contrast with the typical MVT deposits in the US, which commonly
have distinctive Pb isotope compositions in sulfides of different gen-
eration and even in single crystal which is commonly believed to be
results of mixing of multiple sources (e.g., Crocetti et al., 1988; Deloule
et al., 1986; Foley et al., 1981; Sverjensky, 1981). The homogeneity of

Table 3
Ore metal contents and Pb isotopic composition of the whole rocks of the Kunyang Group and their 10% HCl leachates.

Sample Th U Pb Zn 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb (206Pb/204Pb)* (207Pb/204Pb)* (208Pb/204Pb)*

Back shale 6.56 39.68 50.57 15.68 18.6574 15.7400 38.8899 17.0702 15.6604 38.8043
Back shale 6.56 39.68 50.57 15.68 18.5857 15.6893 38.5274 17.0087 15.6102 38.4424
10% HCl leachate 0.91 19.51 19.24 4.16 23.1391 15.9869 38.4317 20.3734 15.8483 38.1771
Carbonaceous slate 17.89 3.15 7.25 76.90 20.1164 15.8180 37.9943 19.2291 15.7735 36.3521
10% HCl leachate 1.41 0.20 4.11 28.87 19.7410 15.7847 41.1382 19.5061 15.7730 41.0424
Slate 6.73 8.62 21.42 27.84 19.6135 15.7534 38.8996 18.7891 15.7121 38.6896
10% HCl leachate 0.17 0.31 10.81 2.04 18.9289 15.7213 37.7270 18.7848 15.7141 37.6949
Siltstone 3.88 1.73 8.18 12.44 23.7312 16.0279 38.5027 23.2739 16.0050 38.1689
10% HCl leachate 0.00 0.00 0.07 0.64 18.7382 15.6698 38.5934 18.6496 15.6654 38.5934
Sandstone 7.25 2.48 7.96 301.20 20.2322 15.7941 39.5521 19.5817 15.7615 38.9334
10% HCl leachate 0.19 0.05 2.48 133.28 18.4404 15.6354 38.1041 18.3049 15.6286 38.0501

Ore metal contents listed are represented as μg/g (whole rock powder).
* Radiogenic corrected ratios.

Fig. 9. 206Pb/204Pb vs. 207Pb/204Pb plot of the previously published data of the Kunyang
Group and host rocks.

Fig. 10. 206Pb/204Pb vs. 207Pb/204Pb plot of the bulk rocks and leachates. Acidic solution
(10% HCl) preferentially leaches common lead in the clastic rocks, but radiogenic Pb in
the organic rich sedimentary rocks.
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the isotopic composition of ores depends on the degree of mixing and
homogenization of Pb prior to ore deposition. Leaching of Pb from thick
sedimentary piles and/or basement rocks and the protracted

mechanical and/or chemical homogenization as well as the long dis-
tance lateral transportation were suggested to be responsible for uni-
form Pb isotope ratios in large deposits (Vaasjoki and Gulson, 1986;
Wilkinson, 2014).

The homogenous Pb isotopic composition of the galena indicate that
the ore metals in the Huize deposit Pb originated from a single or well-
mixed source. The high 207Pb/204Pb and 208Pb/204Pb ratios (Fig. 8) may
indicate ancient crustal source rocks and/or possibly lower crustal do-
mains with elevated Th/U ratios (Schneider et al., 2002).

6.3. The Kunyang Group is the major source of ore metals

The Kunyang Group and host rocks have distinct Pb isotope com-
positions (age-corrected to 200 Ma) (Fig. 8). The Pb isotopes of the
Permian Emeishan basalts, Carboniferous Baizuo Formation and Sinian
Dengying Formation dolostones are significantly different from that of
galena. In addition, the Paleozoic sedimentary rocks and Emeishan
basalts have ore metal contents lower than or similar to their corre-
sponding crustal abundances (Li et al., 2002a). Therefore, because the
rocks are characterized by low ore metal contents, lack metamorphism
and hydrothermal alteration, and Pb isotopic signatures distinct from
the ores, it can be concluded that those rocks are unlikely the major
source(s) of the ore metals.

Pb isotope compositions of the Proterozoic Kunyang Group rocks
have a wide range of variation, however, the clastic rocks (sandstone-
siltstone-slate) have Pb isotope compositions similar to that of the ga-
lena, only slightly more radiogenic (Fig. 8). Therefore, we assume that
the clastic rocks of the Kunyang Group are probably the major source of
the metals for the Huize Zn-Pb deposit.

Lead in rocks accessible to hydrothermal fluids and bulk rocks may
differ considerably, while isotope compositions of leachable lead es-
sentially depend on the mineralogical composition of the rocks; and it is
evidenced that different phases of rocks commonly have significantly
different Pb isotope compositions (e.g., Gulson, 1977; Macfarlane and
Petersen, 1990; Pedersen, 2000). Thus, the slight radiogenic Pb isotopic
feature of the organic-poor clastic rocks may be mitigated during water-
rock interaction. And indeed, the leaching experiment shows that 10%
HCl will preferentially leach common lead in the clastic rock of the
Kunyang Group (Figs. 9 and 10), suggesting that hydrothermal solution
may preferentially leach common lead from low-grade metasedimen-
tary rocks, which is consistent with the results of Chiaradia and
Fontbote (2003). In spite of the fact that the leachates of the clastic
rocks are slightly less radiogenic than that of galena, the progressive
hydrothermal fluid interaction will possibly elevate the radiogenic lead
of the fluids to the ratios of the ores, and thus, the clastic rocks are the
most possible source rocks for the mineralization (Figs. 12 and 13).

The clastic rocks in the Kunyang Group have a thickness of around
20 km (Li et al., 1984; Lv and Dai, 2001) and have average Pb and Zn
contents of 100 ppm and 200 ppm, respectively (Zhang, 2009), which
are favorable for the formation of the Huize Zn-Pb deposit. Our leaching
experimental results demonstrate that the ore metals in the organic-
poor clastic rocks are easily accessible to hydrothermal fluids, the
sandstone in particular, 31% of the Pb and 44% of Zn can be extracted
by 10% HCl solution (Table 3). The results imply that a substantial part
of Pb and Zn in the organic–poor clastic rocks occur in carbonate phases
and/or calcareous cements, which make the rocks plausible sources of
ore metals. If we assume 5% of the clastic rocks in the Kunyang Group
was involved in hydrothermal interaction, during which 20% of the
zinc and lead will be released, while 25% of released metals will be
precipitated during ore mineralization, and the density of the rocks at
2.5 t/m3, thus, less than 200 Km3 of such clastic rocks (the rocks within
an area of less than 200 Km2) will supply enough ore metals for the
formation of the Huize deposit.

In addition, feldspars from the Precambrian gneisses in the base-
ment (He et al., 2015; Liu et al., 2000) and the whole rocks of Proter-
ozoic igneous rocks in the region (Zhou et al., 1998) also have Pb

Fig. 11. 206Pb/204Pb vs. 208Pb/204Pb plot of the bulk rocks and leachates.

Fig. 12. 206Pb/204Pb vs. 207Pb/204Pb plot of lead isotope compositions of the galena and
leachates (age-corrected values) of the Kunyang Group rocks.

Fig. 13. 206Pb/204Pb vs. 208Pb/204Pb plot of lead isotope compositions of the galena and
leachates (age-corrected values) of the Kunyang Group rocks.
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isotope compositions similar to that of galena (Fig. 14). Considering
that feldspar is the dominant Pb-bearing phase in igneous rocks (Housh
and Bowring, 1991), and due to the low U/Pb and Th/Pb ratios, age-
correction of its lead isotopic composition is unnecessary (Carignan and
Gariepy, 1993). Previous leaching experiments demonstrated that
feldspars contain radiogenic lead which can be removed preferentially
to non-radiogenic lead (Housh and Bowring, 1991), therefore, pre-
ferential leaching of radiogenic lead from the Precambrian gneisses and
the ore-metal rich Proterozoic granitic and rhyolitic volcanic rocks
(Chen and Wu, 2012; Zhou et al., 2001) may also release Pb with Pb
isotopes similar to that of the galena, and thus the contribution of the
gneisses in the basement and the Proterozoic igneous rocks could not be
excluded (Fig. 14).

Leaching of ore metals from the thick pile of ore metal rich clastic
rocks in the Kunyang Group by the deep circulated hydrothermal fluids,
which may also integrate with metals released from the Proterozoic
igneous rocks and the Precambrian gneisses in the basement and
homogenize through secular interaction and long distance migration,
should be the key mechanism responsible for the ore mineralization.
However, due to their localized distribution, contribution of the
Proterozoic igneous rocks and Precambrian gneiss may be less im-
portant than that of the Kunyang Group clastic rocks. Involvement of
basement rocks in the MVT systems has been speculated by many re-
searchers based on isotopic evidence which suggests possible interac-
tions between basement and hydrothermal fluids (Everett et al., 2003;
Han et al., 2016; Koppel and Schroll, 1988; Luczaj et al., 2007; Shelton
et al., 1995; Wilkinson, 2014; Zhou et al., 2001). Our results demon-
strated that the Kunyang Group clastic rocks in the basement was the
primary source of ore metals in the Huize deposit. The possible in-
volvement of deeply circulating fluids in the basement is also supported
by the high homogenization temperatures of fluid inclusions in spha-
lerite (can be up to>280 °C, our unpublished data and Han et al.
(2016)) which are significantly higher than normal hydrothermal fluids
of MVT mineralization (Leach et al., 2005).

7. Conclusions

Pb isotope composition of galena from the Huize deposit is

extremely homogenous, no significant variation has been observed in
different ore types and spatially over 800 m vertically. Comparative
source-rock Pb isotope analyses and leaching experiment show that the
organic-poor clastic rocks in the Kunyang Group may be the pre-
dominant source of the ore metals, whereas the Proterozoic igneous
rocks and Precambrian gneisses may also contribute to the ore miner-
alization. It can be inferred that formation of the Huize deposit was
likely related the secular interaction between the deep-circulating fluids
and the thick pile of ore metal rich clastic rocks, and the long distance
migration of ore fluids resulted in extraction of abundant ore metals
and homogenization of Pb isotopes of the ores.
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