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Abstract
The genesis of the giant Ag-Cu-Pb-Zn polymetallic mineralization in the northern Lanping basin, Southwest China, remains
controversial. To address the sources of metals, a systematic study on Hg isotope compositions was conducted for the Cu-
dominated deposit at Baiyangping and the Pb-Zn-dominated deposits at Fulongchang and Liziping. The Cu deposit shows
positive Δ199Hg signatures (0.14 ± 0.13‰), in contrast to the Δ199Hg of the Pb-Zn deposits (− 0.09 ± 0.06‰). As positive
Δ199Hg values are commonly observed in marine sediments and the Lanping Triassic marine sedimentary rocks show exclu-
sively positive Δ199Hg signals (0.03 ± 0.07‰), the Hg in Cu ores was mainly sourced from the Triassic strata. The negative
Δ199Hg signals observed in the Pb-Zn deposits, typical of terrestrial Hg, agree roughly with those of the Jurassic to Paleocene
terrestrial sedimentary rocks (− 0.05 ± 0.08‰), indicating that the terrestrial strata provided the Hg in Pb-Zn ores. Compared to
the source rocks, the Cu deposit shows isotopically lighter Hg enrichments (δ202Hg = − 2.30 ± 0.35‰), possibly resulting from
fractionations induced by Hg2+ sorption, organic complexation, and precipitation of Hg-bearing sulfides. The Pb-Zn deposits
show comparable or slightly heavier δ202Hg (− 0.56 ± 0.48‰); moreover, δ202Hg values of late-stage sulfides are higher than
early-stage δ202Hg values, suggesting that the δ202Hg variation was primarily caused by sulfide precipitation. Thus, Hg isotope
data indicate that separate hydrothermal events resulted in Cu and Pb-Zn mineralization. More importantly, this study reveals the
great potential of Hg isotopes to discriminate sedimentary sources of metals for low-temperature hydrothermal deposits.

Keywords Hg isotopes . Isotope fractionation .Metal sources . Baiyangping . Sanjiang Tethys

Introduction

As an important characteristic of Tethyan metallogenesis,
sediment-hosted base metal deposits are favorable for probing
the hydrothermal mineralization processes associated with
continental collisional orogenesis (Bi et al. 2019; Deng et al.
2014a; Deng et al. 2014b; He et al. 2009; Hou and Zhang

2015; Hou 2010; Hou and Cook 2009; Leach et al. 2005;
Leach and Song 2019; Rajabi et al. 2012; Richards et al.
2012). The Baiyangping district, located in the northern
Lanping basin, Southwest China, in the eastern Tethyan do-
main (Fig. 1), is characterized by unusual enrichments in mul-
tiple metals (e.g., Ag, Cu, Pb, Zn, Co, Sb, As, and Bi) in the
Mesozoic-Cenozoic sedimentary rocks and is structurally con-
trolled by thrust systems associated with Himalayan orogene-
sis (Ceng 2007; Chen et al. 2000; Feng et al. 2017; Gong et al.
2000; He et al. 2006; Li et al. 2005; Liu et al. 2010; Wang
2004; Wang et al. 2012, 2018; Xue et al. 2003; Yang et al.
2003; Zou et al. 2016). The characteristic Ag-Cu-Pb-Zn as-
semblage distinguishes Baiyangping deposits from typical
sediment-hosted base metal deposits that rarely contain large
amounts of both Cu and Pb-Zn (Leach and Song 2019). Most
studies consider Baiyangping polymetallic mineralization to
have resulted from low- to intermediate-temperature basinal
brines, but opinions on metal sources are strongly debated and
include mixing between crustal and mantle-derived metals
(Feng et al. 2011; Wang and He 2003; Wang et al.
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2004; Xue et al. 2003), mixing between sedimentary and base-
ment sources (Li et al. 2005; Wang et al. 2018; Zou et al.
2016), and a sole source from basement metamorphic rocks
(Liu et al. 2010) or from sedimentary rocks (Wang et al.
2011). Common geochemical tracers (e.g., S, H, C-O, and
Pb isotopes) can scarcely discriminate the sources of metals
among these deposits. A few studies suggest a late Pb-Zn
imprint over early Cu mineralization based on geochronolog-
ical data (Wang et al. 2012, 2018), but the age significance has
been questioned because of uncertainties about the nature of
the dated samples, limitations in the analytical procedures, and
relevance of the mineral dated to the ore event (e.g., Leach and
Song 2019).

Mercury (Hg) isotopes may provide multidimensional con-
straints on the sources and mineralization processes of Hg and
perhaps associated metals (e.g., Pb, Zn, Cu, Au, and Sb) in
hydrothermal deposits (Deng et al. 2020; Fu et al. 2020; Liu
et al. 2021; Smith et al. 2008; Smith et al. 2005; Tang et al.
2017; Xu et al. 2018; Yin et al. 2019; Yin et al. 2016a). Hg is a
typical chalcophile element that tends to concentrate with Pb,
Zn, Ag, Cu, Sb, and Au in hydrothermal solutions and enter
the structures of minerals containing these elements (Fursov
1958). Hg has 7 stable isotopes: 196Hg, 198Hg, 199Hg, 200Hg,
201Hg, 202Hg, and 204Hg (Blum and Bergquist 2007).

Remarkable mass-dependent fractionation (MDF) and mass-
independent fractionation (MIF), generally reported as δ202Hg
andΔ199Hg, respectively, have been observed in natural sam-
ples. Geological samples (e.g., rocks, Hg ores, minerals, hy-
drothermal precipitates, and coals) display large variations in
Δ199Hg from − 0.5 to 0.4‰ and δ202Hg from − 4 to 2‰ (e.g.,
Biswas et al. 2008; Blum et al. 2014; Deng et al. 2020; Fan
et al. 2020; Fu et al. 2020; Liu et al. 2021; Ogrinc et al. 2019;
Shen et al. 2019; Smith et al. 2008; Smith et al. 2005; Sun
et al. 2014b; and references therein). MIF mainly results from
photochemical reactions and occasionally from non-
photochemical processes (Bergquist and Blum 2007; Estrade
et al. 2009; Sherman et al. 2010). The ratio of Δ199Hg/
Δ201Hg can be diagnostic of the MIF mechanism. For in-
stance, photochemical processes associated with the magnetic
isotope effect result in Δ199Hg/Δ201Hg values between 1.0
and 1.3 (Bergquist and Blum 2007; Sherman et al. 2010),
while evaporation of Hg0 and dark reduction of Hg2+ due to
the nuclear volume effect produceΔ199Hg/Δ201Hg ratios of ~
1.6 (Ghosh et al. 2013). Photo-reactions produce positive
Δ199Hg in Hg remaining in the aqueous Hg2+ phase (e.g., rain
and seawater) and negative Δ199Hg in the atmospheric Hg0

phase (Sonke 2011). For this reason, terrestrial reservoirs
(e.g., plants, soil, and coal) are characterized by negative
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Fig. 1 a Location of the Lanping basin in the Sanjiang Tethyan
metallogenic domain and b geological map of Lanping basin, which
shows the location of the Baiyangping ore-concentrated area (BOCA)

and the relationships among major sediment-hosted base metal deposits,
stratigraphy, magmatic rocks and structures
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Δ199Hg due to sequestration of gaseous Hg0 through wet/dry
deposition and foliage uptake (Demers et al. 2013; Yin et al.
2013), whereas marine sediments are characterized by posi-
tive Δ199Hg due to Hg2+ deposition from seawater (Blum
et al. 2014; Meng et al. 2019; Yin et al. 2015). Mantle-
derived Hg displays Δ199Hg of ~ 0 (Sherman et al. 2009).
Mineralization processes, including hydrothermal activation,
migration, and precipitation without Hg0 evaporation and dark
reduction of Hg2+, would not induce significant Hg-MIF (Yin
et al. 2016a). Therefore, it is possible to use the Hg-MIF of
ores to indicate sources of Hg in hydrothermal deposits.

Hg-MDF, occurring in nearly all biogeochemical reactions,
results in products with lower δ202Hg values and residual re-
actants with higher δ202Hg values (Blum and Johnson 2017;
Blum et al. 2014; Yin et al. 2014). Because Hg is the only
metal in nature that can vaporize at room temperatures with
substantial MDF (generallyΔδ202Hg>1‰; Smith et al. 2008;
Smith et al. 2005; Spycher and Reed 1989; Zheng et al. 2007),
Hg isotopes are sensitive to the boiling process in low-
temperature hydrothermal systems (e.g., epithermal
environments and hot springs; Sherman et al. 2009; Smith
et al. 2008; Smith et al. 2005). Geological processes, such as
diffusion (Koster van Groos et al. 2014), redox transformation
(Bergquist and Blum 2007; Schauble 2007; Zheng and
Hintelmann 2010), and precipitation (Smith et al. 2015), can
also cause a small degree of Hg-MDF.

This work involved a systematic study on Hg isotopes in
the Baiyangping Cu-dominated deposit and the Liziping and
Fulongchang Pb-Zn-dominated deposits in the Baiyangping
area, with the aims of (1) identifying the source of Hg and
processes responsible for Hg isotope variations and (2) explor-
ing new and additional constraints on the genesis of the
Baiyangping polymetallic ore concentration area.

Geological background

Regional geology

The Lanping basin is situated in the southern section of the
Sanjiang Tethyan metallogenic domain, Southwest China,
which tectonically belongs to the conjunction between the
Indian and Eurasian plates (Fig. 1a). The basin, bounded by
the Jinshajiang and Lancangjiang faults to the east and west
(Fig. 1b), respectively, was developed on a Precambrian-
Palaeozoic metamorphic basement (Xue et al. 2007). The
Precambrian basement consists of sericite schist, marble,
gneiss, amphibolite, and granulite with precursor lithologies
of clastic rocks, carbonates, and mafic volcanic rocks, similar
to those underlying the Yangtze plate (Tao et al. 2002). The
Palaeozoic basement consists of weakly metamorphosed
flysch sequences. The basement rocks are mainly exposed
along the basin margins. Following the closure of the

Palaeo-Tethys Ocean in the Middle Triassic, the Lanping area
experienced rifting in the Late Triassic, subsidence in the
Jurassic to Cretaceous, and strike-slip faulting in the
Cenozoic.

As a response to the subduction of the Palaeo-Tethys
Ocean, the basin was filled with arc volcanic rocks and clastic
and muddy rocks along the edges in the Middle Triassic,
which discordantly overlie the upper Carboniferous or
Permian strata. Early Triassic deposits are missing within the
basin. At the Late Triassic rifting stage, the basin was filled
with marine-terrestrial facies purple to gray clastic rocks
(Waigucun Fm., T3w) at the bottom, shallow-sea facies gray
to dark gray carbonates (Sanhedong Fm., T3s) in the middle,
and marine deltaic facies gray to charcoal sandstone and shale
intercalated with coals (Waluba and Maichuqing Fm., T3wl
and T3m) at the top. Jurassic deposits are widespread in the
basin and mainly consist of terrestrial purple mudstone inter-
calated with sandstone (Yangjiang Fm., J1y), marine-
terrestrial sandstone and mudstone intercalated with limestone
(Huakaizuo Fm., J2h), and terrestrial purple siltstone andmud-
stone (Bazhulu Fm., J3b). The Cretaceous deposits are lacus-
trine facies sandy mudstones, coarse-grained sandstone-
arenites, and red clastic rocks intercalated with carbonized
plant fragments assigned to the Jinxing (K1j), Nanxin (K2n),
and Hutousi Formations (K2h) from bottom to top. Cenozoic
strata consist of lake-facies red-brown to gray glutenite, silt-
stone, mudstone, marl, and claystone with intercalations of
plant fragments and lignite, including the Yunlong (E1y),
Guolang (E2g), Baoxiangsi (E2b), Shuanghe (N1s),
Jianchuan (N2j), and Sanying Formations (N2s). Six evaporite
horizons, mainly comprising dolostone, gypsum, anhydrite,
halite, and sylvite, are present in the Late Triassic, Middle
Jurassic, and Late Cretaceous to Paleocene deposits (Xue
et al. 2007). Abundant potassic magmatic rocks with ages of
41~26 Ma occur along the Jinshajiang-Ailaoshan boundary
fault (Spurlin et al. 2005; Zhao et al. 2004). The Cenozoic
Indo-Eurasian continental collision strongly folded and
faulted the strata. Large-scale thrust faults controlled the dis-
tribution of major sediment-hosted base metal deposits.

Deposit geology

The Baiyangping ore concentration area consists of the eastern
and western ore belts (Fig. 1b). The eastern ore belt contains
the Xiaquwu, Yanzidong, Huachangshan, Huishan, and
Heishan ore deposits/blocks that are hosted by the Upper
Triassic Sanhedong carbonate (T3s), Paleocene Yunlong sand-
stone (E1y), and Eocene Baoxiangsi sandstone (E2b) and lo-
cated along the NNE-striking Huachangshan thrust fault. The
western ore belt consists of the Baiyangping, Liziping,
Hetaoqing, Fulongchang, and Wudichang ore deposits in
Jurassic to Cretaceous sandstones and carbonate rocks. The
Liziping, Fulongchang and Wudichang deposits are mainly

401Miner Deposita (2022) 57:399–415

RETRACTED A
RTIC

LE



hosted in the marl and bioclastic limestone of the Huakaizuo
Formation (J2h), whereas the Baiyangping and Hetaoqing de-
posits occur mostly in the calcareous sandstone of the
Jingxing Formation (K1j) (Fig. 2). The Wudichang,
Fulongchang, Baiyangping, and Hetaoqing deposits are spa-
tially controlled by NE-SW-trending strike-slip faults, where-
as the Liziping deposit is restricted to a NW-trending fault that
was initially a reverse fault and then shifted to a normal fault
(Wang 2011).

The eastern belt orebodies are generally present in lenticular,
cystiform, and beaded shapes that host predominant amounts of
Pb, Zn, and Ag over Cu, in contrast to the western belt charac-
terized by predominant amounts of Cu over Pb and Zn. More
than 50 species of ore minerals, including sulfides, sulfosalts,
oxides, sulfates, carbonates, native metals, intermetallic com-
pounds, and halides, have been identified in the Baiyangping
deposits. The main primary sulfide minerals include
tetrahedrite, chalcopyrite, chalcocite, bornite, pyrite, sphalerite,
and galena, and the main gangue minerals include calcite, do-
lomite, quartz, barite, and fluorite. In the western belt, clear
zoning from Pb-Zn in the south (e.g., Fulongchang) to Cu in
the north (e.g., Baiyangping and Hetaoqing) is displayed.
Correspondingly, the dominant metallic minerals change from
galena-sphalerite to tetrahedrite-chalcopyrite-bornite. The
Fulongchang deposit occurs as veins with stratiform and lentic-
ular shapes bound to the NE-striking Fulongchang fault (Fig.
2b). The deposit is characterized by the Pb-Zn-Cu-Ag

assemblage and mainly produces sphalerite, jordanite, galena,
tetrahedrite, bournonite, and argentite with grades of
0.63~11.70%Cu, 4.2~7.4% Pb, and 328~547 g/t Ag. The main
alterations include pyritization, carbonatization, and silicifica-
tion. The Liziping deposit produces Pb-Zn-As-Sb-Ag with
3.51~5.29% Pb, 2.66~6.32% Zn, and 82.85~153.06 g/t Ag
(Deng 2011). Primary minerals are sphalerite, gratonite, galena,
jordanite, realgar, orpiment, chalcopyrite, and tetrahedrite, and
gaugue minerals are calcite and minor amounts of quartz, an-
kerite, and siderite. The F5 thrust fault controlled the distribu-
tion of Liziping orebodies that are mainly stratiform and lentic-
ular in shape, vary from centimeters to a fewmeters in thickness
and strike northwest. The Baiyangping deposit typically con-
tains Cu-Co-As-Ag-Zn-Pb in the form of tetrahedrite, chalco-
cite, chalcopyrite, jordanite, cobaltine, siegenite, cobalt-bearing
arsenopyrite, galena, and sphalerite. The grades of Cu, Co, and
Ag are 0.86~3.35%, 0.10~0.27%, and 3.0~33.8 g/t, respective-
ly (Chen 2006; Zhao 2006). Controlled by a series of secondary
faults between the Sishiliqing-Shangxiazhaung fault and the
Xiayanshan fault, orebodies in the Baiyangping deposit are
present in veins and veinlets striking northeast and dipping
northwest.

Copper minerals, including chalcopyrite, tetrahedrite, and
bornite, are commonly observed to be intergrown with quartz
(Fig. 3a) and occasionally with calcite and siderite (Fig. 3d).
Lead-zinc minerals, such as sphalerite, galena, gratonite, and
jordanite, are accompanied by calcite (Fig. 3b, f, g). The Pb-
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Zn minerals also show replacement and inclusion textures of
earlier tetrahedrite (Fig. 3c), or have been altered by later Cu
minerals (e.g., chalcopyrite and tetrahedrite; Wang 2011).
Additionally, chalcopyrite veinlets are observed to cut earlier
tetrahedrite masses and are then cut by calcite veins (Fig. 3e).
These observations suggest at least two episodes of hydrother-
mal activity associated with Baiyangping polymetallic miner-
alization (e.g., Liu et al. 2010). The early episode is charac-
terized by vein or veinlet Cumineralization, mainly consisting
of chalcopyrite, tetrahedrite, bornite, cobaltine, siegenite, ar-
gentite, quartz, barite, calcite, siderite, and ankerite. Cinnabar
(HgS) and kongsbergite (HgAg) are also observed as inclu-
sions in tetrahedrite (Fig. 3h, i). The late episode is dominated
by massive, disseminated and vein Pb-Zn mineralization,
comprising sphalerite, galena, gratonite, jordanite and calcite.
Minor amounts of Cu minerals, including chalcocite,
tetrahedrite, and bornite, may have formed late in the Pb-Zn
mineralization stage.

Sampling and analytical protocols

The surrounding rocks, including Precambrian metamorphic
rocks, Triassic to Cretaceous sedimentary rocks, and Cenozoic
magmatic rocks, were sampled at sites free of mineralization in
and around the Lanping basin. Sulfide samples analyzed for Hg
isotope compositions were separated from primary ores from the
Baiyangping, Liziping, and Fulongchang deposits. Before
chemical analysis, the samples were cleaned using deionized
water, dried at room temperature, crushed, and ground to ~
200 mesh. Approximately 0.2 g of each rock sample and 0.1 g
of each sulfide sample were digested using aqua regia at 95 °C
for 10 h; the solutions were diluted to 25 mL for bulk Hg con-
centration determination by cold vapor atomic absorption spec-
trometry (CVAAS, F732-S, Shanghai Huaguang Instrument
Co., Ltd.) with a detection limit of 0.1 ng/mL at the Institute
of Geochemistry, Chinese Academy of Sciences (IGCAS). The
reference material GSS-5 was tested and showed a Hg recovery
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rate of 90~110%. Analyses of duplicate digests of each sample
showed precision better than 8%. Based on the measured total
Hg (HgT) concentrations, sample solutions were diluted to 1 ng/
mL before Hg isotope analysis by a Neptune Plus multiple col-
lector inductively coupled plasma mass spectrometer (MC-ICP-
MS) at IGCAS, following a previous method (Yin et al. 2016b).
NIST SRM3133 andUM-Almadén Hg standard solutions were
diluted to 1 ng/mL Hg with an acid matrix consistent with the
sample solutions. The Hg isotope compositions of samples are
reported relative to the NIST SRM 3133 (analyzed before and
after each sample), with reproducibility assessed by analyzing
duplicate digests of each sample. The MDF and MIF values
were calculated with the following equations (Blum and
Bergquist 2007):

δxxxHg ¼
�h�

xxxHg =198Hg
�
sample

= xxxHg=198Hg
�
NIST−3133

� i
−1

�
� 1000

Δ199Hg ¼ δ199Hg− δ202Hg� 0:2520
� �

Δ201Hg ¼ δ201Hg− δ202Hg� 0:7520
� �

where xxx represents mass units of Hg isotopes (e.g., 199,
201, and 202). The UM-Almadén standard was measured ev-
ery 10 samples. Data uncertainties adopted the larger values of
either the external precision of the replicate standard solutions
or the measurement uncertainty of duplicate sample digests.
Measurement of the UM-Almadén standard yielded a δ202Hg
value of − 0.52 ± 0.03‰ and aΔ199Hg value of − 0.01 ± 0.03
‰ (n = 9, 1SD), in agreement with the values recommended
by Blum and Bergquist (2007).

Aliquots of the samples were oxidized to SO2 by Cu2O at
high temperatures, and the gaseous SO2wasmeasured for δ34S
relative to the Vienna Canyon Diablo troilite standard with a
mass spectrometer (Thermo Fisher MAT-253) at IGCAS. The
data are presented with uncertainties of 0.2 ‰ (2SD).

Results

Hg concentrations

As shown in Figs. 4 and 5, the Lanping surrounding rocks,
including sedimentary, metamorphic, and magmatic rocks
with ages varying from Proterozoic to Cenozoic, show quite
different levels of HgT concentrations (ESM Table 1).
Generally, sedimentary rocks have much higher HgT concen-
trations (108 ± 89 ppb, n = 22, 1SD) than metamorphic and
magmatic rocks with occasional high values of a few tens of
ppb (Fig. 5a). Samples from the Upper Triassic marine de-
posits (e.g., T3s, T3wl, and T3m) with organic enrichment
show higher HgT (mean 118 ppb) than the Jurassic to
Cretaceous terrestrial deposits (mean 78 ppb). In contrast,
Baiyangping ore deposits are remarkably enriched in Hg, with

HgT ranging from a few ppm to thousands of ppm, and the
HgT values vary greatly among mineral species (Fig. 5b–d).
In the Baiyangping Cu deposit, tetrahedrite is the major carrier
of Hg, with an average HgT of 3641 ppm. The HgT concen-
trations in chalcopyrite and bornite are much lower (6~20
ppm). In the Liziping and Fulongchang Pb-Zn deposits, sphal-
erite (mean 1402 ppm) has a much higher HgT concentration
than galena (mean 91 ppm).

Hg-S isotope compositions

The Lanping surrounding rocks show an overall range of
Δ199Hg from − 0.13 to 0.17‰, with the majority of analyses
within − 0.1 to 0.1‰ (ESM Table 2, Fig. 4 and 6a). There are
three noteworthy features: (1) the Cenozoic magmatic rocks
show slightly positive Δ199Hg values (0.08 ± 0.03‰, n = 4,
1SD); (2) the terrestrial and marine sedimentary rocks can be
approximately distinguished in terms of Δ199Hg, where the
marine samples are characterized by positive Δ199Hg values
(0.03 ± 0.07 ‰, n = 16, 1SD) and the terrestrial samples are
characterized by negativeΔ199Hg values (− 0.05 ± 0.08‰, n
= 6, 1SD); and (3) the metamorphic rocks have Δ199Hg sig-
nals (0.06 ± 0.06‰, n = 3, 1SD), similar to the marine sedi-
mentary rocks, despite a very limited number of analyses. The
Baiyangping Cu and Pb-Zn deposits have an overall variation
inΔ199Hg ranging from − 0.24 to 0.27‰, slightly larger than
that of the Lanping surrounding rocks (Fig. 6). Copper min-
erals (i.e., tetrahedrite, chalcopyrite and bornite) from the
Baiyangping deposit are characterized by positive MIF with
Δ199Hg of 0.14 ± 0.13‰ (n = 6, 1SD). In contrast, except for
one sample, the Fulongchang and Liziping Pb-Zn deposits
have negative MIF with Δ199Hg values of − 0.06 ± 0.05 ‰
(n = 11, 1SD) and − 0.13 ± 0.06‰ (n = 10, 1SD), respectively.
Overall, the Δ199Hg and Δ201Hg values of ore samples dis-
play a linear correlation with a slope of ~ 1 (r2 = 0.93, Fig. 7).

The Lanping surrounding rocks show large variations in
δ202Hg from − 3.35 to − 0.20‰with an increasing trend from
magmatic rocks (− 2.68 ± 0.72‰, n = 4, 1SD) to metamorphic
rocks (− 1.71 ± 0.91‰, n = 3, 1SD) and to sedimentary rocks
(− 1.24 ± 0.44‰, n = 22, 1SD). The compositions of δ202Hg
vary remarkably between the Cu and Pb-Zn deposits, where
the Baiyangping Cu deposit shows δ202Hg of − 2.30 ± 0.35‰
(n = 6, 1SD), the Fulongchang and Liziping Pb-Zn deposits
show δ202Hg of − 0.81 ± 0.41‰ (n = 11, 1SD) and − 0.27 ±
0.40‰ (n = 10, 1SD), respectively. In the plot ofΔ199Hg and
δ202Hg ratios (Fig. 8a), all of the ore analyses show a negative
correlation with a slope of − 0.12 (r2 = 0.67). The
Baiyangping Cu deposit has Δ199Hg and δ202Hg values fall-
ing within the range of seawater and marine sediments.
Although the Lanping Triassic marine rocks show Δ199Hg
and δ202Hg analyses falling within the range of marine sedi-
ments, they are lower inΔ199Hg but higher in δ202Hg than the
Cu ores. The Liziping and Fulongchang Pb-Zn deposits have
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Δ199Hg and δ202Hg analyses that mainly fall within the range
of terrestrial Hg. The Middle Jurassic to Cretaceous terrestrial
sedimentary rocks in the Lanping basin display ranges of
Δ199Hg and δ202Hg that cover most of the analyses for the
Pb-Zn deposits, although the average δ202Hg of the Pb-Zn
ores is slightly higher than that of the terrestrial rocks. In
addition, the Liziping and Fulongchang Pb-Zn deposits have
Hg isotope compositions consistent with those of regional Pb-
Zn deposits (e.g., Jinding, Lanuoma, and Cuona), also largely
falling in the range of terrestrial Hg. The Pb-Zn deposits gen-
erally show higher δ202Hg values in late-stageminerals than in
early-stage minerals (Fig. 9). The S isotope compositions of
sulfides from the Baiyangping base metal deposits show con-
sistent S isotope compositions, with δ34S values clustering at
approximately 6‰, uncorrelated to the Hg isotope composi-
tions (Fig. 10).

Discussion

Occurrence of Hg in ores

Tetrahedrite and sphalerite have the highest HgT values (Fig.
5b–d; averages 3640 ppm and 1402 ppm, respectively),
reflecting the fact that tetrahedrite and sphalerite are the major
hosts of Hg in the Cu and Pb-Zn deposits in the Baiyangping
area. High contents of Hg in sphalerite have been reported in
various localities, such as Eskay Creek (0.08–16.35%,
Grammatikopoulos et al. 2006) and Chatian (up to 19.48%,
Zheng and Liu 1992), which are commonly explained by the
substitution of Hg2+ for Zn2+ and/or inclusions of Hg-bearing
tetrahedrite and cinnabar (Cook et al. 2009). Although
kongsbergite and cinnabar have been observed, particularly
in tetrahedrite (Fig. 3h, i), in the Baiyangping deposits, these
Hg-bearingminerals are present neither in hand specimens nor
under a microscope. Sphalerite displays Δ199Hg and δ202Hg
signatures different from those of tetrahedrite (e.g., Figs. 6b
and 8), precluding the possibility of Hg-enriched tetrahedrite
inclusions substantially contributing to the high HgT of sphal-
erite. Therefore, it is speculated that sphalerite HgT mainly
results from preferential substitution of Hg2+ for Zn2+, given
their similar ionic radii (0.102 Å and 0.074 Å) and coordina-

tion preference (cubic, F43m; Cook et al. 2009; Tang et al.
2017). High HgT concentrations of tetrahedrite are probably
associated with microscopic inclusions of kongsbergite and/or
cinnabar, without excluding some Hg that may occur by sub-
stitution of Hg2+ for Cu2+.

Sources of Hg for the Cu and Pb-Zn deposits

A relatively large variation in Δ199Hg (− 0.24~0.27‰) has
been observed in the Baiyangping ore concentration areaT
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(Fig. 6b), indicating the mixing of Hg from multiple sources
with distinct Hg isotope compositions (Blum and Johnson
2017; Blum et al. 2014; Deng et al. 2020; Yin et al. 2019).
The Baiyangping Cu deposit shows positive Δ199Hg values
(0.14 ± 0.13‰), in contrast to the Liziping and Fulongchang
Pb-Zn deposits with Δ199Hg values of − 0.13 ± 0.06‰ and −
0.06 ± 0.05‰, respectively. TheΔ199Hg andΔ201Hg ratios of
ore samples exhibit a linear correlation with a slope of 1.04 (r2

= 0.93, Fig. 7), similar to the 1:1 relationship observed during
Hg2+ photo-chemical reduction experiments (Bergquist and
Blum 2007; Sherman et al. 2010), suggesting that the Hg-
MIF signals were generated by photo-reduction of Hg2+ and
most likely reflect the MIF signatures of Hg sources (Biswas
et al. 2008; Ghosh et al. 2008; Lefticariu et al. 2011). There are
two alternative explanations for the positive MIF: (1) directly
introduced by rain or seawater characterized by positive
Δ199Hg (Donovan et al. 2013; Strok et al. 2015) and (2) ac-
quired from source rocks with typical positive Δ199Hg via
fluid-rock interactions (Grasby et al. 2017; Ogrinc et al. 2019;
Shen et al. 2019). Although the H-O isotopes suggest a mete-
oric water origin for ore fluids (Gong et al. 2000; Yang et al.
2003), their extremely low Hg concentrations (0.35~11 ppb;
Chen et al. 2012) are unlikely to have significantly contributed
to the remarkable Hg enrichment observed in the Baiyangping

deposit. The input of seawater is also easily ruled out because
the basin had evolved to a continental basin by the time of
mineralization (Tao et al. 2002; Zhang et al. 2010) and because
seawater contains even lower Hg concentrations (0.1~0.6 ppb;
Strok et al. 2015) than meteoric water. Cenozoic magmatic
rocks and Upper Triassic marine deposits are observed to fea-
ture positiveΔ199Hg values (Fig. 6a). The small but discernible
positive MIF in the magmatic rocks, probably resulting from
recycled seawater in marine sediments through oceanic slab
subduction (Deng et al. 2020), would not have been a primary
source of positive Δ199Hg, as the magmatic rocks show very
low concentrations of Hg (generally < 10 ppb; Fig. 5a), com-
parable to those of rain or seawater. In contrast, the Triassic
marine strata display positive Δ199Hg, close to that of the Cu
deposit (Figs. 4 and 6) and are extraordinarily enriched in Hg
(mean HgT = 119 ppb; Fig. 4); therefore, they are more likely
to explain the observed positive MIF signatures.

Negative MIF signatures have been recorded mainly in
terrestrial samples (e.g., continental soil/sediment and plants)
due to gaseous Hg0 deposition (Blum et al. 2014; Demers
et al. 2013; Estrade et al. 2010; Yin et al. 2013). The
Jurassic to Cretaceous terrestrial sedimentary rocks in the
Lanping basin are characterized by slightly negative Δ199Hg
values (− 0.05 ± 0.08‰), and the majority ofΔ199Hg-δ202Hg
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analyses fall in the range of terrestrial Hg (Fig. 8a), indicating
that the Hg of these rocks can be largely ascribed to atmo-
spheric Hg0. The Liziping and Fulongchang Pb-Zn deposits
have Δ199Hg values (− 0.09 ± 0.06‰), in agreement with
those of the terrestrial rocks, indicating that the Hgwas mainly
sourced from the Jurassic to Cretaceous terrestrial sediments
in the basin. NegativeMIF signatures have also been observed
in the Cuona and Lanuoma Pb-Zn deposits (Fig. 8b), likely
indicating a common source of Hg in hydrothermal solutions
associated with terrestrial sources. The Jinding Pb-Zn deposit
is different due to its insignificant MIF (Δ199Hg = 0.02 ±
0.04‰, n = 22, 1SD) and extremely low Hg concentrations
(HgT = 0.4 ± 0.3 ppm; Tang et al. 2017); thus, its Hg is better
explained by magmatic or basement sources.

Processes associated with Hg-MDF

In low-temperature hydrothermal systems, Hg isotope MDF
may occur during a range of processes (e.g., leaching, redox
transformation, fluid boiling, and precipitation; Kritee et al.
2008; Smith et al. 2008; Smith et al. 2015; Zheng et al.
2007). The Baiyangping Cu deposit has δ202Hg of − 2.31 ±
0.35‰, shifted by − 1.08‰, on average, from their sources
in the Triassic marine rocks. Generally, leaching of Hg
from source rocks into solutions is rarely considered a

principal mechanism for MDF, as little or no isotopic frac-
tionation (<± 0.5‰) has been observed during the release of
Hg from its source rocks into hydrothermal solutions in the
California Coast Ranges, USA (Smith et al. 2008). Previous
studies considered that most of the Hg in hydrothermal
solutions occurs as aqueous and/or vapor Hg0 (Barnes and
Seward 1997; Varekamp and Buseck 1984). The presence
of kongsbergite and cinnabar supports the coexistence of
Hg0 and Hg2+ in the Cu deposits (Fig. 3h, i). These obser-
vations suggest that the following processes may cause Hg-
MDF: (1) volatilization of Hg0aq to Hg0v during fluid boil-
ing; (2) oxidation of Hg0 to Hg2+; and (3) precipitation of
Hg-bearing sulfides.

The volatilization of Hg0aq, resulting in isotopically heavy
Hg-enriched residual solutions and light Hg-enriched vapor
phases (Zheng et al. 2007), has been widely employed to
explain the large variations (up to 5‰) in δ202Hg observed
in fossil hydrothermal systems, ore deposits, and modern hot
springs (e.g., Sherman et al. 2009; Smith et al. 2008; Smith
et al. 2005; Yin et al. 2019; Zambardi et al. 2009). However,
there is, in fact, no other evidence (e.g., vapor-rich fluid inclu-
sions or bladed texture; Simmons and Christenson 1994) for
fluid boiling during Baiyangping Cu mineralization. The ox-
idation of Hg0 to Hg2+ is removed from consideration for
substantially contributing to the light Hg isotope enrichments,
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Table 2 HgT concentrations and Hg-S isotope compositions of sulfides from the Baiyangping ore deposits

Sample No. Deposit Description δ34S
(‰)

δ202Hg
(‰)

SD
(‰)

δ201Hg
(‰)

SD
(‰)

δ199Hg
(‰)

SD
(‰)

Δ201Hg
(‰)

SD
(‰)

Δ199Hg
(‰)

SD
(‰)

HgT
(ppm)

Pb-Zn-dominated deposit

LZP19-1 Liziping Sphalerite 5.50 − 0.95 0.11 − 0.82 0.03 − 0.35 0.04 − 0.11 0.06 − 0.11 0.02 2272

LZP19-2 Liziping Sphalerite 5.80 − 0.03 0.13 − 0.09 0.12 − 0.15 0.02 − 0.14 0.02 − 0.14 0.06 3853

LZP19-4 Liziping Sphalerite 7.20 − 0.75 0.00 − 0.72 0.00 − 0.28 0.00 − 0.08 0.00 − 0.09 0.02 285

LZP19-5 Liziping Sphalerite 5.90 0.00 0.01 − 0.10 0.04 − 0.16 0.02 − 0.14 0.04 − 0.16 0.02 837

LZP19-6 Liziping Sphalerite 6.50 − 0.23 0.05 − 0.32 0.13 − 0.16 0.06 − 0.12 0.09 − 0.10 0.05 1744

LZP19-8-1 Liziping Galena 5.80 − 0.52 0.04 − 0.45 0.01 − 0.24 0.08 − 0.10 0.05 − 0.11 0.07 57

LZP19-8-2 Liziping Galena 6.30 0.22 0.00 0.06 0.00 − 0.10 0.00 − 0.14 0.00 − 0.15 0.00 14

LZP19-5-1 Liziping Galena 6.40 − 0.35 0.16 − 0.42 0.08 − 0.33 0.02 − 0.25 0.04 − 0.24 0.02 17

LZP19-3-1 Liziping Galena 6.80 − 0.38 0.06 − 0.42 0.03 − 0.22 0.02 − 0.13 0.02 − 0.13 0.04 289

LZP19-8-2
(repeat)

Liziping Galena 6.30 0.25 0.00 0.08 0.00 − 0.05 0.00 − 0.03 0.00 − 0.02 0.00 14

FLC19-23 Fulongchang Sphalerite 8.50 − 1.46 0.00 − 1.11 0.00 − 0.42 0.00 − 0.01 0.00 − 0.05 0.00 412

FLC19-29 Fulongchang Sphalerite 7.80 − 1.45 0.06 − 1.11 0.01 − 0.36 0.08 − 0.02 0.04 0.01 0.07 215

FLC19-17 Fulongchang Sphalerite 6.80 − 0.66 0.04 − 0.62 0.03 − 0.26 0.01 − 0.13 0.06 − 0.09 0.00 2603

FLC19-22 Fulongchang Sphalerite 7.50 − 1.01 0.00 − 0.82 0.00 − 0.26 0.00 − 0.06 0.00 − 0.01 0.00 459

FLC19-16 Fulongchang Sphalerite 7.10 − 0.71 0.12 − 0.62 0.13 − 0.31 0.07 − 0.09 0.03 − 0.13 0.00 2337

FLC19-23(repeat) Fulongchang Sphalerite 8.50 − 1.08 0.12 − 0.89 0.18 − 0.28 0.04 − 0.07 0.09 − 0.01 0.01 405

FLC19-12 Fulongchang Galena – − 0.79 0.08 − 0.71 0.10 − 0.30 0.00 − 0.11 0.04 − 0.10 0.02 105

FLC19-10 Fulongchang Galena 6.10 − 0.54 0.01 − 0.47 0.02 − 0.22 0.01 − 0.07 0.02 − 0.09 0.00 65

FLC19-18 Fulongchang Galena 6.50 − 0.45 0.00 − 0.39 0.02 − 0.15 0.03 − 0.05 0.03 − 0.03 0.03 95

FLC19-19 Fulongchang Galena 5.70 − 0.13 0.11 − 0.22 0.11 − 0.18 0.06 − 0.12 0.03 − 0.15 0.03 72

FLC19-21 Fulongchang Galena 4.30 − 0.71 0.05 − 0.70 0.01 − 0.22 0.05 − 0.03 0.05 − 0.04 0.04 179

Cu-dominated deposit

BYP15-3-1 Baiyangping Chalcopyrite 4.80 − 2.74 0.00 − 1.97 0.00 − 0.48 0.00 0.19 0.00 0.21 0.00 6

BYP15-1-1 Baiyangping Chalcopyrite 7.70 − 2.31 0.04 − 1.57 0.02 − 0.35 0.01 0.17 0.05 0.23 0.02 6

BYP15-3-2 Baiyangping Bornite 3.60 − 1.80 0.00 − 1.34 0.00 − 0.27 0.00 0.14 0.00 0.18 0.03 20

BYP15-1-2 Baiyangping Bornite − 10.30 − 2.65 0.18 − 1.77 0.26 − 0.40 0.05 0.27 0.01 0.27 0.04 12

BYP15-2 Baiyangping Tetrahedrite 3.80 − 2.27 0.04 − 1.67 0.01 − 0.63 0.03 0.04 0.03 − 0.05 0.04 3761

BYP15-2 (repeat) Baiyangping Tetrahedrite 3.80 − 2.09 0.10 − 1.56 0.12 − 0.50 0.04 0.01 0.05 0.03 0.01 3520

Marine sedimentary rock

Magmatic rock

Metamorphic rock

Pb-Zn deposit

Cu deposit
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Fig. 6 Comparison of MIF
(Δ199Hg) between the Lanping
surrounding rocks and the
Baiyangping ore deposits
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because redox reactions of metals (e.g., Cr, Cu, Zn, Se, and Tl)
generally lead to heavy isotope enrichments in oxidized spe-
cies (Black et al. 2011; Fujii et al. 2013; Schauble 2007). The
precipitation of Hg-bearing sulfides has been experimentally
proven to cause significant MDF between precipitates and
solutions. For instance, precipitation of metacinnabar (β-
HgS) follows equilibrium fractionation with a fractionation
factor (αprecipitate-solution) of − 0.63‰, while montroydite
(HgO) precipitation causes kinetic isotopic fractionation with
a fractionation factor of − 0.32‰, both of which lead to pro-
gressive enrichment in heavy isotopes with continuing precip-
itation (Smith et al. 2015). The Baiyangping Cu deposit shows
relatively constant δ202Hg between early- and late-stage

sulfides (Fig. 9), suggesting that the system might be more
complicated than previously considered and that multiple frac-
tionation mechanisms were potentially involved. Organic thi-
ol complexation of Hg2+ and Hg2+ sorption to goethite could
also enrich light Hg isotopes with MDF between − 0.4 and −
0.6‰ (Jiskra et al. 2012; Wiederhold et al. 2010). These pro-
cesses, including precipitation, organic complexes, and sorp-
tion, may have collectively contributed to the low δ202Hg
signatures in the Cu deposit. As fractionation for most of these
processes is difficult to quantify, the exact fractionation mech-
anisms cannot be determined with our dataset.

Relative to the terrestrial rocks of the Lanping basin (δ202Hg
= − 1.27 ± 0.55‰), the Liziping and Fulongchang Pb-Zn de-
posits show overall heavier Hg isotope compositions (− 0.56 ±
0.48‰; Fig. 8). Similarly, isotopically heavy Hg enrichments
are present in the Lanuoma (0.02 ± 0.47‰) and Cuona Pb-Zn
deposits (0.15 ± 0.38‰), suggesting that the Hg might have
been fractionated by similar mechanisms. As fluid boiling is
rarely associated with Pb-Zn deposits, the volatilization of Hg0

can be ruled out. A striking feature of Pb-Zn deposits is that late-
stage sulfides have significantly higher δ202Hg values than
early-stage sulfides (Fig. 9), consistent with the fractionation
effect of sulfide precipitation, as stated earlier. As the propor-
tions of Hg2+ precipitating from solutions constrain the δ202Hg
signals of sulfides (Smith et al. 2015), this may imply higher
degrees of Hg2+ precipitation in the Lanuoma and Cuona de-
posits than in the Liziping and Fulongchang deposits.

Implications for the ore genesis

Based on the above discussion, the negative linear array of
Δ199Hg vs. δ202Hg data for the Baiyangping deposits, as

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Slope=1.04
R =0.932

Cu deposit
Pb-Zn deposit

Δ 201Hg (‰)

Δ
1

9
9
H

g
(‰

)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

-0.4

D

Fig. 7 Plot ofΔ201Hg vs.Δ199Hg of ore samples from the Baiyangping
ore deposits, which shows a linear correlation between Δ201Hg and
Δ199Hg with a slope of 1.04 (R2 = 0.93), indicative of Hg-MIF generated
mainly from photo-chemical reduction of aqueous Hg2+

Δ
1

9
9
H

g 
/‰

δ 202Hg /‰

− .0 5

− .0 4

− .0 3

− .0 2

− .0 1

0 0.

0 1.

0 2.

0 3.

0 4.

− .4 0 − .3 0 − .2 0 − .1 0 0 0. 1 0. 2 0.

Marine
sediments

Seawater

Terrestrial Hg

Liziping Pb-Zn
Fulongchang Pb-Zn
Baiyangping Cu

Terrestrial sedi. rock(J-K)

Marine sedi. rock (T )3

Magmatic rock (Cz)
Metamorphic rock (Pt)

Mixing of Hg

between seawater

and terrestrial

reservoirs?

1SD

− .0 5

− .0 4

− .0 3

− .0 2

− .0 1

0 0.

0 1.

0 2.

− .4 0 − .3 0 − .2 0 − .1 0 0 0. 1 0. 2 0.

δ 202Hg /‰

Liziping
Fulongchang

Jinding

Lanuoma

Cuona

Magmatic/
metamorphic?

Terrestrial

a b

Mean of seawater
Mean of marine sedi.
Mean of terrestrial Hg

Fig. 8 Plots of δ202Hg vs. Δ199Hg for the Sanjiang base metal deposits
compared with the Lanping surrounding rocks and potential Hg
reservoirs. Data for modern seawater are from Strok et al. (2015); data
for marine sediment are from Fan et al. (2020), Gehrke et al. (2009),
Grasby et al. (2017), Ogrinc et al. (2019), Shen et al. (2019), and Yin

et al. (2017); and data for terrestrial Hg are from Blum et al. (2014),
Demers et al. (2013), Sun et al. (2014a), and Yin et al. (2013). Data for
the Jinding Pb-Zn deposit are from Tang et al. (2017) and data from the
Lanuoma and Cuona Pb-Zn deposits are from Xu et al. (2018)

410 Miner Deposita (2022) 57:399–415

RETRACTED A
RTIC

LE



shown in Fig. 8a, can be explained by the mixing of isotopi-
cally distinct Hg between seawater and terrestrial reservoirs. A
few analyses beyond the ranges of the reservoirs presented
may be caused by some unidentified components associated
with seawater or terrestrial Hg. The positive Δ199Hg signa-
tures in the Cu deposit imply that the Triassic marine strata
were the sources of Hg, whereas the negativeΔ199Hg signals
in the Pb-Zn deposits suggest that the Jurassic to Cretaceous
terrestrial rocks were the sources.Whether it is possible for Hg
and other metals (e.g., Cu, Pb, Zn, and Ag) to have the same
sources can be assessed from the following aspects. First, Hg,
as a typical chalcophile element, has various valences (i.e.,
Hg0, Hg+, and Hg2+), and can be transported in both hydrogen
sulfide complexes and chlorine complexes (Liu et al. 1984). It
is possible for Hg-Cu or Hg-Pb-Zn to migrate together in a
solution. Second, because of the biophile and chalcophile af-
finities for Hg, Cu, Pb, and Zn, they are readily incorporated
into organic materials and sulfides during sedimentary diagen-
esis (Fitzgerald et al. 2007; Krupp 1988). This factor favors
the same sedimentary sources for Hg, Cu, Pb, and Zn. For
example, the organic-rich sandstone and shale in the Upper
Triassic Maichuqing Formation (T3m) with high concentra-
tions of Hg are also enriched in Cu (27~82 ppm; Li et al.
1992). The sandstone and glutenite of the Middle Jurassic
Huakaizuo Formation (J2h) show high contents of Cu, Pb,
Zn, Sb, Ag, and As (Li et al. 1992; Wang 2011). Third, Hg
is closely associated with Pb-Zn and Cu minerals in the
Baiyangping deposits, where Hg is present as isomorphic sub-
stitutions and separate mineral inclusions in sphalerite and
tetrahedrite, indicating that Hg-Cu or Hg-Pb-Zn were likely
synchronously concentrated in the parental fluids. Fourth, Pb
isotope data support sedimentary sources of metals for the Cu
and Pb-Zn deposits (Wang et al. 2018). There is no evidence
that metamorphic or magmatic fluids participated in the
Baiyangping mineralization. Finally, the Jinman Cu deposit,
a southern sibling of the Baiyangping Cu deposit (Fig. 1b),
has δ65Cu values from − 1.10 to − 1.02‰ in the late-stage

sulfides, similar to those of marine sediments or shale (Archer
and Vance 2004), which indicates that Cu could have been
extracted from marine strata (Yang et al. 2016). All lines of
evidence suggest that marine sedimentary strata could have
been a source of Cu, consistent with the sources of Hg.
Therefore, Hg-MIF signatures may provide a powerful tool
for discriminating sedimentary sources of metals in
sediment-hosted base metal deposits.

Baiyangping Cu and Pb-Zn deposits exhibit homogeneous
sulfur isotope compositions (δ34S = 5.6 ± 1.4‰, n = 25, 1SD),
except for one Cu ore analysis with δ34S of − 10.3‰ possibly
associated with stratigraphic biogenic sulfur addition, which
suggests a uniform source of sulfur generated by thermochem-
ical reduction of stratigraphic sulfates (Wang et al. 2018; Zou
2013). There is no correlation between the δ34S and Δ199Hg
ratios (Fig. 10), implying separate sources for Hg and S, likely
resulting from mixing between a metal-carrying (e.g., Cu, Pb,
Zn, Ag, Hg) fluid and a thermochemogenic H2S-rich fluid
(Bi et al. 2019; Wang 2011; Zou 2013). Abundant dissolved
collapse breccia textures, altered country rocks, and
carbonatization observed in the Baiyangping area might
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indicate acid generation during mineralization; these observa-
tions, along with the colloform and layered textures (Fig. 3d)
and the sharp contacts between orebodies and wall rocks (Fig.
2b), support the model of fluid mixing (Honjo and Sawada
1982; Roedder 1968; Wilkinson et al. 2005). Nonetheless, the
metalliferous fluids had distinct sedimentary origins for the
Cu and Pb-Zn deposits, as suggested by the Hg-MIF signa-
tures, whichmeans that the Ag-Cu-Pb-Zn polymetallic assem-
blage in the Baiyangping district may have formed from mul-
tiple episodes of fluid superimposition. Further, isotope radio-
metric studies reveal two ages of 56~61 Ma (quartz 39Ar-40Ar
dating; He et al. 2006; Xue et al. 2003) and ~ 30 Ma (sphal-
erite Rb-Sr dating and calcite Sm-Nd dating; Feng et al. 2017;
Wang et al. 2011; Zou et al. 2015), which are most likely to
represent the ages of the Cu and Pb-Zn mineralization, respec-
tively. Based on these results, a conceptual model of
superimposed mineralization has been roughly outlined for
the Baiyangping polymetallic district (Fig. 11). During the
initial Indo-Asian continental collision in the Paleocene,
strong overthrusting along the western margin of the
Lanping basin may have driven basinal fluids that extracted
Cu and Hg from the Triassic marine sedimentary rocks to
migrate upward along the Lancangjiang fault into the shallow
crust. The metal-bearing fluids rapidly precipitated when en-
countering thermochemogenic H2S-rich fluids at the site of
deposition (e.g., Baiyangping Cu deposit). A similar process
is proposed for Pb-Zn mineralization (e.g., Liziping and
Fulongchang) with the difference that the ore fluid acquired
metals from terrestrial sedimentary rocks in the context of the
late Indo-Eurasian continental collision.

Conclusions

Accurately identifying the sources of ore metals for low-
temperature hydrothermal deposits is challenging. Common
geochemical tracers (e.g., Pb isotope) are ineffectual in this

regard. This study reveals distinguishable Δ199Hg-δ202Hg
signatures between the Cu and Pb-Zn deposits in the
Baiyangping ore concentration area. The Baiyangping Cu de-
posit is characterized by positiveΔ199Hg, suggesting that Hg,
likely as well as Cu, was mainly sourced from Triassic marine
sedimentary rocks. In contrast, the Pb-Zn deposits are charac-
terized by negativeΔ199Hg, indicating terrestrial sedimentary
sources of metals (e.g., Hg, Pb, and Zn). Furthermore, the Cu
and Pb-Zn ores show characteristic Hg-MDF, e.g., lighter iso-
tope enrichments in the Cu deposit and progressively increas-
ing δ202Hg with continuing precipitation and overall heavier
Hg isotope enrichments in the Pb-Zn deposits than in their
respective source rocks, indicating fractionations by distinct
mechanisms. More studies are required to explore the con-
straints of Hg-MDF on mineralization processes. However,
Hg-MIF signatures may provide a powerful tool for discrim-
inating sedimentary sources of metals in sediment-hosted base
metal deposits. Combing this information with sulfur isotope
and geological data leads to the conclusion that the mixing of a
metal-bearing fluid and a H2S-rich fluid was the primary pro-
cess for sulfide precipitation. However, the Cu and Pb-Zn
deposits formed from separate hydrothermal events. This
study supports superimposed mineralization to account for
the giant Baiyangping Ag-Cu-Pb-Zn polymetallic ore concen-
tration area and considers the difference in mineralization to
correlate with the ore sources.
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