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The newly discovered Quemocuo Pb-Zn deposit (7.1 Mt of sulfide ores, grading 1.65-7.17 wt% Pb and
1.13-5.7 wt% Zn) is located in the Tuotuohe area of the Sanjiang Tethyan metallogenic belt, SW China. The
stratiform and veined ore body is hosted in the limestone of the Upper Permian Labuchari Formation and occur
along the NE-trending fault. Four main mineralization stages are distinguished as follows: (i) pyrite + cal-
cite + quartz, (ii) sphalerite + galena + pyrite + calcite + barite + quartz, (iii) galena + spha-
lerite + pyrite + calcite + barite + quartz, and (iv) calcite + dolomite. Sm-Nd dating of five calcite samples in
stage II yielded an isochronic age of 34.3 + 2.2 Ma (MSWD = 7.1), possibly reflecting the formation age of the
Quemocuo Pb-Zn deposit. In situ sulfur isotopic compositions of the sulfides in stages I, Il and III range from
—29.5%0 to —26.5%0, —4.7%o0 to +6.0%o, and +1.7%o to + 6.9%o, respectively. Such sulfur isotope signatures
indicate bacterial sulfate reduction (BSR) and thermochemical sulfate reduction (TSR) of seawater or sulfate
minerals. In situ Pb isotopic ratios indicate a similar origin for the sulfides in stages I, II and III, which all are
related to metamorphic basement rocks and ore-hosting sedimentary strata. Initial 8Sr/5°Sr ratios of sphalerite
are 0.7085-0.7117, indicating a mixed source as suggested by in situ Pb isotopes. The Quemocuo Pb-Zn deposit
was proposed to be a strata-bound and normal fault-controlled epigenetic deposit, with a mixed source of
basement and strata, and even volcanic rocks. Our study suggests that the formation of the Quemocuo Pb-Zn
deposit is related to the Cenozoic collision event between the Indian and Eurasian plates.

1. Introduction Tianshuihai, Tuotuohe, Yushu, Changdu and Lanping ore districts from

northwest to southeast (Fig. 1). There are several famous sediment-

Carbonate-hosted Pb-Zn deposits, as an important part of the sedi-
ment-hosted Pb-Zn deposits, are widely spread around the world (Leach
et al., 2005, 2010). For example, they are widely distributed in Silesia
area of Europe (Heijlen et al., 2003; Muchez et al., 2005), mid-con-
tinent region of the United States of America (Sverjensky, 1981), Pine
Point of Canada (Powell and Macqueen, 1984) and Sanjiang belt of
China (Zhang, 2010; Tian et al., 2011; Liu, 2012, Liu et al., 2015a, b, c,
d; Liu et al., 2011, 2015e, 2016, 2017; Song et al., 2013, 2015, 2017;
Zhang, 2014; Qian, 2014; Dong et al., 2015; Hou and Zhang, 2015;
Zhang et al., 2017). The Sanjiang Pb-Zn metallogenic belt is an im-
portant part of the east Tethyan metallogenic belt, including the

hosted Pb-Zn deposits in the Sanjiang belt, such as the world-class
Jinding Pb-Zn deposit (15 Mt Pb + Zn metal reserves; Xue et al., 2007;
Tang et al., 2014), Huoshaoyun Pb-Zn deposit (16 Mt Pb + Zn metal
reserves; Dong et al., 2015; Li et al., 2019), and Duocaima Pb-Zn de-
posit (6 Mt Pb + Zn metal reserves; Song et al., 2013, 2015; Guo,
2018).

The Tuotuohe ore district is located in the northwestern Sanjiang
Pb-Zn metallogenic belt that contains over 20 Pb-Zn deposits with total
Pb + Zn metal reserves over 10 Mt (Zhang, 2014), such as world-class
Duocaima (Song et al., 2013, 2015; Guo, 2018), Chuduoqu (Zou et al.,
2014; Chen et al., 2014a), Basihu (Dong, 2018), Nabaozhalong (Zhang
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Fig. 1. A. The Location of the study area in Asia (simplified from Liu et al., 2014); B. Simplified tectonic map, showing the location of the Quemocuo deposit and the
Sanjiang Pb-Zn metallogenic belt within the Tibetan plateau. Modified after Spurlin et al. (2005); Zhang (2010); Dong et al. (2015); Liu et al. (2016) and Li et al.

(2019).

et al.,, 2008), and Queomocuo Pb-Zn deposits (Jia, 2014; Liu et al.,
2015d). Also, these Pb-Zn deposits are mainly hosted in Permian to
Paleogene carbonate and clastic rocks (Zhang, 2014). Recently, ex-
tensive studies were carried out on these deposits, especially for the
world-class Duocaima Pb-Zn deposit (Zhang,2010; Wang et al., 2012;
Song et al., 2009,2013, 2015; Zhang, 2014; Hao, 2014, Hao et al., 2015;
Qian., 2014; Liu et al., 2015a,b,c; Yang, 2017; Guo, 2018; Jia et al.,
2018; Yao et al., 2019). However, the ore genesis of these deposits is
still unclear, some researchers argued that these deposits belong to the
Mississippi Valley-type (MVT) (Song et al., 2009, 2013, 2015; Zhang,
2014; Hao, 2014; Hao et al., 2015; Liu et al., 2015a,b,c), whereas other
studies presented the viewpoint of epithermal type that is related to the
magmatism (Qian., 2014; Yang, 2017; Guo, 2018; Jia et al., 2018). The
above controversy is mainly due to the lack of effective geochronology
and isotope geochemical constraints.

The isotope geochemistry (such as S, Pb, and Sr system) have been
widely used to determine the source and evolution of hydrothermal
fluids (Carr et al., 1995; Zhou et al., 2001; Wilkinson et al., 2005; Li
et al., 2015; Zhou et al., 2016a,b, 2018a,b,c). Besides, microbeam
analytical techniques provide an ideal way to obtain crucial microscale
chemical and isotopic information, which is essential for understanding
the genesis of hydrothermal ore deposits and is benefit for revealing the
metallogenic process and depositional environment of hydrothermal
systems (Barker et al., 2009; Deng et al., 2017; Jin et al., 2016; Luo
et al., 2019; Tan et al., 2017; Ye et al., 2011; Yuan et al., 2015; Ikehata
et al., 2008). In situ isotopic compositions of sulfide minerals in hy-
drothermal systems can be efficiently determined by Laser Ablation
Multi-Collector Inductively Coupled Plasma Mass Spectrometry (LA-
MC-ICP-MS) (Bao et al., 2017; Chen et al., 2014b; Woodhead et al.,
2009). In addition, several studies have explored the application of Sm-
Nd isotopic system to determine the age of hydrothermal mineral de-
position (e.g. Peng et al., 2003; Li et al., 2007; Barker et al., 2009; Su
et al., 2009; Zhou et al., 2013; Zhang et al., 2015).

Since the Quemocuo deposit was newly discovered, few studies
were conducted on this deposit. In this study, the Quemocuo deposit
Pb-Zn deposit was chosen as the object, aiming to offer some new in-
sights on the genesis of these Pb-Zn deposits in the Sanjiang Pb-Zn
metallogenic belt. A combined study of the Sm-Nd isotopic dating, Sr
isotopes and in situ S-Pb isotopic compositions were carried out in this
contribution, with the attempts to constrain the ore-forming ages,
source of metals and fluids for these Pb-Zn deposits and to propose a

new integrated model. The conclusions are essential for understanding
and prospecting of Pb-Zn mineralization in the Sanjinag Pb-Zn me-
tallogenic belt, SW China.

2. Geological setting
2.1. Regional geology

The Tuotuohe area is located in western Sanjiang Pb-Zn metallo-
genic belt, northern Qiangtang Block, which is bounded by the Kekexili-
Songpan-Ganzi block to the north, the Lhasa block to the south and the
Tianshuihai block to the west (Fig. 1B). The strata exposed in the
Sanjiang belt are mainly Paleozoic to Cenozoic (Fig. 2), consisting of
Carboniferous clastic and carbonate rocks, Permian to Triassic carbo-
nate, clastic, and volcanic rocks, Jurassic to Cretaceous limestone,
subordinate volcanic rocks and evaporate, and Cenozoic carbonate,
terrigenous clastic rocks with a few layers of gypsum and volcanic rocks
(Zhu, 1999; Li et al., 2001, 2002; Song et al., 2015; Liu et al., 2015d).
The Proterozoic metamorphic basement is exposed in Yushu, Changdu
and Lanping area, consisting of gneiss, schist, migmatite, and limestone
(He et al., 2013; Wang et al., 2018b; Xu et al., 2018; Pan et al., 2003).

The Sanjiang Belt has experienced several tectonic events, such as
the Mesozoic-Cenozoic and Cenozoic collisional events, resulting in the
formation of a series of large thrust and strike-slip fault systems and a
series of Cenozoic sedimentary basins, respectively (Yin and Harrison,
2000; Hou et al., 2008; He et al., 2009). The development of basins was
also associated with contemporaneous potassic magmatic activities
(e.g. potassic volcanic and porphyritic potassium-rich intrusions; Deng
et al., 2001; Zhao et al., 2004; Zhu et al., 2006; Zhao et al.,2007; Yang
et al., 2008). The thrust and strike-slip fault systems were developed in
the Sanjiang belt, which define the structural framework in this region
(Li et al., 2006; Tang et al., 2006; He et al., 2009) and control mag-
matism, sedimentation and mineralization.

Multiple thrusting events have been recognized (Spurlin et al.,
2005; Li et al., 2006; Tang et al., 2006). For example, Li et al. (2006,
2012) suggested that three thrust belts could be identified in Tuotuohe
area, which are the Geraddong-Esuima thrust belt (root belt), the
Quemocuo-Gaina fold-thrust belt (middle belt), and the Baqing-Wulwl
thrust belt (front belt), and these thrust belts may form at 52-23 Ma.
The carbonate-hosted Pb-Zn deposit in the Tuotuohe area mainly occurs
in the middle zone and the front zone of the fold-thrust belt (Zhang,
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Fig. 2. The distribution of ore deposits, stratigraphy and regional structures in the Tuotuohe area. GEB, Geraddong-Esuima thrust belt; QGB, Quemocuo-Gaina fold-
thrust belt; BWLB, Baging-Wulwl thrust belt (Modified after Zhang, 2014; Li et al., 2012).

2014; Song et al., 2015). Qian (2014) suggests that the Pb-Zn miner-
alization in this area was associated with the Paleogene potassic mag-
matic activities (40-32 Ma). Also, these magmatic activities could be
observed in Nariniya, Zhalaxiageyong, and Zhamuqu. In addition, Rb-Sr
and Sm-Nd isotope geochronology studies indicate that the formation
ages of several typical carbonate-hosted Pb-Zn deposits (e.g. Dong-
mozhazhua, Mohailaheng, Zhaofayong, and Lanping) in the Sanjiang
Pb-Zn metallogenic belt range from 41 Ma to 29 Ma (Liu, 2012, Liu
et al.,, 2015a,b,c,d,e, 2016). Therefore, it’s suggested that the Pb-Zn
mineralization in the Sanjiang Pb-Zn metallogenic belt occurred during
the Cenozoic and is associated with thrust system and potassic mag-
matic rock, which is probably in response to the Indian-Eurasian con-
tinental collision.

2.2. Geology of the Quemocuo deposit

The Quemocuo deposit is located in the west of Duocaima deposit in
Sanjiang Pb-Zn metallogenic belt, and the exposed strata mainly in-
clude Upper Permian Labuchari Formation and Quaternary (Fig. 3),
which are composed of limestone and sandstone. Also, the diabase in-
truded Permian strata and is covered by the Quaternary.

The NW-trending fault is high angle thrust faults with dip angles
between 55° and 85°, whereas the NE-trending faults are in parallel
with normal faults in the Quemocuo deposit. Besides, almost all the
fractures in the Quemocuo deposit have a close relationship with Pb-Zn
ore bodies.

Six stratiform and veined ore bodies have been found in the
Quemocuo deposit, and ore bodies are hosted in the Upper Permian
Labuchari Formation limestone and are structurally controlled by the
NE-trend normal faults (Figs. 3 and 4; Jia, 2014; Liu et al., 2015d). Ore
bodies are NE-trend with dip angles of 45° to 75° (Figs. 3 and 4), the
majority of ore bodies are 500 m-1500 m in length and 50 m-150 m in
width. Reserves of these ore bodies are 7.1 Mt Pb + Zn (1.65 wt% to
7.17 wt% for Pb and 1.13 wt% to 5.7 wt% for Zn, average grade:
2.92 wt% Pb + Zn; Jia. 2014; Liu et al., 2015d).

The sulfide ores types of the Quemocuo deposit can be divided into
brecciated (Fig. 5A and B), veined (Fig. 5C, H-I), massive (Fig. 5F) and
disseminated (Fig. 5D-E, G) structures with anhedral, subhedral, eu-
hedral or fine- to coarse-grained textures. Ore minerals include galena,
sphalerite, pyrite, tetrahedrite, bournonite, marcasite, and cerussite.
The gangue minerals comprise calcite, quartz, dolomite, and barite
(Figs. 5-8).

Based on field investigation, microscope identification and scanning
electron microscopy observations, the mineralization of the Quemocuo
deposit can be divided into diagenetic, hydrothermal and oxidized
phases. The main mineralization hydrothermal phase can be further
subdivided into four stages (Fig. 8).

Stage I is the pyrite + calcite + quartz stage. Pyrite-I occurs as fine-
to medium-grained and vein texture, which filled in limestone breccia
(Figs. 5A-B, 6A-B and 7C). Minor fine-grained tetrahedrite is also pre-
sent in this stage (Figs. 6C and 7C).

Stage I is the sphalerite + ga-
lena + pyrite + calcite + barite + quartz stage. This is the most
important metallogenic stage, with a large number of disseminated and
massive sphalerite and galena (Fig. 5D-G). Sphalerite-II is fine- to
coarse-grained, coexisting with coarse-grained calcite-II, fine-grained
galena-II, or fine- to coarse-grained pyrite-II (Figs. 5C-G and 6C-F).
Most galena-II is medium- to coarse-grained, coexisting with coarse-
grained calcite-II (Fig. 6E). Moreover, coarse-grained pyrite-II is cut by
barite vein and coexist with quartz and calcite (Fig. 7D-E).

Stage 11 is the galena + spha-
lerite + pyrite + calcite + barite + quartz stage. A large number of
vine-type galena is formed at this stage (Figs. SH-I and 6G). Galena-III
and pyrite-IIl are both fine- to medium-grained, replacing the early
stage quartz and coexisting with barite (Figs. 6G-H and 7F). Minor
disseminated sphalerite may be present in this stage. This is also an
important mineralization stage.

Stage IV is the calcite + dolomite stage and is the final hydro-
thermal stage.

Wall rock alterations include

silicification, baratization,
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Fig. 3. Geological map of the Quemocuo Zn-Pb deposit, showing the lithologies, faults, exploration lines and ore bodies (Modified from Jia, 2014).

dolomitization, calcitization, and ferritization, of which calcitization
and baratization are closely associated with the Pb-Zn mineralization.

3. Samples and analytical methods
3.1. Samples

Sulfide ores were collected from drill holes in the Quemocuo ore
district. The collected samples are mainly disseminated and veined ores
(Fig. 5 and Tables 1-4). Based on microscope observation and scanning
electron microscopy (SEM) analysis, five polished thin sections (stage I-
I1I) were selected for micro-scale LA-MC-ICP-MS in situ S and Pb isotope
analysis. Furthermore, nine sphalerite samples (Stage II) and five calcite
samples (Stage II) separates were handpicked from nine samples of
disseminated sulfide ores under binocular for Rb-Sr and Sm-Nd isotope
analysis.

3.2. Analytical methods

3.2.1. Sm-Nd isotope analysis

The five samples of calcite were analyzed on an inductively coupled
plasma mass spectrometry at the Center of Modern Analysis, Nanjing
University, China. The analyses of Sm-Nd isotopic compositions of
calcites followed the procedure described by Wang et al. (2007) and Li
et al. (2007). The ratio of ***Nd/***Nd of American La Jolla isotopic
standard sample was tested to be in the range of 0.511860 + 8 (20)
and the ratio of '**Nd/***Nd of the American BCR-1 isotopic standard
sample was tested to be in the range of 0.512642 =+ 8 (20). To

normalize all of Nd ratios, the **Nd/***Nd = 0.7219 was adopted.
After calculation, the analytical errors in 1478m/1*4Nd  (20) are
within * 0.2%. The Sm-Nd isochronic age was calculated by ISOPLOT
3.0 (Ludwig, 2003).

3.2.2. In situ S isotope analysis

Sulfur isotope analysis were performed by using a Nu 1700 MC-ICP-
MS system, equipped with sixteen Faraday cups and three ion counters
at the State Key Laboratory of Continental Dynamics in Northwest
University, Xi’an, China. The mass separation was calculated as 0.3333
in the analyses. The Nu 1700 system was able to completely separate
the interference peaks for 32 and 33 S in the medium (resolution
power = 10,000) and high (resolution power = 18,000) resolution
modes, respectively. The determination of unmixed sulfur peaks en-
sures the stability and accuracy of the results. A detailed description of
the measuring procedures is available in Bao et al. (2017); Chen et al.
(2017).

3.2.3. In situ Pb isotope analysis

High-precision in situ lead isotope analyses of pyrite and galena
were conducted on thick polished sections (50-100 pum in thickness),
using a Nu Plasma™ multi-collector ICPMS with a 193 nm excimer laser
denudation system (RESOlution M-50, ASI) at the State Key Laboratory
of Continental Dynamics in Northwest University, Xi‘an, China. The
interference of 2**Hg on 2°*Pb was calculated by using the natural
abundance ratio of 2°*Hg/?°?Hg = 0.229883 (*°*Hg = 0.29863 and
204Hg = 0.06865) and the adjustment for instrumental mass fractio-
nation was monitored by the 2°>T1/2%3T1 ratio. NIST SRM 610 was used
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as equality control sample (Yuan et al., 2013) and the obtained average
values of Pb isotopic compositions of NIST SRM 610 in this study are:
208pp, /209pp = 36.981 + 0.007, 2°7Pb/?*Pb = 15.515 + 0.003 and
206ph/204ph = 17.052 = 0.003 (10). The precision of Pb isotope
analysis are within the range of = 0.06%. A detailed description of the
measuring procedures is available in Bao et al. (2017); Chen et al.
(2014b); Yuan et al. (2015).

3.2.4. Rb-Sr isotope analysis

The Center of Modern Analysis (Nanjing University, Nanjing, China)
measured the Rb-Sr isotope and analyzed on a mass spectrometer with
five collectors, model VG-354. Reproducibility and accuracy of the Sr-
isotope assay results were periodically checked by both running the
Standard Reference Material NBS 987 and the Laboratory Standard La
Jolla. The mean value of 8 Sr/%Sr is equal to 0.710236 + 0.000007
and it is used for correction of instrumental fractionation, the ratio of
878r/%5Sr is normalized to ®6Sr/%%Sr = 0.1194. Details of the chemical
separation and mass spectrometric procedures are described by Wang

et al., (2007) and Hu et al. (2015). The age of Rb-Sr isochronic was
calculated using the ISOPLOT 3.0 computer program (Ludwig, 2003).

4. Analytical results
4.1. Sm-Nd isochronic age

Sm-Nd isochronic age for five calcite samples in stage II and their
isotopic compositions are presented in Table 1, yielding Sm and Nd
concentrations of 0.1023-0.3809 x 10~ ° and 0.3317-0.9498 x 10,
respectively. The **Nd/***Nd values vary from 0.512342 to 0.512539.
The '**Sm/**Nd values range from 0.0653 to 0.9807, and the sig-
nificant variation and range of these values suggest that a precise Sm-
Nd isochronic age could be obtained for these samples. On the
1476m /1 **Nd-1**Nd/***Nd plots (Fig. 9A), the straight line can be in-
terpreted in two different ways, that is, a true isochron or mixing be-
tween two end-members with different **’Sm/ ***Nd and ***Nd/***Nd
ratios (Jiang et al., 2000; Peng et al.,2003; Su et al., 2009). However,
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the lack of correlation between 1/Nd and **Nd/***Nd in the samples
rules out the possibility of two-component mixing (Fig. 9B). These
samples yielded the Sm-Nd isochronic age of 34.3 + 2.2 Ma with the
mean square of weighted deviates (MSWD) of 7.1, and an initial
143Nd/1*Nd ratio is 0.512318 = 7 (Fig. 9A).

4.2. In situ S isotopic compositions

In situ sulfur isotopic ratios for four sulfide samples, together with
previously published bulk S isotopic data (Jia, 2014), are listed in
Table 2 and are shown in (Fig. 10). The pyrite samples in stage I have
low 8%* Scpr values, varying from —29.5%o to —26.5%o. The §3*Sqpr
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Fig. 6. Microscopic texture and structural features of minerals in the Quemocuo deposit. A-B: veined or fine- to medium-grained Py-I is enclosed by calcite (Cal) and
quartz (Q); C: fine-grained pyrite-I (Py-I) and marcasite (Mrc) coexist with fine-grained tetrahedrite (Tet); D: fine- to coarse-grained sphalerite-II (Sp-II), fine- to
coarse-grained Py-1I and fine-grained galena-II (Gn-II) coexists with coarse-grained calcite-II (Cal-II); E; medium- to coarse-grained (Gn-II) coexists with coarse-

grained calcite-II (Cal-II); F: fractured coarse-grained Py-II; G: fine-grained Gn-III occurs as vein; H: quartz grain is replaced by fine-grained Py-III, forming a ring
shape in fracture.
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value of the pyrite samples in stage II is —4.7%o, and 8>*Scpr values
varying from +4.7%o to +5.5%o in stage IIl. The galena samples in
stage II have §%*Scpr values of +4.0%o to +6.0%o, and the §3*Scpr
value show a range from +1.7%o to 6.9%o in stage III. For the sulfur
isotopic compositions, the pyrite samples in different stages have sig-
nificant variation, but the galena samples have few differences. On the
other hand, compared with bulk 83*S values of sulfides (Jia, 2014), in
situ S isotopic data has a much wider range (Fig. 10).

4.3. In situ Pb isotopic ratios

In situ lead isotopic compositions of sulfides are listed in Table 3
and shown in (Figs. 11 and 12). Ten pyrite samples in stage I have
206pp, /204p, 207pp /204 ph and 2°%Pb/2%*Pb ratios ranging from 18.684
to 18.826 (average: 18.798), 15.673 to 15.702 (average: 15.682) and
38.877 to 39.112 (average: 39.056), respectively. Two pyrite samples
from stage II show 2°°Pb/2°pb, 2°7Pb/2%*Pb and 2°®Pb/*°*Pb ratios
ranging from 18.686 to 18.750 (average: 18.718), 15.630 to 15.662
(average: 15.646) and 38.775 to 38.902 (average: 38.839),

respectively. Eleven pyrite samples from stage III have 2°® Pb/2°*Pb,
207ppb,/29pb and 2°®Pb/?*Pb ratios ranging from 18.547 to 19.202
(average: 18.849), 15.539 to 15.750 (average: 15.646) and 38.582 to
39.162 (average: 38.922), respectively. Twenty-one galena samples
from stage II show their Pb isotopic compositions ranging from 18.589
to 18.598 (average: 18.593) for 2°° Pb/2%*Pb, from 15.654 to 15.663
(average: 15.658) for 2°7Pb/2%*Pb, and from 38.690 to 38.714 (average:
38.699) for 2°8Pb/2%*Pb, respectively. The galena samples in stage III
have 2°°Pb/2%*Pb, 207Pb/2°*Pb and 2°®Pb/?**Pb ratios ranging from
18.593 to 18.768 (average: 18.605), 15.660 to 15.689 (average:
15.665) and 38.705 to 39.039 (average: 38.729), respectively.

4.4. Rb-Sr isochronic ratios

The Rb and Sr concentrations and isotopic results of sphalerite from
the Quemocuo Pb-Zn deposit are listed in Table 4. The sphalerite
samples have Rb and Sr contents of 0.1583-0.9521 x 10~ ° and
0.4305-2.7430 X 1075, respectively. The values of %Sr/®¢Sr range
from 0.708482 to 0.711732, with an average of 0.70939, and the ratios

Hydrothermal Stages|Stage [ Stagell

Stagelll StagelV

Mineral assemblages|Py+Cal+Q |Sp+Gn+Py+Cal+Brt|Gn+Sp+Py+Cal+Brt{Cal+Dol

Sphalerite

Galena

Pyrite

Calcite

Quartz

Tetrahedrite —_

Barite

Dolomite

Bournonite

Sp,Sphalerite; Gn,Galena;Py,Pyrite;Cal,Calcite;Q,Quartz;Brt,Barite; Tet, Tetrahedrite;Dol,Dolomite;

Bou,Bournonite; Less wmmmm\[ore

Fig. 8. Mineral paragenesis of the Quemocuo deposit.
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Table 1

Calcite Sm-Nd isotopes compositions of the Quemocuo Pb-Zn deposit.
Sample No. Mineral Sm/10°° Nd/10~° 7sm /**Nd M3Nd /1*Nd + 20
ZK701-ABbl Stage II Calcite 0.1897 0.8229 0.1398 0.512351 0.000006
ZK701-Bbl Stage II Calcite 0.1923 0.5425 0.2187 0.512362 0.000007
ZK701-ABb8 Stage II Calcite 0.3809 0.3317 0.9807 0.512539 0.000009
ZK701-Bb4 Stage II Calcite 0.1023 0.9498 0.0653 0.512335 0.000009
ZK701-ABb4 Stage II Calcite 0.1247 0.7219 0.1042 0.512342 0.000008

of 8Rb/%%Sr isotopes have a wide range from 0.1059 to 6.5260. Af-
fected by some factors, the sphalerite Rb-Sr isotope system did not yield
ideal isochronic age, but the Sm-Nd dating of hydrothermal calcite
suggested that the Quemocuo deposit was formed at 34 Ma. Then, this
age was used to correct the initial Sr isotopes. In this manner, we obtain
the 87Sr/%%Sra4 pa of all sphalerite separates, which have a range from
0.7085 to 0.7117, with an average of 0.7094 (Fig. 13). Such initial Sr
isotope signatures indicate that sphalerite is rich in radiogenic Sr iso-
topes.

5. Discussion
5.1. Timing of Pb-Zn mineralization

Although dating of hydrothermal mineral deposits is often difficult,
the age is critical for understanding the relationship between the timing
of mineralization and other geological events. The Sm-Nd isotopic
compositions of calcium-bearing minerals in ore-forming stage, such as
calcite and fluorite, have been widely used to determine the formation
ages of hydrothermal deposits (e.g. Chesley et al., 1994; Penget al.,
2003; Muchez et al., 2005; Uysal et al., 2007; Su et al., 2009; Dill et al.,
2011; Zhang et al., 2015). Homogeneous Sm-Nd isotopic compositions
for a single set of samples are a prerequisite for obtaining reliable Sm-
Nd ages.

In this study, the calcite has homogeneous initial ***Nd/***Nd ratios
ranging from 0.512342 to 0.512539. The lack of covariance between 1/
Nd and '**Nd/***Nd (Fig. 9B) for these calcites indicates that the iso-
chronic age is not a pseudo-isochronic age and has geological mean

(Jiang et al., 2000; Peng et al., 2003; Li et al., 2007; Barker et al., 2009;
Su et al., 2009; Zhou et al., 2013). Therefore, the Sm-Nd isochronic age
of 34.3 * 2.2 Ma for five calcite samples in the main metallogenic
stage from the Quemocuo deposit is considered to be reliable (Fig. 9A),
and this age is interpreted to reflect the timing of the Pb-Zn miner-
alization. The Sm-Nd isochoric age is similar to the calcite Sm-Nd iso-
choric ages of the Duocaima Pb-Zn deposit (35.3 *= 1.2 Ma; Liu, 2012).
In addition, previous studies reported that the Rb-Sr sphalerite dating
and Sm-Nd fluorite dating yield ages of 35-32 Ma for the Pb-Zn mi-
neralization in the Mohailaheng and Dongmozhazhua Pb-Zn deposits
from Yushu area (Tian et al., 2014), the hydrothermal calcite from the
Zhaofayong Pb-Zn deposit in Changdu area yields the Sm-Nd isochoric
age of 41-38 Ma (Liu et al., 2016), and the Rb-Sr dating of sphalerite
and Sm-Nd dating of calcite yield ages of 30-29 Ma for the Baiyangping
Pb-Zn Ore Cluster in Lanping area (Wang et al., 2011). Hence, we
suggest that these deposits formed simultaneously, and the pre-
dominant Pb-Zn mineralization event in the Sanjiang province occurred
at 41-29 Ma and is related to the continental collision of the Indian-
Eurasian (Hou et al., 2008; Hou and Zhang, 2015; Liu et al., 2011,
2015e, 2016, 2017; Song et al., 2015, 2017, 2019; Tian et al., 2014; L.
J. Wang et al., 2018; Wang et al., 2011; X. H. Wang et al., 2018; Liu
et al., 2015d; Liu, 2012).

5.2. Possible sulfur sources
The sulfur isotopic compositions of sulfur-bearing minerals are

mostly affected by source and fractionation (Ohmoto and Goldhaber,
1997; Hoefs, 2015; Seal, 2006). Hence, the source of sulfur and the

Table 2
In situ and bulk sulfur isotopic compositions from the Quemocuo deposit.
No. Structure Mineral Stage 834Sy.cpr(%0) Source
ZK801Bb2-Pyl Veined ores Pyrite Stage I —-29.5 This paper (In situ S isotopic data)
ZK801Bb2-Py2 Veined ores Pyrite Stage I -28.7
ZK801Bb2-Py3 Veined ores Pyrite Stage I —-29.3
ZK801Bb2-Py4 Veined ores Pyrite Stage I —26.7
ZK801Bb2-Py5 Veined ores Pyrite Stage I —28.5
ZK701Bb2-Py1 Disseminated ores Pyrite Stage II —-4.7
ZK701Bb2-Py2 Veined ores Pyrite Stage IIT 4.7
ZK801Bb1-Pyl Veined ores Pyrite Stage IIT 5.4
ZK801Bb1-Py2 Veined ores Pyrite Stage III 5.5
D027-Gnl Disseminated ores Galena Stage II 5.3
D027-Gn2 Disseminated ores Galena Stage II 4.0
D027-Gn3 Disseminated ores Galena Stage II 6.0
D028-Gnl Veined ores Galena Stage III 6.6
D028-Gn2 Veined ores Galena Stage IIT 6.0
D028-Gn3 Veined ores Galena Stage III 6.9
D028-Gn4 Veined ores Galena Stage III 4.5
D028-Gn5 Veined ores Galena Stage III 5.1
D028-Gn6 Veined ores Galena Stage IIT 1.7
D028-Gn7 Veined ores Galena Stage III 5.6
D028-Gn8 Veined ores Galena Stage III 4.3
QMC-TC1-B14-2 2.4 Jia, 2014 (Bulk S isotopic data)
QMC-3#-TC5-W4 3.4
QMC-3#-TC9-B1 2.2
QMC-TC1-B11-1 2.3
QMC-TC1-B15 3.3
QMC-TC1-W4 2.9
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Table 3

In situ and bulk Pb isotopic ratios of sulfides from the Quemocuo deposit.
No. Structure Mineral  Stage 205pp/20%ph  1s 207pp/20%pp 1 208ph/20%ph  1s Source
D027-Gn3 Disseminated ores  Galena Stage II 18.594 0.003  15.659 0.003  38.704 0.009  This paper (In situ Pb isotopic data)
D027- Gn4 Galena Stage II 18.597 0.003  15.659 0.003  38.702 0.008
D027- Gn5 Galena Stage II 18.591 0.003  15.656 0.003  38.694 0.009
D027- Gn6b Galena Stage II 18.594 0.003  15.658 0.003  38.697 0.010
D027- Gn7 Galena Stage II 18.595 0.003  15.659 0.003  38.702 0.009
D027- Gn9 Galena Stage II 18.594 0.003 15.661 0.003  38.708 0.008
D027- Gnl0 Galena Stage II 18.591 0.003  15.657 0.003  38.690 0.010
D027- Gnl11 Galena Stage II 18.591 0.003  15.658 0.004  38.697 0.010
D027- Gn12 Galena Stage II 18.590 0.004 15.657 0.004 38.698 0.011
D027- Gn13 Galena Stage II 18.591 0.003  15.657 0.003  38.697 0.009
D027- Gnl4 Galena Stage II 18.598 0.003  15.663 0.003  38.714 0.009
D027- Gn15 Galena Stage II 18.590 0.003 15.656 0.003 38.693 0.009
D027- Gnl6 Galena Stage II 18.589 0.002  15.656 0.003  38.691 0.008
D027- Gnl7 Galena Stage II 18.598 0.003  15.658 0.003  38.704 0.008
D027- Gn18 Galena Stage II 18.596 0.003 15.659 0.003 38.702 0.009
D027- Gn19 Galena Stage II 18.593 0.003  15.659 0.003  38.702 0.010
D027- Gn20 Galena Stage II 18.591 0.003  15.655 0.003  38.691 0.009
D027- Gn21 Galena Stage II 18.592 0.003  15.659 0.003  38.697 0.008
D027- Gn22 Galena Stage II 18.592 0.002 15.659 0.003 38.700 0.008
D027- Gn23 Galena Stage II 18.597 0.002  15.658 0.002  38.697 0.007
D027- Gn24 Galena Stage II 18.595 0.003  15.658 0.003  38.700 0.008
D028Bb1-Gnl Veined ores Galena Stage III 18.605 0.001 15.669 0.001 38.729 0.003
D028Bb1-Gn2 Galena Stage III  18.599 0.001 15.665 0.001 38.718 0.003
D028Bb1-Gn3 Galena Stage III  18.597 0.001 15.663 0.001 38.714 0.003
D028Bb1-Gn4 Galena Stage III  18.598 0.001 15.664 0.001  38.713 0.003
D028Bb1-Gn5 Galena Stage III 18.598 0.001 15.663 0.001 38.711 0.003
D028Bb1-Gn6 Galena Stage III  18.596 0.001 15.662 0.001 38.709 0.003
D028Bb1-Gn7 Galena Stage III  18.597 0.001 15.660 0.001  38.705 0.003
D028Bb1-Gn8 Galena Stage III 18.599 0.001 15.662 0.001 38.713 0.003
D028Bb1-Gn9 Galena Stage III  18.604 0.001 15.666 0.001 38.725 0.004
D028Bb1-Gn10 Galena Stage III  18.596 0.002  15.662 0.002  38.709 0.004
D028Bb1-Gn16 Galena Stage III  18.595 0.001 15.665 0.001  38.715 0.003
D028Bb1-Gnll Galena Stage III  18.595 0.001 15.661 0.001 38.709 0.003
D028Bb1-Gn12 Galena Stage III  18.593 0.001 15.662 0.001 38.711 0.003
D028Bb1-Gn13 Galena Stage III  18.606 0.001 15.664 0.001  38.718 0.003
D028Bb1-Gnl4 Galena Stage III  18.600 0.001 15.666 0.001 38.717 0.004
D028Bb1-Gnl5 Galena Stage III  18.599 0.002  15.666 0.001 38.722 0.004
D028Bb1-Gnl17 Galena Stage III  18.598 0.002  15.666 0.002  38.721 0.004
D028Bb1-Gnl8 Galena Stage III  18.595 0.002  15.666 0.002  38.719 0.004
D028Bb1-Gn19 Galena Stage III  18.598 0.001 15.663 0.001 38.714 0.004
D028Bb1-Gn20 Galena Stage III  18.599 0.002  15.665 0.001 38.719 0.004
D028Bb1-Gn21 Galena Stage III 18.597 0.001 15.666 0.001 38.722 0.004
D028Bb1-Gn22 Galena Stage III  18.604 0.002  15.666 0.002  38.728 0.005
D028Bb1-Gn23 Galena Stage III  18.598 0.002  15.666 0.002  38.728 0.005
D028Bb1-Gn24 Galena Stage III 18.594 0.001 15.660 0.001 38.706 0.003
D028Bb1-Gn25 Galena Stage III  18.768 0.001 15.689 0.001 39.039 0.002
ZK801Bb1-Py3 Veined ores Pyrite Stage III  18.826 0.005  15.691 0.004  39.103 0.010
ZK801Bb1-Py6 Pyrite Stage III  18.820 0.008  15.702 0.006  39.112 0.017
ZK801Bb1-Py8 Pyrite Stage III 18.795 0.008 15.679 0.007 39.058 0.017
ZK801Bb1-Py41 Pyrite Stage III  18.811 0.003  15.680 0.003  39.074 0.007
ZK801Bb1-Py42 Pyrite Stage III  18.804 0.004 15.674 0.003  39.058 0.009
ZK801Bb1-Py43 Pyrite Stage III 18.806 0.003 15.672 0.002 39.053 0.006
ZK801Bb1-Py44 Pyrite Stage III  18.814 0.002  15.678 0.002  39.075 0.004
ZK801Bb1-Py45 Pyrite Stage III ~ 18.804 0.010 15.677 0.008  39.055 0.020
ZK801Bb1-Py46 Pyrite Stage III  18.821 0.006  15.696 0.005  39.097 0.012
ZK801Bb1-Py47 Pyrite Stage III 18.684 0.015 15.679 0.012 38.877 0.031
ZK701Bb2-Py21 Disseminated ores  Pyrite Stage II 18.686 0.036  15.630 0.031 38.775 0.077
ZK701Bb2-Py51 Pyrite Stage II 18.750 0.022  15.662 0.019  38.902 0.048
ZK801Bb2-Pyl Veined ores Pyrite Stage I 18.976 0.004 15.686 0.003 39.116 0.008
ZK801Bb2-Py2 Pyrite Stage I 18.800 0.005  15.520 0.005  38.749 0.012
ZK801Bb2-Py41 Pyrite Stage 1 18.767 0.003 15.701 0.002  38.977 0.005
ZK801Bb2-Py42 Pyrite Stage I 18.938 0.004 15.668 0.003 38.981 0.007
ZK801Bb2-Py47 Pyrite Stage I 18.822 0.001 15.646 0.001 38.912 0.003
ZK801Bb2-Py7 Pyrite Stage I 18.581 0.011 15.582 0.009  38.730 0.023
ZK801Bb2-Py9 Pyrite Stage I 19.202 0.005 15.717 0.004 39.162 0.009
ZK801Bb2-Pyl10 Pyrite Stage I 19.028 0.006  15.695 0.005  39.046 0.013
ZK801Bb2-Pyl1 Pyrite Stage I 18.846 0.014  15.750 0.011 39.022 0.027
ZK801Bb2-Pyl4 Pyrite Stage I 18.547 0.013  15.539 0.011  38.582 0.027
ZK801Bb2-Pyl5 Pyrite Stage I 18.829 0.007 15.601 0.007  38.869 0.017
QMC-TC1-B14-2 Ore 18.579 15.645 38.650 Jia,2014 (Bulk Pb isotopic data)
QMC-3#-TC5-W4 Ore 18.596 15.665 38.715
QMC-3#-TC9-B1 Ore 18.598 15.664 38.714
QMC-TC1-B11-1 Ore 18.615 15.680 38.764
QMC-TC1-B15 Ore 18.584 15.649 38.660
QMC-TC1-W4 Ore 18.585 15.647 38.656
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Table 4
Sphalerite Rb-Sr isotopes compositions of the Quemocuo Pb-Zn deposit.
Sample No. Rb/107° Sr/10°° 87Rb/%6Sr 873r/86Sr + 20 8781/%%Sr340ma Source
ZK701-ABbl 0.1702 2.743 0.1837 0.708641 0.000008 0.708641 This paper
ZK701-Bbl 0.1583 4.408 0.1059 0.708482 0.000009 0.708482
ZK701-ABb8 0.9521 0.4305 6.526 0.711723 0.000007 0.711723
ZK701-BBb9 0.8309 0.7186 3.408 0.710104 0.000009 0.710104
ZK701-CBbl 0.5703 0.9659 1.745 0.709452 0.000006 0.709452
ZK701-Bb6 0.6134 0.8332 2.169 0.709551 0.000009 0.709551
ZK701-Bb4 0.4572 1.386 0.9731 0.709062 0.000008 0.709062
ZK701-ABb4 0.3741 1.745 0.6315 0.708759 0.000009 0.708759
D046-Bbl 0.1984 1.98 0.2947 0.708743 0.000008 0.708743

(®7Sr/%°sr)t = %7Sr/%°5r-875r/%7Rb (e-1), Agp = 1.41 x 107 1t71 t = 34 Ma.

evolution of ore-forming fluids could be revealed by sulfur isotopes.

The sulfur isotopic composition of pyrite formed in stage I (Py-I) is
ranging from —29.5%o to —26.7%o (Fig. 10 and Table 2), which is
significantly lower than that of the mantle-derived sulfur (— 3 to + 3%o:
Chaussidon et al., 1989). Such a notably negative §>*S value of pyrite
can be achieved by bacterial sulfate reduction (BSR) of seawater/sulfate
minerals (Goldhaber and Kaplan, 1975; Basuki et al., 2008). The
hosting rocks from the Quemocuo Pb-Zn deposit formed in the Permian
period and the §3*S value of the seawater in the same period are about
+11%o to +16%o (Claypool et al., 1980). Therefore, the fractionation
of sulfur isotopic compositions between seawater and pyrite (Py-I) is
about + 40%o. Such large sulfur isotopic fractionation can be caused by
bacterial sulfate reduction (BSR) of seawater/sulfate minerals. We
propose that the sulfur source of the sulfides in stage I is mainly from
the marine sulfate by BSR.

The 84S value of pyrite formed in stage II (Py-II) is —4.7%o and that
of galena (Gn-II) is +4.0%o to +6.0%o (Fig. 10 and Table 2). Con-
sidering that the sulfur isotopic fractionation between galena (Gn-II)
and Permian seawater is about 5%o-12%o, the §3*S value of the ther-
mochemical sulfate reduction (TSR) of seawater or sulfate minerals can
better match the sulfur isotopic compositions of galena (Gn-II)
(Ohmoto, 1986; Ohmoto and Goldhaber, 1997; Worden et al., 1995;
Zhu et al., 2014). As for the pyrite (Py-II) with relatively negative §3*S
value (—4.7%o), it may be modified by some residual pyrites in stage I.
In this way, sulfur isotopic compositions of fluid in stage II can down to
a negative value locally. Pyrite (Py-III) and galena (Gn-III) formed in
stage III have moderately positive §**S value with a range of +4.7%o to
+5.5%0 and + 1.7%o to + 6.9%o, respectively (Fig. 10 and Table 2). The
sulfur source of stage Il may be the same as that of stage II, namely, the
sulfur is mainly from the TSR of seawater/sulfate. It is worth noting that
one galena analysis has yielded low 8**Scpy values (1.7%o), similar to
that of mantle-derived sulfur (Chaussidon et al., 1989). The diabase
dikes are exposed in the Quemocuo mining area, and the volcanic rocks
also occurred in this region (Jia, 2014; Liu et al., 2015d). Consequently,
the contribution from the deep source cannot be ruled out.

In summary, the sulfur in this deposit comes from different reduc-
tion mechanisms. In stage I, the sulfur is dominantly produced by
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bacterial sulfate reduction (BSR) of seawater or sulfate minerals. As for
stage II-III, the sulfur is dominantly produced by the thermochemical
sulfate reduction (TSR) of seawater or sulfate minerals.

5.3. Possible sources of ore-forming metals

5.3.1. Constraints from Pb isotopes

Sulfides usually have very low U and Th contents (especially ga-
lena), so the radiogenic Pb produced by U and Th is insignificant and
tiny (Carr et al., 1995; Muchez et al., 2005; Pass et al., 2014; Zhou et al.,
2018c). Meanwhile, compared with the traditional mineral analyses of
Pb isotopes, the in situ Pb isotope analysis is convenient and free from
impurity inclusions, so it can more truthfully reflect the Pb isotopic
compositions of ore-forming fluids.

In the 2°°Pb/2%Pb vs. 297Pb/2**Pb diagram (Fig. 11A), the Pb iso-
topic ratios of sulfides mainly fall into the field between the Pb isotopic
evolution lines of orogenic belt and upper crust (Zartman and Doe,
1981). Similarly, in the plot of 2°Pb/2%*Pb vs. 2°8pb/2°*Pb (Fig. 11B),
the Pb isotopic ratios of sulfides mainly fall into the field between the
Pb isotopic evolution lines of orogenic belt and lower crust. The above
indicates that Pb primarily comes from the orogenic belt and crust
(Zartman and Doe, 1981).

Based on previous extensive research on the carbonate-hosted Pb-Zn
deposits in the Sanjiang Pb-Zn metallogenic belt, two potential Pb
sources have been proposed, that is, the ore-hosting sedimentary rocks
and metamorphic basement rocks (Bin et al., 2019; Hao et al., 2015; Jia
et al., 2018; Liu et al., 2015a, 2015c, 2015b, 2016, Song et al., 2009,
2013, 2015; Wang et al., 2018b; Xu et al., 2018; Guo, 2018; Hao, 2014;
Pan et al., 2003; Qian, 2014; Zhang, 2014). Compared with the sedi-
mentary rocks and basement rocks, all the Pb isotope data fall into the
overlapping field of sedimentary rocks and basement rocks (Fig. 11),
suggesting a probable mixed Pb source of sedimentary rocks and
basement rocks. It means that there is not a single source for the Pb.
This explanation is further supported by Sr isotope signatures (see
below).

Also, The Pb isotopic compositions of pyrite formed in stage I (Py-I)
vary widely (Fig. 11), and their S isotopic compositions suggest that the
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Fig.9. A. Sm-Nd isochron for hydrothermal calcites from the Quemocuo deposit; B. Plot of 1/Nd-'*>Nd/***Nd for the hydrothermal calcites.
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Fig.10. A. The 8%4Scpr values of the Quemocuo deposit that compare with previous data and mantle-derived, showing the in situ 834S values for pyrite; B. Sulfur
isotopic compositions histogram for the Quemocuo deposit. Previous bulk S isotopic data is from Jia. (2014), mantle-derived S is from Chaussidon et al., (1989).

sulfur source of stage I is mainly from early sedimentary strata. It means
that the source of Pb is more complex, except for strata, it may come
from a small number of the basement and volcanic rocks, so the var-
iation of isotopic composition for the pyrite in stage I is relatively large
(Fig. 11).

Compared with stage I, the Pb isotopic compositions of sulfides
formed in stage II-III have a small variation. There is a gradual increase
in the 2°6pb/2%4pb, 297pb/204pb, and 2°®Pb/2°*Pb ratios from stage II
(Py-II and Gn-II) to stage III (Py- III and Gn- III) (Fig. 12). The Pb iso-
topic data shows that the variation ranges of 2°°Pb/2°* Pb, 297pb/2°*pb,
and 2°®pb/2%*Pb ratios for the galena (0.179, 0.034 and 0.348; Table 1)
and the pyrite (0.142, 0.072 and 0.337; Table 1) in stage II and III are
significantly higher than the analytical uncertainty of in situ Pb isotope
data for the galena (1 s, 0.001-0.004, 0.001-0.004 and 0.003-0.011,
respectively) and the pyrite (1 s, 0.002-0.036, 0.002-0.031 and
0.002-0.077, respectively), and this variation should have geological
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implications. This variation can be explained by the radiogenic Pb ex-
isted in the sulfides in the late phase (stage III) more than in the early
phase (stage II). Therefore, a highly radiogenic Pb-enriched source
(such as metamorphic basement rocks) is possible to provide more Pb to
the hydrothermal fluids in the late phase. Bin et al. (2019) also suggest
that the basement rocks contribute to the ore-forming metals in the late
phase for the Pb-Zn deposit in Lanping area.

In general, in situ lead isotopic compositions of pyrite and galena
indicate the similar lead origin for three stages (stage I, stage II and
stage III), i.e., sourced from strata, strata mixed with a little contribu-
tion of metamorphic basement, and strata mixed with a considerable
amount of contribution of metamorphic basement, respectively.

5.3.2. Constraints from Sr isotopes
The Rb-Sr isotopic compositions of sphalerite can not only effec-
tively constrain the mineralization age of the Pb-Zn deposit, but also
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reflect the source of the ore-forming materials (Brannon et al., 1992;
Christensen et al., 1995; Hu et al., 2015; Nakai et al., 1990; Wang et al.,
2018a; Wang et al., 2018b; Xiong et al., 2018; Zhou et al., 2015). Al-
though we did not obtain the ideal Rb-Sr isochronic age in this study,
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the source of the ore-forming fluid can be traced by the Sr isotopic
compositions of sphalerite.

According to the contents of Rb and Sr as well as Rb-Sr isotopic
compositions of sphalerite, the initial 87Sr/%°Sr of sphalerite can be
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Fig. 13. The 87Sr/%0Sr34 w1, ratios of sphalerite and upper mantle, volcanic rock, and sedimentary rock. Data from Feng et al. (2017); Hao et al. (2015); Wang et al.

(2011); Zhang (2013); Liu (2012); Qian (2014).

Table 5
Sr isotopes compositions of sulfide, volcanic rock and sedimentary rock.

Mineral/rock Num. 8781/50S 1300, TANgE Average Source
Sphalerite from the Quemocuo deposit 9 0.7085-0.7117 0.7094 This paper
Calcite from the Duocaima deposit 11 0.7075-0.7082 0.7078 Hao et al.,2015
Permian jiushidaoban Fm., limestone 4 0.7074-0.7079 0.7075 Hao et al.,2015
Sphalerite from the Dongmozhazhua deposit 4 0.7089-0.7109 0.7096 Tian et al.,2014
Sphalerite from the Mohailaheng deposit 4 0.7085-0.7087 0.7086 Tian et al.,2014
Sphalerite and Galena from the Baiyangping east deposit 9 0.7144-0.7186 0.7158 Feng et al., 2017
Sphalerite from the Baiyangping west deposit 14 0.7093-0.7118 0.7099 Wang et al.,2011
Paleogene volcanic rock from the Nariniya 22 0.7071-0.7080 0.7076 Qian, 2014, Zhang, 2013
Permian volcanic rock from the Yushu area 4 0.7069-0.7109 0.7099 Liu, 2012
Carboniferius-Triassic Sedimentary from the Yushu area 17 0.7062-0.7204 0.7095 Liu, 2012

(®7Sr/%0Sr)t = %7Sr/%65r-87Sr/%7Rb (e*-1), Arp = 1.41 x 10t~ 1, t = 34 Ma. Fm. = Formation.

calculated by combining the mineralization age of about 34 Ma ob-
tained by calcite Sm-Nd dating. The initial %Sr/®%Sr of sphalerite is
0.708482-0.711723 (Table 4), which is higher than the initial Sr iso-
topic compositions (t = 34 Ma) of the mantle, and the Paleogene vol-
canic rocks and Permian limestone in the Tuotuohe area (Fig. 13 and
Table 5), implying that the single source cannot reasonably explain the
Sr isotopic composition of sphalerite. The sulfur and lead isotopic
compositions of sulfides suggest that ore-forming materials and fluids
are likely to be multi-sourced, including metamorphic basement and
strata, and a small number of volcanic rocks (deep source). However, it
is somewhat hard to trace the source of ore-forming material based on
initial Sr isotopic compositions of sphalerite at present, because of the
lack of Rb-Sr isotopic data for metamorphic basement. In the same
metallogenic belt, the Baiyangping deposits have the same source as the
Quomocuo deposit, containing much higher initial ”Sr/%°Sr ratios than
those of country sedimentary rocks and volcanic rocks (Fig. 13).
Therefore, we propose that Sr isotope features support the involvement
of the metamorphic basement and strata in mineralization, while the
metamorphic basements should have a relatively high initial 8”Sr/26sr
isotopic composition. Furthermore, based on the similarity of Hg iso-
topic compositions between the sulfides from sediment-hosted Pb-Zn
deposit and metamorphic basement in the Changdu and Lanping area
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(east of the Quemocuo deposit), Xu et al. (2018) and Bin et al. (2019)
suggest that Hg in sulfides was mainly originated from the metamorphic
basement. Besides, there are no exposed Permian volcanic rocks in the
study area, the Sr isotopic data of Permian volcanic rocks in the Yushu
area is similar to that of Quemocuo lead-zinc deposit, we cannot rule
out the contribution of volcanic rocks to lead-zinc mineralization.

It is noticed that the initial Sr isotopic compositions of Pb-Zn deposit
in the Tuotuohe area are comparable to the Pb-Zn deposit in Yushu and
Lanping area, with some differences to some degree. It is likely that the
variation in the contribution proportion of the metamorphic basement,
strata, and volcanic rocks lead to fluctuation of Sr isotopic compositions
in different Pb-Zn deposits in different regions of the Sanjiang Pb-Zn
metallogenic belt. Additionally, the Sr isotopic compositions of the
metamorphic basement, strata, and volcanic rocks in the Quemocuo
area and the Sanjiang Pb-Zn metallogenic belt need to be further stu-
died to better constrain the source of Sr for the Pb-Zn deposit.

In summary, the Sr isotopic compositions of the Quemocuo Pb-Zn
deposit may be derived from the country sedimentary rocks depleted in
initial 8”Sr/%6Sr relatively as well as the metamorphic basement rocks
enriched in initial %7Sr/%Sr relatively.
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Table 6

A comparison between typical MVT deposits and Quemocuo Pb-Zn deposit.

Ore Geology Reviews 117 (2020) 103264

Characteristics MVT deposits Quemocuo Pb-Zn deposit
Grades Pb + Zn: av. < 10 wt% Pb + Zn: av. 2.92 wt%
Host rocks Cambrian to Carboniferous carbonate rocks Upper Permian carbonate rocks

Tectonic settings

Relation with magmatic activity
Ore-controlled factors

Ages

Ore textures and structures

Mineral compositions

Typically located within extensional zones of orogenic belts
absence of temporally or spatially association with igneous activities

Mainly controlled by open structure and lithology

From Proterozoic to Cretaceous

Exhibiting disseminated, fine grained, branched, colloidal and massive
structures and colloidal, skeleton coarse-crystalline textures
Sphalerite, galena, pyrite, barite, fluorite, dolomite and calcite

Typically places within the middle zone of the thrust-nappe
structure

Spatially and temporally association with the Cenozoic
magmatic activity

Controlled by structure and lithology

34 Ma

Mainly exhibiting massive, brecciated, disseminated, veined
structures, and grained textures

Sphalerite, galena, pyrite, calcite, bournonite, dolomite and

barite
Fluid inclusions 10-30 wt% NaCl equiv.; 50-200 °C 2.4-17.3 wt% NaCl equiv.; 160-260 °C
Associated metals Ag Ag
C-O isotopes Sourced from carbonate rocks Sourced from carbonate rocks
S isotopes +10 to +25%o, sourced from seawater sulfate —30 to +8%o, sourced from multiple S reservoirs
Pb isotopes Complicated Pb isotopic ratios and regional zonation, soured from Complicated and simple Pb isotopic ratios, sourced from

basements and sediments
Sr isotopes
multiple reservoirs

References Leach et al., 2005, 2010

Imply that the fluids were derived from, flowed through or interacted with

basements, strata and volcanic rocks (deep source)

Imply that the fluids were derived from basements, strata and
volcanic rocks (deep source)

Jia, 2014, Liu et al., 2015d, This paper

5.4. Genesis of the deposit and mineralization process

5.4.1. Ore genesis

The Qumocuo Pb-Zn deposit with a low grade (Pb + Zn < 10 wt%)
is hosted by Upper Permian strata, and the mineralization is controlled
by lithology and structure (Jia, 2014; Liu et al., 2015d; Table 6).
Sphalerite + galena + calcite/dolomite + barite as major minerals
and ore-forming fluids have a medium salinity (Jia, 2014; Liu et al.,
2015d; Table 6), which are comparable to those of the typical MVT Pb-
Zn deposits (Leach et al., 2005; 2010). However, compared with the
typical MVT deposits, the Qumocuo Pb-Zn deposit is located in the
middle of the thrust belt and is closely related to the structural de-
formation (Jia, 2014; Liu et al., 2015d; Table 6). Moreover, this deposit
is associated with the Paleogene potassic magmatic rock temporally and
spatially (Jia, 2014; Qian, 2014; Liu et al., 2015d; Table 6). In situ S, Pb
and Sr isotopic compositions of sulfides in this study suggest that the
metamorphic basement and strata, and even volcanic rocks are the
main sources of ore-forming elements. Furthermore, fluid inclusion
homogenization temperatures of quartz obtained by Jia (2014) are
160-260 °C with the main range of 160-220 °C. The above features
indicate that the Qumocuo Pb-Zn deposit is somewhat different from
the typical MVT Pb-Zn deposits (Leach et al., 2005, 2010). Therefore,
combined with the regional background, the ore deposit geology, and S-
Pb-Sr isotopic compositions, we classify this deposit as an epigenetic,
carbonate-hosted and normal fault-controlled Pb-Zn deposit.

5.4.2. Ore-forming process

The formation of the Quemocuo deposit is associated with thrust
system, and the mineralization age is similar to other Pb-Zn deposits in
the Sanjiang Pb-Zn metallogenic belt, which are different from typical
MVT deposits that have no spatial and temporal relationship with ig-
neous activity (Leach et al., 2005, 2010). Based on field investigation,
the geology of deposit, calcite Sm-Nd dating, in situ S and Pb isotopic
compositions of sulfides, Rb-Sr isotopic compositions of sphalerite, we
speculate that the ore-forming process of Quemocuo Pb-Zn deposit as
follows:

The Cenozoic India-Eurasian continental collision resulted in the
development of thrust system in Qiangtang block (Fig. 14A), accom-
panied by the formation of a series of Cenozoic sedimentary basins,
potassic magma and Pb-Zn mineralizations (Yin and Harrison, 2000;
Deng et al., 2001; Zhao et al., 2004; Zhu et al., 2006; Zhao et al.,2007;
Yang et al., 2008; Li et al., 2006, 2012; Liu, 2012, Liu et al., 2015e,

15

2016, 2017; Zhang, 2014; Song et al., 2015; Qian, 2014).

At c.a. 34 Ma, the Pb-Zn mineralization in the Tuotuohe area was
also linked to the Cenozoic Tanggula thrust system occurred during
52-23 Ma (Li et al., 2006, Liu, 2012) and potassic magmatic rocks
occurred in the period of 40-32 Ma (Qian, 2014), where the Quemocuo
Pb-Zn deposit was located at the middle of the Tanggula thrust system
in the Tuotuohe area (Fig. 14B). The NW-trend and NE-trend faults
formed in the Quemocuo area have played an important role in con-
trolling the distribution of Pb-Zn mineralization (Jia, 2014; Liu et al.,
2015d). Thermal activity related to this event resulted in the circulation
of hydrothermal fluids within strata and metamorphic basement, where
they picked up metals, migrated upward along regional faults to the
shallow depth, and precipitated metals. The fluids and ore-forming
materials came from different sources and played a very important role
in the formation of sulfides at different stages (Figs. 10-13). We have
classified three metallogenic stages, i.e., 1) in stage I, the sulfur is from
the bacterial sulfate reduction (BSR) of seawater or sulfate minerals and
the source of ore-forming elements derived from strata, and even a
small number of volcanic rocks and metamorphic basement; 2) in stage
II, the sulfur is from the thermochemical sulfate reduction (TSR) of
seawater or sulfate minerals and the ore-forming elements sourced from
strata mixed with a little contribution of metamorphic basement; 3) in
stage III, the source of sulfur and ore-forming elements are similar to
those in stage II, but the contribution of metamorphic basement ma-
terials were moderately increased.

Moreover, we cannot rule out the contribution from the con-
temporaneous potassic magmatism. Contemporaneous magmatism may
mainly as heat sources or provide ore-forming materials.

6. Conclusions

(1) The Sm-Nd dating of calcite shows that the formation age of the
Quemocuo Pb-Zn deposit is about 34 Ma, which is similar to other
Pb-Zn deposits in the Sanjiang Pb-Zn metallogenic belt and asso-
ciated simultaneously thrust system.

(2) In-situ S and Pb isotopes suggest that the ore-forming elements are
mainly sourced from the metamorphic basement rocks and ore-
hosting sedimentary rocks, and even volcanic rocks.

(3) The Quemocuo Pb-Zn deposit is a carbonate-hosted and normal
fault-controlled epigenetic deposit.
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