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The Lanping basin is a significant Pb-Zn-Cu-Ag mineralization belt in the Sanjiang Tethyan metallogenic
province. A series of sediment-hosted Himalayan Cu-Ag-Pb-Zn polymetallic deposits have been discovered in
the western part of the basin, controlled by a thrust-nappe system. In the thrust-nappe system, the Cu orebodies
mainly occur in the western and relatively deep part of the mineralization system (the root zone), whereas the
Pb-Zn-Ag (+ Cu) orebodies occur in the eastern and relatively shallow part of the system (the front zone),
both as vein-type mineralization.

In this paper we present new data, combined with existing data on fluid inclusions, isotopes and geologic char-
Ore-forming fluids acteristics of representative deposits, to provide the first study that contrasts mineralizing fluids in the Cu-Ag
Western Lanping basin (Mo) and Pb-Zn-Ag (Cu) polymetallic deposits.

China Fluid inclusion and isotope studies show that the Cu-Ag (Mo) mineralization in the root zone formed predomi-
nantly from deep crustal fluids, with the participation of basinal brines. The deep crustal fluids are marked by
high CO, content, relatively high temperatures (280 to 340 °C) and low salinities (1 to 4 wt.% NaCl equivalent),
whereas the basinal brine shows relatively low temperatures (160 °C to 220 °C) and high salinities (12 to
22 wt.% NaCl equivalent), containing almost no CO,. In comparison, hydrothermal activity associated with the
Pb-Zn-Ag (4 Cu) deposits in the front zone is characterized by basinal brine, with relatively low temperatures
(130 °Cto 180 °C), high salinities (9 to 24 wt.% NaCl equivalent), and low CO, concentrations. Although evolved me-
teoric waters have predominantly been proposed as the source for deep crustal fluids, magmatic and metamorphic
components cannot be completely excluded. The basinal brine was predominantly derived from meteoric water.
The 6>4S values of sulfides from the Cu-Ag (Mo) deposits and Pb-Zn-Ag (= Cu) deposits range from —17.9 to
16.3%. and from 2.5 to 11.2%., respectively. These ranges may relate to variations in physicochemical conditions
or compositional variation of the sources. Lead isotope compositions indicate that the ore-forming metals were
predominantly derived from sedimentary rocks of the Lanping basin.

Keywords:
Cu-Ag-Pb-Zn polymetallic mineralization

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The Lanping basin is located at the junction of the Eurasian and
Indian Plates, in the eastern Tibetan Plateau, and is bordered by the
Lancangjiang and Jinshajiang-Ailaoshan sutures (Fig. 1). The Lanping
basin is a significant Pb-Zn-Cu-Ag mineralization belt in the Sanjiang
Tethyan metallogenic province in China, which produces numerous
economically significant deposits (He et al., 2009; Hou et al., 2006,
2008; Xue et al., 2002, 2003, 2007).

A series of Cenozoic base metal deposits occur in this basin, including
the Jinding Zn-Pb deposit, which has a reserve of 200 Mt ore grading

* Corresponding author.
E-mail address: wenhanjie@vip.gyig.ac.cn (H. Wen).

http://dx.doi.org/10.1016/j.oregeorev.2014.11.017
0169-1368/© 2014 Elsevier B.V. All rights reserved.

6.08% Zn and 1.29% Pb, making it the largest sandstone-hosted Zn-Pb
deposit in the world, and several Cu + Ag + Co deposits (Baiyangping,
Baiyangchang and Jinman), mainly located in the northern segment of
the basin (He et al., 2009; Hou et al., 2006, 2008; Khin et al., 2007;
Xue et al., 2002, 2003, 2007). These deposits, with total reserves of
more than 16.0 Mt Pb + Zn, 0.6 Mt Cu, and 7000 t Ag, are hosted by
Mesozoic-Cenozoic mottled clastic rocks, and controlled by Cenozoic
thrust systems related to the Indo-Asian collision since the Paleocene
(He et al., 2004, 2009; Xu and Zhou, 2004). Spatially, these base metal
deposits are divided into two sub-parallel metallogenic belts, which
are characterized by sediment-hosted Cu-Ag polymetallic deposits in
the western Lanping basin, and by Pb-Zn polymetallic deposits in the
eastern Lanping basin (He et al.,, 2009; Hou et al., 2008; Xue et al., 2007).

In the western thrust-nappe system, the Pb- and Zn-poor Cu miner-
alization occurs as veins in the root zone, which is characterized by
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Fig. 1. Cenozoic tectonic map of eastern Tibet and Indochina, showing the major faults and the distribution of Mesozoic to Cenozoic basins (modified from He et al. (2009)).

high-angle west-dipping faults that juxtapose a Triassic carbonate se-
quence over Jurassic-Cretaceous strata. The Pb-Zn-Ag (+ Cu) mineral-
ization occurs in the front zone, which is characterized by a series of
thrust faults that juxtapose Cretaceous strata over Tertiary strata. Over
the last few decades, the genesis of these deposits in the western
Lanping basin has been extensively studied (e.g., He et al., 2009; Hou
et al., 2007, 2008; Kyle and Li, 2002; Luo and Yang, 1994; Qin and Zhu,
1991; Shi et al., 1983; Xue et al., 2003, 2007). However, debate
continues concerning the absolute and relative timing and the origin
of the Cu and Pb-Zn-Ag (4 Cu) mineralization. The properties and evo-
lution of the ore-forming fluid systems and depositional processes of
the metals (Cu, Pb and Zn) still remain uncertain (He et al., 2009; Hou
et al,, 2006; Wu et al.,, 2003; Xue et al.,, 2007; Zhang et al., 2002).

It has been previously proposed that the Cu and Pb-Zn deposits
were contemporaneous with, or immediately followed thrust-nappe

deformation in the western Lanping basin, and originated in the same
fluid-flow system (He et al., 2009; Hou et al., 2008; Li and Fu, 2000;
Liu et al., 2000; Wu et al., 2003; Xiao et al., 1994; Yan and Li, 1997).
Most of the previous geochemical studies proposed that the ore-
forming materials and fluids were mainly derived from the basin (He
et al., 2009; Li and Fu, 2000; Liu et al., 2000; Wu et al., 2003; Xiao
et al,, 1994; Yan and Li, 1997), whereas some studies argued that the
ore-forming components were mainly derived from the mantle or
magmatic intrusions through deep structures (Chi and Xue, 2011; Ji
and Li, 1998; Que et al., 1998; Xue et al., 2003). Several recent studies,
however, revealed that the Cu and Pb-Zn orebodies precipitated from
different fluid-flow systems in multiple mineralization episodes (Song
et al., 2011; Xu and Zhou, 2004; Zhao, 2006).

In this paper we present new data, and review existing geology,
fluid inclusion, isotope geochemistry, and geochronology data of
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representative Cu and Pb-Zn deposits, and provide new observations
on the spatial and temporal relationships between Cu and Pb-Zn
mineralization. Furthermore, we provide the first description of the
properties and spatial-temporal evolution of ore-forming fluids in
the western Lanping basin, as well as their related mineralization.
On the basis of fluid inclusion analyses, isotope studies, and geologic
characteristics, we postulate that the Cu-Ag (Mo) mineralization in
the root zone is dominated by deeply-circulating meteoric water.
In comparison, hydrothermal activity associated with the Pb-Zn-
Ag (Cu) deposits in the front zone is characterized by basinal brine.
The ore-forming metals, both for the Cu-Ag (Mo) deposits and the
Pb-Zn-Ag (Cu) deposits, are predominantly derived from sedimen-
tary rocks in the basin. Our study provides new constraints on ore
genesis for the deposits examined, as well as for other deposits in
the western Lanping basin.

2. Geological setting of the Lanping basin

The Lanping-Simao foreland fold belt (Fig. 1), a NNW-trending
intra-continental basin, is located in the eastern Indo-Asian collision
zone (EIACZ). This basin is confined by the Jinshajiang—Ailaoshan suture
to the east, and the Lanchangjiang suture to the west (Fig. 1; He et al,,
2009; Hou et al., 2008; Xue et al., 2002, 2007). Tectonically, it is located
on the border of the Yangtze Plate to the east, and the Tibet Plate to the

west (He et al.,, 2009; Hou et al., 2008; Xue et al., 2002, 2007). The base-
ment of the Lanping-Simao foreland fold belt consists primarily of Pro-
terozoic and Paleozoic strata (He et al., 2009; Xue et al., 2007). The
Proterozoic metamorphic basement rocks (i.e., sericite schist, marble,
gneiss) are distributed along the margins of the Lanping-Simao basin,
and are similar to those that underlie the Yangtze Plate (Mu et al.,
1999; Xue et al., 2007).

The Lanping basin, as a part of the Lanping-Simao fold belt, is filled
with Mesozoic and Cenozoic strata to more than 10 km thick. The Meso-
zoic and Cenozoic strata are mainly continental siliciclastic rocks, except
for the lowest part of the sequence and the Upper Triassic Sanhedong
Formation (Tss), which mainly consist of marine limestone (Xue et al.,
2002, 2007). The Mesozoic-Cenozoic strata (Fig. 2) that outcrop in the
Lanping basin are summarized as follows. The Mesozoic strata comprise
the Upper Triassic Sanhedong Formation (Tss) composed of marine car-
bonate rocks, the Middle Jurassic Hakaizuo Formation (J,h) composed
of carbonate-bearing sandstone and carbonaceous shale/slate, and the
Lower Cretaceous Jingxing Formation (Kyj) composed of terrestrial red
clastic rocks.

The outcrops of Himalayan igneous rocks are mostly restricted to the
margins of the Lanping basin. Only a few igneous rocks occur inside the
southern basin, such as the Zhuopan and Huanglianpu intrusives in
Yongping County, and the Weishan intrusive in Weishan County
(Fig. 1; Xue et al., 2002, 2007). The lithology of the intrusive rocks
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include quartz syenite, quartz monzonite porphyry, granitic porphyry
and nepheline monzogabbro, with ages ranging from 68 Ma to 23 Ma
(Rb-Sr, U-Pb, and Ar-Ar methods; Dong et al., 2005; Xue et al., 2002;
Zhang et al., 2000; Zhao, 2006). Geochemical characteristics indicate
that these Cenozoic magmatic rocks are of mantle origin (Xue et al.,
2007). No magmatic rock occurs on the surface in any of the mineraliza-
tion areas, although Zhang et al. (2000) proposed a giant magmatic belt
concealed in the western Lanping basin, as revealed by gravity and
remote sensing data.

Dynamic processes in the Lanping basin were controlled by the
trans-lithosphere faults along the basin margins and the crust-
penetrating faults in the middle of the basin (Fig. 3a, Xue et al., 2002;
Zhang et al., 2000). The tectonic evolution of this basin was complex,
with rifting during the Indosinian epoch (rift basin), depression during
the Yanshanian epoch (continental depression basin), and strike-slip ex-
tension during the Himalayan epoch (continental pull-apart basin) (Xue
et al., 2002).

3. Distribution and characteristics of mineral deposits

As a consequence of the Indo-Asian collision (beginning at ~65 Ma;
Hou et al., 2008), two large-scale Cenozoic thrust-nappe systems super-
posed the Mesozoic strata over the Tertiary strata in the Lanping basin,
and dominated the spatial distribution of Cenozoic Pb-Zn-Cu-Ag de-
posits. More than 100 thrust-controlled, sediment-hosted, Himalayan
Pb-Zn deposits (Jinding), as well as several Cu 4+ Ag + Co deposits
(Baiyangping, Baiyangchang and Jinman) have been discovered, mostly
in the northern part of the basin (He et al., 2009; Hou et al., 2006, 2008;
Khin et al., 2007; Xue et al., 2007). Spatially, the mineralization occurs in
two sub-parallel metallogenic belts, separated by the central-axial
Lanping-Simao fault (Xu and Zhou, 2004; Xue et al., 2003). The miner-
alization belts are characterized by vein-type Cu polymetallic deposits
in the western thrust-nappe system (e.g., the Jinman Cu deposit, the
Liancheng Cu-Mo deposit and the Baiyangping Cu-Ag-Co deposit),
and Pb-Zn-Ag-Cu deposits in the eastern thrust-nappe system

(e.g., the Jinding Zn-Pb deposit and the Sanshan Ag-Pb-Zn deposit)
(Fig. 3b, He et al., 2009; Hou et al., 2008; Xue et al., 2007).

In the western thrust-nappe system, the Pb- and Zn-poor Cu
orebodies occur as vein-type deposits in the root zone, mainly hosted
in Jurassic variegated clastic rocks. Copper, Mo, and Ag are the predom-
inant commodities in the root zone, including the Jinman Cu-Ag depos-
it, Liancheng Cu-Mo deposit, and more than 30 small vein copper
deposits such as Kedengjian, Huangbai, and Enqi (He et al., 2009; Li
and Fu, 2000; Xu and Zhou, 2004). The Pb-Zn-Ag (Cu) deposits, con-
trolled by second-order faults of major thrust faults, are mainly distrib-
uted in the front zone, including the Baiyangping Cu-Ag-Pb-Zn ore
belt, and some small Ag-bearing Pb-Zn deposits, such as Liziping and
Wudichang (Fig. 3b, He et al., 2009; Xue et al., 2010). The geologic
and mineralogical features of these typical deposits (Table 1) have
been described by Hou et al. (2008) and He et al. (2009). Features of
some representative deposits are briefly described in what follows.

3.1. The Baiyangping Cu-Ag-Pb-Zn ore belt

The Baiyangping Cu-Ag-Pb-Zn ore belt (Fig. 4), consisting of two
blocks (the Fulongchang and Baiyangping blocks), is an important
member of the western metallogenic belt in the Lanping basin. It is lo-
cated in the front zone, about 30 km northwest of Jinding (Fig. 3b). It
contains ~2000 t Ag, 0.12 Mt Cu and minor reserves of Zn and Pb
(Table 1). At the scale of the ore zone, three groups of faults can be dis-
tinguished, including the N-S-striking Sishiliging thrust fault and its
second-order faults (Fg-Fg, F12), and the ~E-W trending strike-slip
fault Fs. The Baiyangping and Fulongchang blocks mainly occur in the
second-order faults Fs-Fg and F;, (Fig. 4).

The orebodies are mainly hosted in the Cretaceous Jinxing Forma-
tion (Kyj) sandstone, siltstone, and mudstone, and partially in the sili-
ceous mudstone of the Middle Jurassic Huakaizuo Formation (J,h).
Mineralization in the Baiyangping ore belt is dominated by pore filling
and cementation, and ore structures are dominated by veinlet, network
and breccia structures.
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Table 1
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Summary of geological and mineralogical features of economically significant deposits in the Lanping foreland fold belt.

Deposit Structural location Wall rock Grade and tonnage Sulfide Economic metals Data source
assemblages
Jinding The eastern thrust-nappe Kyj: sandstone and arenite; E;y:  Pb:64 Mt; 1.16-2.42%,Zn:12.84 Gn, Sp, Py,Mrc, Zn-Pb Xue et al. (2007)
system breccia, sandstone and gypsum  Mt; 8.32-10.52%Ag: 1722 t; Clt,Sm
12.5-12.6 g/t
Sanshan The front zone of the eastern ~ Tss: limestone and limestone; Zn + Pb: 0.5 MtAg: 3000 tCu: Ttr, Ar, Py, Az,  Ag-Pb-Zn-Cu He et al. (2009)
thrust-nappe system E1y and E;b: sandstone ~0.3 Mt Ccp Sp, Gn
Fulongchang The front zone of the western  Kyj: sandstone and arenite; Joh:  Ag: 2000 t, 328-547 g/t; Ttr, Py, Ccp, Gn, Cu-Ag-Pb-Zn Chen et al. (2000);
thrust-nappe system quartz sandstone and mudstone  Cu: 0.1 Mt, 0.63-11.70%; Fre Zhao (2006)
Pb: 4.2-7.4%
Baiyangping  The front zone of the western  Kyj: sandstone and arenite; ]oh:  Ag: 3.0-33.8 g/t; Ttr, Py, Ccp, Gn, Cu-Ag-Co Chen et al. (2000);
thrust-nappe system quartz sandstone and mudstone  Cu: 0.86-3.3%;Co: 0.10-0.27%  Fre Zhao (2006)
Wudichang The front zone of the western  J,h: mudstone, sandstone, and Pb: 4.2-10.4%,Zn: 12.2-15.33% Sp, Gn, Py, Ar Pb-Zn-Ag Song et al. (2011)
thrust-nappe system carbonates
Liziping The front zone of the western  J,h: mudstone, sandstone, and Pb: 1.96-57.19%,Zn: Sp, Gn, Py Pb-Zn-Ag Kong and Qi (2009);
thrust-nappe system carbonates 2.37-30.26%Ag: Zou 2012
17.7-1176.2 g/t
Jinman The root zone of the western  J,h: quartz sandstone, Cu: >0.2 Mt, 2.58%; Ttr, Ccp, Bn, Cu-Ag Li and Fu (2000);
thrust-nappe system mudstone, carbonaceous shale,  minor Ag, ~100 g/t Cct, Py Zhao (2006)
and slate
Liancheng The root zone of the western ~ J,h: quartz sandstone, Under exploration Ttr, Mol,Ccp, Cu-Mo Li and Fu (2000);
thrust-nappe system mudstone, carbonaceous shale, Bn, Cct, Py Zhao (2006)

and slate

@ Ore mineral abbreviations (Whitney and Evans, 2010). Ar: argentite, Az: azurite, Bn: bornite, Cct: chalcocite, Clt: celestine, Ccp: chalcopyrite, Fre: freibergite, Gn: galena, Mrc: marcasite,
Mol: Molybdenite, Py: pyrite, Sm: smithsonite, Sp: sphalerite, Ttr: tetrahedrite. ® Strata abbreviations. E,b: Eocene Baoxiangsi Formations; Ey: Palaeocene Yunlong Formation; Kyj: Lower
Cretaceous Jingxing Formation; Joh: Middle Jurassic Huakaizuo Formation; Tzs: Upper Triassic Sanhedong Formation.

Ore minerals are dominated by tetrahedrite, arsenian tetrahedrite,
sphalerite, galena, argentite, chalcopyrite, and minor native silver (He
et al., 2009; Zhao, 2006). Silver is mainly present as native silver, with
minor amounts in tetrahedrite and argentite (Zhao, 2006). Gangue min-
erals associated with mineralization include calcite, siderite, barite, and
minor quartz (He et al., 2009).

3.2. The Jinman Cu-Ag deposit
The Jinman deposit (Fig. 5a, ) is the largest and highest grade Cu

deposit in the root zone of the western thrust-nappe system
(Fig. 3b). It has a reserve of 7.75 Mt ore with average grade of 2.58%

Cu (under exploration), mainly hosted in Jurassic strata (He et al.,
2009; Hou et al., 2008). The deposit is controlled by a NNE-striking com-
pressive fault, which probably resulted from regional eastward thrust-
ing (Hou et al., 2006). The main ore-hosting strata are a suite of
terrestrial-marine low-grade metamorphic rocks composed of schist,
sandy slates, and mudstones of the Middle Jurassic Huakaizuo Forma-
tion. The wall rock alteration associated with mineralization is charac-
terized by weak silicification and carbonatization, which mainly
produce siliceous rocks, and veins of quartz, calcite, and dolomite,
with minor siderite. The mineralization is dominated by sulfide-
bearing quartz-calcite veins, although disseminated orebodies in
altered wall rocks are also common. The veins are generally parallel to
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Fig. 4. Simplified geologic map of the Baiyangping ore belt (modified from He et al. (2009)).



J. Zhang et al. / Ore Geology Reviews 67 (2015) 90-108 95

25°

jne; SuerlSuegoue]

25°
26’

Jinman

| -

98 13’E

Upper Jurassic

Argillaceousclastic rock-Bazhulu Fm

Middle Jurassic

Sandstone-upper section of Upper Huakaizuo Fm (J,h,%)

- Carbonaceous shale/slate-lower section of Upper Huakaizuo Fm (Ih,'

Upper Huakaizuo Fm (J;h,)

II] Quaternary sediments Emudstone, slate

Axis of
anticline
Reversed

strata

Fault
Drilling hole

:‘ Orebody Presumed fault
Sandy mudstone-Lower Huakaizuo Fm

slate

Fig. 5. (a) Geologic map of the Jinman and Liancheng deposits, (b) a cross-section through the ore body of the Liancheng deposit and, (c) a cross-section through the ore body of the Jinman

deposit (modified from Li and Fu (2000)).

bedding, with thicknesses ranging from tens of centimeters to a few
millimeters (Fig. 6a-d) (Li and Fu, 2000; Liu et al., 2000).

Ore minerals are dominated by tetrahedrite, Ag-bearing tetrahedrite,
chalcopyrite, bornite and chalcocite (Fig. 6a—d). Small amounts of pyrite,
sphalerite, and galena are also present. Gangue minerals include quartz,
calcite, ankerite, barite, and minor sericite (He et al., 2009; Hou et al.,
2008; Liu et al., 2001).

On the basis of mineralization features, cross-cutting, and parage-
netic relationships, the Jinman mineralization can be divided into
three stages: (I) quartz + ankerite + minor chalcopyrite +
tetrahedrite + bornite 4+ minor pyrite, (II) quartz + calcite 4 chal-
copyrite + bornite + tetrahedrite + minor ankerite 4+ minor pyrite,
and (III) quartz + calcite + minor chalcopyrite, chalcocite, covellite
and bornite stage (He et al., 2009; Zhao, 2006).

3.3. The Liancheng Cu-Mo deposit

The Liancheng Cu-Mo polymetallic deposit (Fig. 5a, b) is located in
the root zone of the western thrust-nappe system (Fig. 3b), only
~2 km northwest of Jinman (Li and Fu, 2000). This deposit is controlled
by the same structures as the Jinman deposit. The main ore-hosting
strata are also a suite of terrestrial-marine low-grade metamorphic
rocks composed of the Middle Jurassic Huakaizuo Formation schist,
sandy slates, and mudstones. The wall rock alteration is characterized
by weak silicification and carbonatization. The orebodies are mainly

hosted in the Middle Jurassic Huakaizuo Formation mottled clastic
rocks, schist, sandy slates, and mudstones. The mineralization in the
deposit is mainly veins, with minor stratiform or lenticular bodies.
Ore-bearing quartz and calcite vein systems are widespread in the
Lancheng deposit, most of which occur parallel to the bedding of wall
rock (Li and Fu, 2000; Zhao, 2006).

Ore minerals are dominated by tetrahedrite, chalcopyrite, molybde-
nite, bornite, chalcocite, and minor pyrite. Gangue minerals include
quartz, calcite, ankerite, and minor siderite (Fig. 6e-f, Li and Fu, 2000;
Zhao, 2006). Based on paragenetic studies, the ore-forming process can
be divided into early, middle, and late stages, characterized by quartz-
molybdenite veins, quartz-copper sulfide veins and carbonate veins,
respectively (Fig. 6e-f; Li and Fu, 2000; Zhao, 2006; Zhang et al., 2012).

4. Fluid inclusion studies
4.1. Analytical methods

Microthermometric data for fluid inclusions from the deposits in the
western Lanping basin have been reported by numerous previous stud-
ies, but the nature and evolution of the ore-forming fluids still remain
uncertain (Chi and Xue, 2011; Ji and Li, 1998; Que et al., 1998; Xu and
Zhou, 2004; Yan and Li, 1997). On the basis of the previous results, we
systematically investigated the fluid inclusion characteristics of repre-
sentative deposits (i.e., Jinman, Liancheng and Baiyangping). Doubly
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veins (bearing some copper sulfides) cutting pre-mineralization quartz and ankerite vein. b. Sulfide-rich quartz and calcite vein. c. Back-scattered electron (BSE) image of quartz that is
cut by chalcopyrite-bearing quartz veinlets. d. Back-scattered electron (BSE) image of chalcopyrite and tetrahedrite in the syn-mineralization calcite. e. Early molybdenite cut by

quartz-sulfide veins. f. Early fibrous molybdenite cut by quartz-sulfide vein.

polished sections were prepared from 18 representative samples of
these deposits. Fluid inclusion observations were performed on a stan-
dard polarization microscope to define successive assemblages of fluid
inclusions and to document their paragenetic relationships to ore min-
erals. Fluid inclusion microthermometry was performed at the Institute
of Geochemistry, Chinese Academy of Sciences (IGCAS) in Guiyang,
China, on a Linkam THMSG 600 programmable heating-freezing stage
attached to a Leica microscope. The equipment was calibrated using
synthetic fluid inclusions. Estimated accuracy is about + 0.2 °C for tem-
peratures below 50 °Cand 42 °Cabove 100 °C (Su et al., 2009). Total sa-
linities for aqueous fluid inclusions were calculated from final melt
temperatures according to Bodnar (1993), and were expressed as wt.%
NaCl equivalent. The salinities of the CO,-H,0 inclusions were calculat-
ed from the melt temperature of clathrate (Roedder, 1984).

4.2. Petrography and microthermometric measurements

The ore-forming fluids responsible for Cu-Ag (Mo) mineralization in
the root zone are characterized by three types of primary fluid
inclusions: aqueous (type A), H,0-CO, (type B), and CO,-dominated
(type C). Type A inclusions consist of aqueous solution and water
vapor, and generally have a degree of fill of about 50% to 90% (mainly
70% to 80%) (Fig. 7b, e, f). Type B inclusions comprise aqueous solution
and single- or two-phase CO,, which can be further divided into type
B-1, consisting of two (aqueous + carbonic) phases (Fig. 7d, e;
Fig. 8), and type B-2 consisting of three (aqueous + liquid carbonic +
vapor carbonic) phases (Fig. 7a, ¢, e, f). Type C inclusions contain one
or two carbonic phases (mainly CO,), without a visible aqueous phase
(Fig. 7a, b, e, f). The fluid inclusions types generally appear separately
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Fig. 7. Photomicrographs of fluid inclusion at 25 °C at the base metal deposits in the western Lanping basin. (a). Type B-2 inclusions occurring together with C inclusions in quartz from the
Liancheng deposit. (b). Type B-1 inclusions occurring together with C inclusions in quartz from the Liancheng deposit. (c). Type B-2 occurring alone in quartz from the Liancheng deposit.
(d). Type B-1 occurring alone in quartz from the Liancheng deposit. (e). Type A, B, and C inclusions coexisting together within a small area at the Liancheng deposit. (f). Type A, B, and C
inclusions coexisting together within a small area at the Liancheng deposit. (g). Several type A inclusions and minor type C inclusions occurring near chalcopyrite at Jinman deposit. (h).
Type A, B, and C inclusions coexisting together within a small area adjacent to chalcopyrite at the Jinman deposit. (i). A series of type A inclusions occurring together in quartz at from the

Baiyangping ore belt. (j). Some type A inclusions in calcite from the Baiyangping ore belt.

in these Cu-Ag (Mo) deposits. However, it is also common to see type B
fluid inclusions, with various volume proportions of the CO, phase,
coexist with type A and type C inclusions in groups at the Jinman Cu
deposit and the Liancheng Cu-Mo deposit (Fig. 7e-h).

In contrast, the ore-forming fluids responsible for the Pb-Zn-Ag
(Cu) deposits in the front zone are characterized by aqueous (type
A) inclusions only (Fig. 7i-j, Xu et al.,, 2005; Xue et al., 2010).

Microthermometric data, together with some previously published,
are summarized in Table 2, and graphically presented in Figs. 9, 10.
For the Cu-Ag (Mo) deposits in the root zone, the CO, melting temper-
atures (Ty.coz) in COz-bearing inclusions for all deposits range from
—58.3 °Cto — 56.3 °C, suggesting that the carbonic phase is approximat-
ed by CO,, with only minor amounts of other volatiles. This result has

been well confirmed by Laser Raman analysis (Fig. 8, Xu et al., 2005;
Zhang et al., 2012). The partial homogenization temperatures (Ty-coz)
of the CO, phase, mostly homogenizing into the liquid phase, range
from 20.8 °C to 30.1 °C, corresponding to densities of 0.59-0.76 g/cm?>.
At the Jinman deposit, the type B inclusions in both pre-ore and syn-
ore quartz yield similar total homogenization temperatures (T tot) in
the range of 224-334 °C, although they show obviously different ho-
mogenization behaviors, homogenizing into liquid (aqueous phase) or
vapor (carbonic phase). The clathrate melting temperatures ( Ty clath)
of type B inclusions range from 7.6° to 9.8 °C, corresponding to salinities
that range from 0.4 to 4.6 wt.% NaCl equivalent. However, the
microthermometric parameters of aqueous inclusions (type A) show
significant differences between pre-ore and syn-ore quartz. The type A
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Fig. 8. Laser Raman spectra of Type B1 fluid inclusions. a. Data from the Liancheng Cu-Mo deposit; b. data from the Jinman Cu deposit.

fluid inclusions in the pre- and syn-ore quartz have homogenization
temperatures of 143-236 °C and 116-239 °C, respectively, with medi-
um salinities of 3.1 to 18.0 wt.% NaCl equivalent and 3.9 to 22.8 wt.%
Nacl equivalent, respectively.

At the Liancheng deposit, mineralization can be subdivided into
three stages, for which the type A fluid inclusions yield homogeneous
temperatures of 236-346 °C, 176-229 °C, and 120-185 °C, respectively,
with salinities of 9.0-22.3 wt.% NaCl equivalent, 7.2-21.3 wt.% NaCl
equivalent, and <9.0 wt.% NaCl equivalent, respectively. The type B
fluid inclusions of the early and middle mineralizing stages have homo-
geneous temperatures of 240-343 °C and 228-288 °C, respectively, with
similar, low salinities of 0.6-4.1 wt.% NaCl equivalent.

For the Pb-Zn-Ag (+ Cu) deposits in the front zone, primarily aque-
ous inclusions developed and only a few CO,-bearing inclusions have
been found (He et al., 2009; Xu et al., 2005; Xue et al., 2010). At the
Baiyangping Cu-Ag-Pb-Zn ore belt, the homogenization temperature
values (Ty,o¢) for aqueous inclusions range from 110 to 283 °C (concen-
trating on a range of 130 to 180 °C), and the corresponding salinities
vary from 3.9 to 24.3 wt.% NaCl equivalent (concentrating on a range
of 9 to 24 wt.% NaCl equivalent) (e.g., He et al., 2009; Xu et al., 2005;
Xue et al,, 2010). Previously published initial ice-melting temperature

values (T,) range from —51.6 °C to —52.3 °C (Xue et al., 2010), similar
to the eutectic melting temperature in H,O-NaCl-CaCl, (Lu et al., 2004),
indicate a HO-NaCl-CaCl, brine system.

5. Isotope geochemistry
5.1. Analytical techniques

All samples were crushed, sieved, and finally handpicked under a
binocular microscope to a purity of greater than 99%. The H and O isoto-
pic compositions of quartz were determined on a Finnigan MAT 251
mass spectrometer at the Key Laboratory of Isotope Geology, Ministry
of Land and Resources, Beijing. The analytical precision in this study is
better than 2%, for H, and 0.2%. for O isotopic compositions (20). Addi-
tional details of analytical procedures can be found in Tian et al. (2006).
The S isotopic compositions were analyzed on a MAT 251 mass spec-
trometer at the Key Laboratory of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences, Guiyang. The analytical
precision is better than 0.2%.. Isotopic data are relative to standard
mean ocean water (SMOW) for O and H, and to the Canyon Diablo
Troilite (CDT) for S.

Table 2
Fluid inclusion types and microthermometric data from base metal deposits in the western Lanping basin.
Deposits Material Type Tin.coz (°C) Tm.ca (°C) Th.coz (°C) Th (°C) Salinity (wt.% NaCl eq.) Reference
Jinman Pre-ore quartz Type A 143 ~ 236 3.1~18.0 This study
Type B —57.1-—56.8 7.8-9.6 °C 21.8-30.1 224-334 0.8-4.3
Type C 20.8-29.7
Syn-ore quartz Type A 116-239 4.1-22.8
Type B —57.8-—56.7 7.6-9.8 °C 22.1-30.1 217-327 0.4-4.6
Type C 21.8-296
Liancheng Early-stage quartz Type A 236-346 9.0-22.3
Type B —57.8-—564 7.9-9.7 °C 21.1-30.1 240-343 0.6-4.1
Type C 25.8-30.1
Middle-stage quartz Type A 7.2-213
Type B —58.3-—56.3 8.1-9.6 °C 22.7-30.1 176-229 0.8-3.7
Type C 27.8-29.7 228-288
Late-stage quartz/calcite Type A 120-185 1.4-93
Baiyangping Main Type A 110-283 3.9-243 Xue et al. (2010)

Tm,coo—melting temperature of CO,; T, c,—Mmelting temperature of CO, clathrate; T, co,—partial homogenization temperature of CO, inclusions; T,—total homogenization temperature of
inclusions; T,..—freezing temperature.
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Fig. 9. Histograms of microthermometric data of fluid inclusions. a. Data from Jinman Cu deposit; b. data from Liancheng Cu-Mo deposit.

For the He and Ar isotopic measurements, we carefully selected chal-
copyrites and pyrites from ore-bearing quartz veins that contain the
fewest secondary fluid inclusions, to minimize the involvement of sec-
ondary inclusions in the analysis. All the samples were prepared and an-
alyzed at the Laboratory of Gas Geochemistry, Lanzhou Institute of
Geology, Chinese Academy of Sciences. All samples, packed with

aluminum foils, were shifted to the crucible for gas extracting under
high vacuum conditions. When a pressure lower than 1 x 107> Pa
was attained, the samples were heated at 130 °C for at least 10 h to elim-
inate secondary fluid inclusions and trace gases, and then fused at a high
temperature of up to 1600 °C. The released gases were purified succes-
sively through activated charcoal traps, and then analyzed for isotopic
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compositions of noble gases on a Micromass UK Limited MM5400 mass
spectrometer. The experimental conditions were: It4 = 800 Ma, [t40 =
200 pa, 9.000 kv. Additional details of analytical procedures can be
found in Ye et al. (2001).

5.2. Analytical results

5.2.1. H and O isotopes

The H and O isotopic compositions of quartz from several represen-
tative deposits in the western Lanping basin, obtained in this study, as
well as data compiled from previous publications, are presented in
Table 3 and Fig. 11 (Gong et al., 2000; Ji and Li, 1998; Li, 2002; Li and
Fu, 2000; Li et al., 2005; Liu et al., 2000; Wang, 2010; Xiao, 1989;
Zhao, 2006).

On the basis of the oxygen isotope fractionation equation for quartz
and water (Zhang, 1985), oxygen isotopic compositions of hydrother-
mal waters were calculated. Calculations of the fractionation factors
were made using the mean homogenization temperatures of fluid inclu-
sions (Table 3). The H-isotopic compositions were measured directly on
inclusion fluids. As showed in Table 3, the ore-forming fluids yield more
widely variable 6D values (—110 to —51%., mean — 89%.), compared
with local meteoric water during the Mesozoic-Cenozoic (—90%. to
—110%., Xu and Mo, 2000). The calculated 6804, values of the ore-
forming fluids vary from — 14.8%. to 9.8%..

In the 6D-6'80 diagram (Fig. 11), the H and O isotopic data from the
Cu-Ag (Mo) deposits in the root zone predominately fall between the
magmatic (metamorphic) water field and the meteoric line, whereas
all the isotopic data from the Pb-Zn-Ag (Cu) deposits plot along the me-
teoric water line.

5.2.2. C and O isotopes

The C and O isotopic compositions of calcite from Cu-Ag (Mo) de-
posits in the root zone, obtained by the authors (Zhang, 2013) as well
as compiled from previous publications, are presented in Table 4 and
Fig. 12 (Liu et al., 2000; Xu and Li, 2003). The 6'3C values vary from
—7.4to —1.5%,, and the corresponding 6'20 values vary from 13.7%o
to 17.4%,., roughly consistent with the C-0 isotopic compositions of
limestones in the Lanping basin (Table 4, 6'3C = —5.5 to 1.1%o;
6'80 = 13.7 t0 20.8%.).

5.2.3. He and Ar isotopes

Noble gas isotopic compositions can help discriminate between
fluids of mantle, crustal, and meteoric origins. The depleted upper man-
tle and deep mantle plume-derived fluids yield >*He/*He ratios of 7 to 9
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salinity in the ore deposits in the western Lanping basin.

Ra (Ra = atmospheric ratio, i.e., 1.40 x 10~ %) and 9 to 32 Ra, respective-
ly, which are markedly different from both the atmospheric ratio (1.0)
and ratios of shallow crustal hydrothermal fluids (typically in the
range of 0.01-0.05 Ra) (Graham et al., 1999; Kendrick et al., 2001,
2006). Moreover, “°Ar/*°Ar ratios in excess of the atmospheric value
of 295.5 may indicate some degree of crustal or mantle component in-
volved in the ore-forming fluids (Bohlke and Irwin, 1992; Mao et al.,
2003).

In the Baiyangping Cu-Ag-Pb-Zn ore belt, the lithium concentra-
tions in altered rock and fluid inclusions of the main ore-forming
stage are abnormally high (~15 times its abundance in the upper
crust, Fan et al,, 2006; Wang, 2004). The *He/*He ratios may be enriched
by the high concentration of lithium, and therefore, noble gas isotopic
data from the Baiyangping Cu-Ag-Pb-Zn ore belt are less reliable and
should be eliminated (e.g., Fan et al., 2006; Kendrick et al., 2002). Con-
sequently, no data are given for the Baiyangping Cu-Ag-Pb-Zn ore belt.

As show in Table 5, the *He/*He ratios of all samples range from 0.01
to 0.07 Ra, all significantly lower than the mantle values, but consistent
with typical crustal values (0.01-0.05). The measured “°Ar/*®Ar values
range from 305 to 3034, much greater than the atmospheric value of
295.5, which indicates the presence of a significant proportion of “°Ar
of mantle or crustal origin.

Fluid inclusion studies of ore-bearing quartz veins revealed that the
trapped fluids were predominantly primary in quartz, which suggested
that the extracted fluids in the sulfide minerals were probably related to
mineralization. The sulfide minerals analyzed were well-formed
euhedral grains, and were collected from underground mines, and so,
they provided a very good host for noble gases (Trull et al., 1991). The
U, Th, K, and Li contents, from which radiogenic daughter products are
produced, are very low in the host minerals and, thus, have almost no
influence on the initial isotopic compositions (Norman and Musgrave,
1994; Xue et al., 2007). The atmospheric He contribution can be deter-
mined from the F*He values, defined as the “He/3°Ar ratio of a sample
relative to the atmospheric “He/*®Ar value of 0.1655, such that a sample
containing air will have an F*He value of 1 (Kendrick et al., 2001). The
F*He values for inclusion gas from the sulfide minerals from these de-
posits range from 663 to 64,898 (Table 5), suggesting that contributions
of atmospheric He in the fluids are negligible. Therefore, it is believed
that the analyzed isotopic compositions represent the original isotopic
compositions of ore-forming fluids.

In Fig. 13, all the data are predominately scattered within the crustal-
derived (C) field, and far from the mantle-derived (M) field. He and Ar
isotopic compositions of fluid inclusions imply that ore-forming fluids
of the Cu-Ag-Pb-Zn deposits in the western Lanping basin were
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Table 3

Hydrogen and oxygen isotopic compositions of fluid inclusions from the base metal deposits of the western Lanping basin.
Deposit Sample no. Mineral 680 min (%o) Ty (°C) 6"80quia (%o) 6D (%o) Reference
Jinman YM-1 Quartz 4.0 —95 Li and Fu (2000)
Jinman TC-5 Quartz 3.6 —74
Jinman LK-5 Quartz 3.6 —99
Jinman ZK1505-2 Quartz 43 —-95
Jinman J3-2 Quartz 8.4 —63 Xiao (1989)
Jinman J3-16 Quartz 34 —82
Jinman Jinman30-2 Quartz 9.8 —64
Jinman JM-1 Quartz 5.4 —51 Jiand Li (1998)
Jinman JM-18 Quartz 7.3 —101
Jinman JM-29 Quartz 52 —86
Jinman JM-34 Quartz 4.4 —102
Jinman LC-3 Quartz 7.0 —95.0
Jinman jm-1 Quartz 41 —107 Liu et al. (2000)
Jinman Jinman1-1 Quartz 4.2 —70 Li (2002)
Jinman Jinman2-1 Quartz 2.2 —72
Jinman JM8-6 Quartz 8.0 —90 Wang (2010)
Jinman JM8-8 Quartz 3.7 —110
Jinman JMZD2-2 Quartz 5.0 —104
Jinman JMZD2-4 Quartz 55 —102
Jinman Jm-1 Quartz 17.4 300 9.3 —87 This study
Jinman Jm-2 Quartz 16.4 300 8.3 —91
Jinman Jm-3 Quartz 17.6 300 9.5 —83
Liancheng L2-5 Quartz 5.5 —87 Xiao (1989)
Liancheng v-11 Quartz 6.5 —109
Liancheng EN-2 Quartz 17.7 250 7.9 —79 This study
Liancheng EN-5 Quartz 16.8 280 8.6 —103
Liancheng EN-13 Quartz 16.8 250 7.5 —98
Liancheng EN-4 Quartz 16.3 280 8.2 —56
Baiyangping B-6 Calcite —14.8 —109 Gong et al. (2000)
Baiyangping B-10 Calcite —135 —103
Baiyangping B-1 Quartz —105 —-97
Baiyangping HX-24 Calcite —76 —76 Li et al. (2005)
Baiyangping HX-25-1 Calcite —7.5 —94
Baiyangping HX-26 Calcite —-73 —94
Baiyangping HX-27 Calcite —84 —93
Baiyangping HX-30 Calcite —83 —100
Baiyangping By-7 Calcite —10.4 —87 Zhao (2006)

crust-derived, and the mantle-derived He might be neglected. Except-
ing for crustal radiogenic Ar, atmospheric Ar was involved in the ore-
forming fluids.

5.2.4. S isotopes

The analyzed S isotopic compositions of sulfides, together with those
compiled from previous publications (e.g. He et al,, 2009; Ji and Li, 1998;
Li, 2002; Li and Fu, 2000; Wu et al., 2003; Xiao, 1989; Zhao, 2006), are
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Fig. 11. Measured hydrogen and calculated oxygen isotopic composition of water in ore-
forming fluids at the base metal deposits in the western Lanping basin. Local meteoric
water values after Xu and Mo (2000).

shown in Table 6 and Fig. 14. The values of sulfides from the Jinman
and Liancheng deposits, and from the Baiyanping belt are —17.9%. to
16.3%., —10.1 to 12.1%., and 2.5 to 11.2%., respectively. Some sulfide
minerals that formed in different stages of these deposits may not
reach sulfur isotopic equilibrium, especially for the Liancheng Cu-Mo
deposit.

As shown in Fig. 14, the distribution patterns of 6°4S values differ for
each ore belt and deposit. The Jinman deposit yields widely variable §*4S
values, with a tower-shaped distribution around zero. The Liancheng
deposit has bimodal §34S values (6.1 to 12.1% and —10.1 to —1.5;
Fig. 14), indicating more than one sulfur source. The Baiyangping ore
belt yields a relatively heavy sulfur isotope composition.

5.2.5. Pb isotopes

Pb isotopic compositions for sulfides from the ore deposit and
various rocks in the Lanping basin are compiled from previous studies
(Li, 2002; Li and Fu, 2000; Wang, 2010; Wu et al., 2003; Zhao, 2006)
and presented in Fig. 15.

6. Discussion
6.1. Ore-forming fluids responsible for the Pb-Zn-Cu-Ag mineralization

The Pb-Zn-Cu-Ag deposits in the western Lanping basin record mul-
tiple episodes of fluid flow (e.g., Bi and Mo, 2004; He et al., 2004; Li, 2001;
Wang et al., 2011; Xue et al., 2003, 2006; Zhang et al., 2013; Zhao, 2006).
On the basis of a comprehensive consideration of ore-bearing horizon,
ore-controlling structures and isotope chronological data, Zhang et al.
(2013) suggested that: (1) the Cu-Ag (Mo) polymetallic mineralization,
located in the root zone of the western thrust-nappe system in the
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Table 4
C and O isotope data of sulfides from the ore deposit in the western Lanping basin.
Sample no. Sampling position Mineral 5'80min (%o) 513C (%) Reference
JM-4 Jinman Calcite 13.6 —6.3 This study
JM-3 Jinman Calcite 16.6 —15
JM-6 Jinman Calcite 13.7 —4.8
JM-3 Jinman Calcite 14.6 -39
JM-11 Jinman Calcite 14.6 —4.1
JMC-1 Jinman Calcite 15.6 —59
JMC-4 Jinman Calcite 14.8 —5.8
JMD-11 Jinman Calcite 14.0 —52
09]M-10 Jinman Calcite 144 —6.5
S01134 Jinman Calcite 15.5 —6.6 Xu and Li (2003)
y-12 Jinman Calcite 16.6 —74 Liu et al. (2000)
09EN-5 Liancheng Calcite 17.4 —4.1 This study
09EN-4 Liancheng Calcite 16.4 —5.6
09EN-12 Liancheng Calcite 15.4 —4.8
LC02-3 Liancheng Calcite 154 —5.1
LC02-5 Liancheng Calcite 15.7 —4.7
LCD-5 Liancheng Calcite 15.6 —5.0
LP08-23 Liancheng Calcite 16.1 —6.6
LC014-7 Liancheng Calcite 15.7 —6.2
Strata and rocks
Upper Triassic Limestone 153 0.6 Xu and Li (2003)
Upper Triassic Limestone 13.7 —038
Upper Triassic Limestone 15.0 11
Upper Triassic Limestone 20.8 —55
Upper Triassic Limestone 17.6 —2.1 This study
Middle Jurassic Limestone 204 —1.7

western Lanping basin, mainly took place at ca. 56-48 Ma, corresponding
to the main collisional stages of the Indo-Asian orogeny; and (2) the min-
eralization ages of Pb-Zn-Ag (Mo) deposits located in the front zone
were likely to be ca. 30-28 Ma, corresponding to the late-collisional
stages of the Indo-Asian orogeny.

Fluid inclusion and stable isotopic data, combined with “°Ar/3°Ar,
K-Ar, Re-0s, and Sm-Nd ages (e.g., Bi and Mo, 2004; He et al., 2004;
Li, 2001; Wang et al., 2011; Xue et al., 2003, 2006; Zhang et al., 2013;
Zhao, 2006), reveal that there were at least two distinct fluid systems
operating in the western Lanping basin. The properties of mineralizing
fluids in the Cu-Ag (Mo) and Pb-Zn-Ag (Cu) polymetallic deposits
are discussed in more detail below.
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Fig. 12. Carbon and oxygen isotopic composition of calcite in ores from the vein copper
deposits and unaltered limestones in the Lanping basin (after Xu and Li (2003)). For refer-
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basic rocks; Gran granite) are outlined. The arrows show typical isotopic trends resulting
from carbonate dissolution (Dis Carb), decarbonation (Dec), decarboxylation of organic
matter (Decbx), and oxidation of organic matter (Oxid Org).

6.2. Ore-forming fluids for the Pb-Zn-Ag (Cu) mineralization in the front
zone

Ore-forming fluids responsible for the Pb-Zn-Ag (Cu) deposits in
the front zone are characterized by aqueous inclusions, with few CO,-
bearing inclusions (Xu et al., 2005; Xue et al., 2010). The ore-forming
fluids of the Baiyangping Cu-Ag-Pb-Zn ore belt have low temperatures
and moderate to medium-high salinities, similar to fluids from MVT and
SEDEX deposits (He et al., 2009; Xue et al., 2010). Xu and Zhou (2004),
Xue et al. (2006, 2007), and He et al. (2009) proposed that regional ba-
sinal brines were widely developed, with relatively low temperature
and high salinity, in the Lanping basin. Therefore, these authors
suggested basinal brines were the main source of ore-forming fluids re-
sponsible for Pb-Zn-Ag (Cu) mineralization in the front zone. This is
supported by H and O isotopic compositions of fluids, which have the
least exchanged meteoric water signature.

Compared with typical basinal brines, some fluid inclusions in the
Pb-Zn-Ag (Cu) deposits yield lower salinities (<10 wt.% NaCl equiva-
lent), which can be interpreted as the result of fluid mixing of meteoric
water and basinal brine.

6.3. Ore-forming fluids for the Cu-Ag (Mo) mineralization in the root zone

Ore-forming fluids responsible for Cu-Ag (Mo) mineralization in the
root zone are characterized by CO,-bearing inclusions and aqueous in-
clusions. The CO,-bearing inclusions are marked by relatively high tem-
peratures and low salinities, whereas the aqueous inclusions show
relatively low to medium-high temperatures and medium-high salin-
ities (Figs. 9, 10). The ore-forming fluids responsible for Cu-Ag mineral-
ization in the root zone have systematically higher temperatures than
those associated with the Pb-Zn-Ag (4-Cu) deposits in the front zone.
This is uncharacteristic of basinal fluid systems, but comparable to
those of orogenic or magmatic hydrothermal systems (Cameron and
Hattori, 1987; Chen et al., 2007; Chi and Xue, 2011; Diamond, 2001;
Phillips and Powell, 1993; Rosenbaum et al., 1996; Wilkinson, 2001).
Additionally, at the Jinman and Liancheng deposits, CO,-bearing inclu-
sions commonly coexist with aqueous inclusions in groups or along
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Table 5
He and Ar isotope data of sulfides from the ore deposit in the western Lanping basin.
Sample no. Deposits Minerals 4He(x1077) 3He/*He (Ra) 4OAr(x1077) 4OAr/36Ar F*He
09JM-14 Jinman-Liancheng Chalcopyrite 1.37 £ 0.10 0.06 3.81 + 0.27 305 663
JMC-17 Jinman-Liancheng Chalcopyrite 0.59 + 0.05 0.01 1.03 + 0.07 1142 3961
JMD-5 Jinman-Liancheng Chalcopyrite 3.03 +£ 0.21 0.02 4.83 + 0.33 561 2126
EQ-20 Jinman-Liancheng Chalcopyrite 2.25 £ 0.16 0.04 2.81 £ 0.20 333 1631
En-6 Jinman-Liancheng Chalcopyrite 3.52 + 0.24 0.07 2.64 + 0.19 322 2596
LC02-1 Jinman-Liancheng Pyrite 131 £ 0.10 0.02 1.64 + 0.12 852 4116
EQ-2 Jinman-Liancheng Chalcopyrite 379 +£ 2.5 0.01 0.80 + 0.06 438 12,924
hb-25 Kedengjian Chalcopyrite 136.7 +£ 9.2 0.03 27 £ 22 911 27,878
hb-15 Kedengjian Bornite 3.82 + 0.26 0.05 1.08 + 0.08 3034 64,898

the same trail, which is interpreted as evidence for fluid immiscibility
(Chi and Xue, 2011; Lu et al., 2004; Roedder, 1984).

In the case of the Liancheng Cu-Mo deposit, the interpretation of
fluid immiscibility is further supported by the distribution pattern of ho-
mogenization temperatures and salinities (Figs. 9, 10). The type B inclu-
sions in quartz of the early ore forming stage yield homogenization
temperatures of 343-240 °C, indistinguishable from associated aqueous
inclusions (346-236 °C). Furthermore, the quartz-sulfide stages of the
Liancheng Cu-Mo deposits are characterized by bimodal salinity values
(Figs. 9, 10), indicating the presence of two co-existing ore forming
fluids or phases (Anderson et al., 1992; Lu et al., 2004; Mao et al.,
2003; Roedder, 1992). In addition to fluid immiscibility, fluid mixing
probably occurred in the Liancheng Cu-Mo deposit, as suggested by
the different homogenization temperatures of Type A and Type B fluid
inclusions in the middle stage. Moreover, the wide distribution of §>4S
values also supports this interpretation.

However, this phenomenon is difficult to interpret as the result of
fluid immiscibility in the case of the Jinman deposit, because type A
inclusions in both pre- and syn-ore quartz yield significantly lower ho-
mogenization temperatures (160-250 °C) than type B inclusions
(226-334 °C). Furthermore, in the salinity-total homogenization
temperature diagram (Fig. 10), a slight negative correlation was ob-
served between homogenization temperature and corresponding sa-
linity, especially for data from different types of fluid inclusions. This
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Fig. 13. “°Ar/*Ar-R/Ra diagram of the base metal deposits in the western Lanping basin.
ASW—air saturated water; M—mantle-derived fluids; C—crustal fluids (after Mao et al.
(2003)).

phenomenon is generally interpreted as evidence for mixing of CO,-
rich fluids and aqueous-rich fluids (Chi and Xue, 2011; Lu et al.,
2004). In view of the fact that regional basinal brines are widely de-
veloped in the Lanping basin, the aqueous inclusions in both pre-and
syn-ore quartz from the Jinman deposit represent basinal fluid unre-
lated to the CO,-rich fluids (Chi and Xue, 2011).

There are four possible sources proposed in the literature for the
CO,-bearing inclusions: magmatic origin, metamorphic origin, mantle
origin, or carbonate dissolution (Cameron and Hattori, 1987; Chen
et al.,, 2007; Diamond, 2001; Higgins and Kerrich, 1982; Kerrich and
Fyfe, 1981; Phillips and Powell, 1993; Rosenbaum et al., 1996; Su
et al,, 2009; Wilkinson, 2001).

Fig. 12 shows that the carbon and oxygen isotopic compositions of
hydrothermal calcite in the ores from several Cu-Ag (Mo) deposits in
the root zone are similar to those of the limestones in the Lanping
basin. Although the lower 6'3C values also permit a magmatic origin,
the lack of coeval intrusions near most deposits discounts this possibil-
ity. Therefore, the higher CO, content of the CO,-rich fluid in the Cu-Ag
(Mo) deposits is interpreted as resulting from carbonate dissolution at
the level of the deposits. Fig. 11 shows the H and O isotopic composition
of water in ore fluids and the local meteoric water during the Mesozoic-
Cenozoic. The 6D values of water in ore fluids are approximately
equivalent to those of meteoric water, but the 6'%0u20 values are
much greater. The positive shift of 6'80y,0 values toward those of the
sedimentary host rocks suggests the ore fluids consisted of meteoric
water that evolved via isotopic exchange with country rocks at elevated
temperatures. Also, the H and O isotopic compositions can be interpre-
tation by the mixing of meteoric and magmatic or/and metamorphic
waters, because some isotopic data in Fig. 11 plot close to, and below
the fields for magmatic and metamorphic water. Therefore, we suggest
that magmatic or/and metamorphic fluids may be involved in the
mineralization, although the causative intrusions and coeval metamor-
phism cannot be identified.

There is no evidence for mantle fluid involvement, because noble gas
isotope compositions reveal that the ore-forming fluids in the Cu-Ag
(Mo) deposits show features of crustal-derived fluid, without a mantle
component (Fig. 13). Deep magmatic and metamorphic components
seem to be another likely fluid source for the CO,-rich fluid, although
the lack of coeval igneous and metamorphic rocks in the vicinity of
the deposits discounts this possibility.

As stated above, Cu-Ag (Mo) mineralization in the root zone is dom-
inated by deeply circulating meteoric water, but we do not exclude the
possibility of participation of magmatic or metamorphic components. In
comparison, hydrothermal activity associated with the Pb-Zn-Ag
(4 Cu) deposits in the front zone is characterized by basinal brine,
which is marked by low temperatures (130 °C to 180 °C), high salinities
(9 to 24 wt.% NaCl equivalent), and low in CO,.

6.4. Source of the ore-forming materials

The base metal deposits in the western Lanping basin show wide var-
iations in sulfide 6>*S values (Fig. 14), —17.9 to 16.3%. for the Cu-Ag
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Table 6
S isotope data of sulfides from the ore deposit in the western Lanping basin.

Sample no. Mineral 524S(CDT) %o Sample no. Mineral 524S(CDT) %o
Jinman

After Ji and Li (1998) After Zhao (2006)

JM-1 Tetrahedrite 7.99 JM3-2 Chalcocite —7.60
JM-3 Chalcopyrite —0.51 JM3-2 Bornite —720
JM-6 Chalcopyrite —1.57 JM3-6 Chalcopyrite —4.80
JM-9 Bornite —9.32 JM3-12 Chalcopyrite —7.20
JM-10 Chalcopyrite —8.86 data obtained in this study

JM-15 Chalcopyrite —0.52 JMC-20 Chalcocite —5.66
JM-19 Pyrite —5.83 09JM-8 Chalcocite 4,08
JM-35 Bornite —247 JMC-3 Chalcocite —5.46
After Xiao (1989) JMC-13-3 Tetrahedrite —8.55
Jiangxi-1 Tetrahedrite —4.57 JM-4 Chalcopyrite 4.06
Jiangxi-2 Bornite —5.49 JM-14 Tetrahedrite 16.26
Jiangxi-3 Chalcopyrite —5.86 JM-14-1 Tetrahedrite 10.82
Jiangdong-1 Tetrahedrite —0.08 JMC-14 Bornite —6.74
Jiangdong-2 Bornite —9.63 JMC-16 Bornite —17.94
Jiangdong-3 Chalcopyrite —1.34 JMC-18 Bornite —10.31
After Li (2002) JMC-20 Bornite —7.50
Jinman1-1 Chalcocite —2.80 JM-13 Chalcopyrite —1.76
Jinman1-1 Pyrite —2.30 JMC-8 Chalcopyrite 5.53
Jinman2-1 Pyrite —4.40 JMC-10 Chalcopyrite —1.34
After Wu et al. (2003) JMC-16 Chalcopyrite —2.21
JM-4 Chalcopyrite —10.20 JMC-17 Chalcopyrite 0.68
JM-4 Tetrahedrite 3.20 09]M-14 Chalcopyrite —2.15
JM-12 Tetrahedrite 1.10 JMD-3 Chalcopyrite 3.78
JM-23 Chalcopyrite —15.50 09]M-20 Chalcopyrite —10.61
Liancheng (all data obtained in this study)

EN-3 Chalcopyrite —-9.10 LCD-5 Bornite —7.88
EN-4 Chalcopyrite —8.97 09EN-19 Bornite —9.57
EN-5 Chalcopyrite —3.20 EN-1 Molybdenite —8.29
EN-6 Chalcopyrite —3.19 EN-2 Molybdenite —8.30
EN-7 Chalcopyrite —7.90 EN-3 Molybdenite —7.84
EN-8 Chalcopyrite —6.23 EN-4 Molybdenite —6.56
EN-12 Chalcopyrite —5.58 09EN-3 Molybdenite —8.63
EN-13 Chalcopyrite —5.42 LC02-1 Molybdenite —8.64
09EN-13-1 Chalcopyrite —1.45 LC03-4 Molybdenite —7.87
LCD-1 Chalcopyrite —3.63 LC03-7 Molybdenite —8.24
LC02-1 Chalcopyrite —4.64 LC03-8 Molybdenite —7.72
LC02-7 Chalcopyrite —7.07 LC03-9 Molybdenite —5.82
LC03-2 Chalcopyrite —5.21 En-3-2 Tetrahedrite —741
LC03-6 Chalcopyrite 6.05 EN-4-2 Tetrahedrite —8.93
LC03-10 Chalcopyrite —8.70 EN-5-2 Tetrahedrite —7.40
LC02-7-5 Pyrite —4.09 EN-7-2 Tetrahedrite —7.64
LC02-1 Pyrite —10.05 EN-8-2 Tetrahedrite —8.60
LC02-2 Chalcocite —2.26 EN-13-2 Tetrahedrite —4.49
LCD-5 Chalcocite —4.52 En-14 Tetrahedrite —5.70
09EN-5 Chalcocite —3.85 En-13 Tetrahedrite —6.10
LC03-2 Bornite —3.54 En-16 Tetrahedrite —5.90
LC03-5-2 Bornite 10.87 En-19 Tetrahedrite —4.90
LC03-6 Bornite 12.11

Baiyangping

After Wei (2001) After Li et al. (2005)

B-1 Chalcopyrite 2.51 FLC-147 Tetrahedrite 9.20
B-2 Tetrahedrite 6.10 FLC161 Tetrahedrite 7.90
B-3 Bornite 5.84 FLC149 Sphalerite 10.50
F-1 Galena 2.54 FLC-160 Sphalerite 10.00
F-2 Galena 5.03 FLC-176 Sphalerite 11.20
After Wang and He (2003) BY-3-1 Tetrahedrite 5.80
B4-2 Tetrahedrite 6.71 BY-3-2 Tetrahedrite 9.30
B4-3 Tetrahedrite 6.79 H-1 Tetrahedrite 3.50
B4-4 Tetrahedrite 6.91 H-2 Tetrahedrite 4.80

(Mo) deposits, and 2.5 to 11.2%. for Pb-Zn-Ag (+ Cu) deposits, respec-
tively. This variation may be interpreted as resulting from the variations
in physicochemical conditions or from compositional variations of the
sources.

The predominance of positive §>%S values (mean = 6.7%.) of sulfides
in the Pb-Zn-Ag (Cu) deposits in the front zone indicate that the re-
duced S was mainly derived from reduction of sulfates in the basin stra-
ta (He et al., 2009; Wu et al.,, 2003). This interpretation is supported by

the widely distributed evaporite sulfates in the Lanping basin, which
yield relatively positive 5>4S values.

In contrast, the origin of reduced S for the Cu-Ag (Mo) deposits in
the root zone is more controversial. As for the sulfur source for the
Jinman deposit, there have been different interpretations proposed by
previous researchers. On the basis of the widely variable 6>S values of
sulfides in the Jinman deposit, Xiao et al. (1994), Liu et al. (2000), and
Wu et al. (2003) proposed that the reduced S was mainly derived
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Fig. 14. Histogram of sulfur isotopic compositions of sulfides from the ore deposit in the western Lanping basin.

from the basin strata, including extraction from organic matter and the
reduction of sulfates. However, the clustering of 5>4S values around zero
in the Jinman deposit revealed that the reduced S might derive from a
deep source (Ji and Li, 1998; Yan and Li, 1997). Ohmoto and Rye
(1979) proposed that the widely variable 5>4S values of the sulfides
could be interpreted as resulting from variations in physical-chemical
conditions of the ore-forming fluids or diverse sources of the sulfur.
On the basis of synthetic analysis, we suggest that the reduced S for sul-
fide precipitation in the Jinman deposit may mainly originate from sed-
imentary rocks in the basin, but we do not exclude the possibility of
participation of sulfur from deep-crustal magma. The bimodal 534S
values (6.1-12.1% and —10.1 to — 1.5%; Fig. 14) of the sulfides from
the Liancheng deposit also indicate the presence of multiple sulfur
sources. The lead isotopic compositions of sulfides are consistent with
the crustal lead isotopic compositions in the Lanping-Simao basin, but
significantly different from the upper mantle lead in the Lanping
Basin, as derived from the study of mantle enclaves in Cenozoic
magmatic intrusions (Xue et al., 2007; Zhang et al., 2002). Moreover,

Pb isotopes of the ore belt/deposits are closer to the sedimentary rocks
in the Lanping basin (Fig. 15), which indicates that the metallogenic ma-
terials, at least ore lead, are predominantly derived from the crustal rocks
in the Lanping basin.

7. Conclusions

A series of thrust-controlled sediment-hosted Himalayan Cu-
Ag-Pb-Zn polymetallic deposits have been discovered in the west-
ern Lanping basin, on the eastern margin of the Tibetan Plateau,
southwestern China. These deposits are mainly hosted in Mesozo-
ic-Cenozoic mottled clastic rocks, and controlled by Cenozoic thrust
systems related to Indo-Asian collision since the Paleocene. In the
thrust-nappe system, Cu-Ag (Mo) deposits mainly occur in the
root zone, whereas Pb-Zn-Ag (Cu) deposits mainly occur in the
front zone.

Fluid inclusion studies reveal that the ore-forming fluids respon-
sible for the vein-type Cu-Ag (Mo) deposits are characterized by
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Fig. 15. Histogram of Pb isotopic compositions of sulfides from the ore deposits in the western Lanping basin.

abundant CO,-rich fluid inclusions, which are significantly different
from the basinal fluids that formed the Pb-Zn deposits in other
parts of the Lanping Basin. Carbon-oxygen isotopic studies reveal
that CO, in the CO,-rich fluids of the Cu-Ag (Mo) deposits results
from carbonate dissolution.

After comprehensive analyses of the geology, fluid inclusions,
and C, H, O, He, and Ar isotopic geochemistry of the Cu-Ag (Mo) de-
posits and Pb-Zn-Ag (Cu) deposits in the western Lanping basin, we
suggest that the Cu-Ag (Mo) mineralization in the root zone is dom-
inated by deeply circulating meteoric water. Magmatic or metamor-
phic fluid components probably are involved in the mineralization.
In contrast, hydrothermal activity associated with the Pb-Zn-Ag
(Cu) deposits in the front zone is characterized by basinal brines.
Sulfur and Pb isotopic compositions indicate that the ore-forming
metals are predominantly derived from sedimentary rocks in the
basin.
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