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ABSTRACT

The Lanping basin is a significant Pb-~Zn-Cu-Ag mineralization belt of the Sanjiang Tethyan metallogenic
province in China. Over 100 thrust-controlled, sediment-hosted, Himalayan base metal deposits have
been discovered in this basin, including the largest sandstone-hosted Pb-Zn deposit in the world (Jin-
ding), and several Cu + Ag + Co deposits (Baiyangping, Baiyangchang and Jinman). These deposits, with
total reserves of over 16.0 Mt Pb + Zn, 0.6 Mt Cu, and 7000 t Ag, are mainly hosted in Meso-Cenozoic mot-
tled clastic rocks, and strictly controlled by two Cenozoic thrust systems developed in the western and
eastern segments of the Lanping basin.

To define the metallogenic history of the study area, we dated nine calcite samples associated with cop-
per sulfides from the Jinman Cu deposit by the Sm-Nd method and five molybdenite samples from the
Liancheng Cu-Mo deposit by the Re-Os method. The calcite Sm-Nd age for the Jinman deposit
(58 + 5 Ma) and the molybdenite Re-Os age for the Liancheng deposit (48 + 2 Ma), together with previ-
ously published chronological data, demonstrate (1) the Cu-Ag mineralization in the western Lanping
basin mainly occurred in three episodes (i.e., ~56-54, 51-48, and 31-29 Ma), corresponding to the main-
and late-collisional stages of the Indo-Asian orogeny; and (2) the Pb-Zn-Ag (+Cu) mineralization in the
eastern Lanping basin lacked precise and direct dating, however, the apatite fission track ages of several
representative deposits (21 +4 Ma to 32 + 5 Ma) may offer some constraints on the mineralization age.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The Lanping basin (Fig. 1a) is located at the junction of the Eur-
asian and Indian Plates, in the eastern Tibetan Plateau, between the
Lancangjiang suture and the Jinshajiang-Ailaoshan suture. The
Lanping basin is a significant and representative Pb-Zn-Cu-Ag
mineralization belt of the Sanjiang Tethyan metallogenic province
in China, which possessed much economic potential and produced
numerous economically significant deposits.

A series of Cenozoic base metal deposits occur in this basin,
including the largest sandstone-hosted Pb-Zn deposit in the world
(Jinding, with a reserve of 200 Mt ore, grading 6.08% Zn and 1.29%
Pb) and several Cu + Ag + Co deposits (Baiyangping, Baiyangchang,
and Jinman), located in the northern segment of the basin (Fig. 1b;
Hou et al., 2006, 2008; Xue et al., 2007; Khin et al., 2007; He et al.,
2009). These deposits, yielding total reserves of over 16.0 Mt
Pb +Zn, 0.6 Mt Cu, and 7000 t Ag, are hosted by Meso-Cenozoic
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mottled clastic rocks, and strictly controlled by the Cenozoic thrust
systems related to the Indo-Asian collision since the Paleocene (He
et al., 2004; Xu and Zhou, 2004). Spatially, these base metal depos-
its are divided into two sub-parallel metallogenic belts, which are
characterized by sediment-hosted Cu-Ag polymetallic deposits in
the western Lanping basin, and Pb-Zn polymetallic deposits in
the eastern Lanping basin (Xue et al.,, 2007; Hou et al., 2008; He
et al., 2009).

These sediment-hosted, Himalayan base deposits in the Lanping
basin are controlled by thrust-nappe structures and formed in the
Himalayan continent-continent collisional orogen, which distin-
guish them from other sediment-hosted base metal deposits in
the world (Misra, 2000; Hou et al., 2006; Xue et al., 2007).

The genesis of these sediment-hosted Pb-Zn-Cu-Ag deposits,
especially the large to supergiant Jinding and Baiyangping
Pb-Zn-Ag (+Cu) deposits, has been extensively studied in the last
three decades (e.g. Shi et al., 1983; Qin and Zhu, 1991; Luo and
Yang, 1994; Kyle and Li, 2002; Xue et al., 2003, 2007). However,
as yet no agreement has been reached on their genesis. One of
the most important reasons is the paucity of reliable age data
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Fig. 1. (a) Sketch geological map of the Lanping-Simao foreland fold belt, China; (b) distribution map of main deposits in the northern Lanping basin (modified after Xue et al.,

2007).

for these deposits, which hampers the identification of tectonic
and geological events responsible for the mineralization, and fit-
ting them into regional metallogeny (Li, 2001; Xue et al., 2003;
Bi and Mo, 2004; He et al., 2004, 2009; Xu et al., 2004; Li and
Song, 2006; Zhao, 2006; Wang, 2010). However, sediment-hosted
base metal deposits are notoriously difficult to date, because
most of them have simple mineral assemblages, and the associ-
ated host rock alteration is typically limited (e.g. Li and Fu,
2000; Xue et al., 2003, 2007; He et al., 2009). Moreover, no mag-
matic rock has been found either on the surface or underground
in the mineralized areas, although Zhang et al. (2000) postulated
a giant magmatic belt concealed beneath the northern Lanping
basin.

We suggest that a comprehensive consideration of the ore-bear-
ing horizon, the ore-controlling structure and isotopic chronologi-
cal data is the key to accurately constrain the ages of these
deposits. In this paper, we present and discuss new Re-0Os dating
result of molybdenite samples from the Liancheng deposit and
Sm-Nd dating results of calcite samples from the Jinman deposit.
We integrate these new data with previously published geochro-
nological data and characteristics of the ore-controlling structure
to review the mineralization ages of these typical deposits and
constrain the metallogenic history of the Lanping basin by
inference.

2. Geological setting of the Lanping basin

The Lanping-Simao foreland fold belt (Fig. 1a), a NNW-trending
intra-continental basin, is located in the eastern Indo-Asian
collision zone (EIACZ). This basin is clamped by the Jinshajiang-
Ailaoshan suture to the east and the Lanchangjiang suture to the

west (Fig. 1a; Xue et al., 2002, 2007; Hou et al., 2008; He et al.,
2009). Tectonically, it is located at the border between Yangtze
Plate to the east and the Tibet Plate to the west. The basement of
the Lanping-Simao foreland fold belt consists primarily of Protero-
zoic and Palaeozoic strata (Xue et al., 2007; He et al., 2009). The
Proterozoic metamorphic basement rocks (i.e. sericite schist, mar-
ble, gneiss) are distributed along the margins of the Lanping-Simao
basin, and are similar to these of the Yangtze Plate (Mu et al., 1999;
Xue et al., 2007).

The Lanping basin, as a part of the Lanping-Simao foreland fold
belt, is filled with Mesozoic and Cenozoic strata to depths of more
than 10 km (Fig. 1; Li and Fu, 2000; Xue et al., 2002, 2007). The
Mesozoic and Cenozoic strata (Fig. 2) that outcrop in the Lanping
basin are mainly composed of continental siliciclastic rocks, except
for the lowest part of the sequence and the Upper Triassic Sanhe-
dong Formation (Tss), which mainly consist of marine limestone.
The Mesozoic strata comprise the Upper Triassic Sanhedong For-
mation (Tss) composed of marine carbonate rooks, the Middle
Jurassic Hakaizuo Formation (Jph) composed of carbonate-bearing
sandstone and carbonaceous shale/slate; and the Lower Cretaceous
Jingxing Formation (K;j) composed of terrestrial red clastic rocks
(Fig. 2; Mu et al., 1999; Xue et al., 2007). The Cenozoic strata are
dominated by the Upper Paleocene Yunlong Formation (E1y) com-
posed of quartz sandstones and mudstones, and the Eocene Baox-
iangsi Formation (E;b) composed of pebbled sandstones (Fig. 2; Mu
et al,, 1999; Xue et al., 2007).

The outcrops of Himalayan magmatic rocks mostly occur along
the margins of the Lanping basin. Only a few igneous rocks crop
out inside the southern Lanping basin, including the Zhuopan
and Huanglianpu intrusives in Yongping County, and the Weishan
intrusive in Weishan County (Fig. 1; Xue et al., 2002, 2007).
The petrologic types include quartz syenite, beschtauite,
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Fig. 2. An outline of the stratigraphic column in the Lanping basin (modified after Mu et al., 1999). Also shown are the stratigraphic positions of several typical deposits

discussed in this study.

granite-porphyry, assyntite, and essexite, with ages ranging from
68 Ma to 23 Ma (Rb-Sr, U-Pb and Ar-Ar methods; Xue et al,
2003, 2007; Dong et al., 2005; Zhao, 2006). No magmatic rock oc-
curs in the northern Lanping basin.

The dynamic process of the Lanping basin was jointly controlled
by the trans-lithosphere faults along the basin margins and the pe-
netrating-crust faults in the middle of this basin (Fig. 1, Zhang
et al., 2000; Xue et al., 2002). The tectonic evolution of the Lanping
basin was characterized by rifting in the Indo-Chinese epoch (rift
basin), depression in the Yanshanian epoch (continental depres-
sion basin), and strike-slip extension in the Himalayan epoch (con-
tinental pull-apart basin) (Xue et al., 2002, 2007).

3. Distribution of the Pb-Zn-Cu-Ag deposits and related
geology

As a consequence of the Indo-Asian collision (beginning at
~65 Ma; Hou et al., 2008), two large-scale Cenozoic thrust-nappe
systems caused the thrusting of Mesozoic strata over the Tertiary
strata in the Lanping basin, and dominated the spatial distribution
of the Cenozoic Pb-Zn-Cu-Ag deposits (Hou et al., 2006; Xue
et al, 2007; He et al, 2009). Over 100 thrust-controlled,

sediment-hosted, Himalayan base metal deposits and mineral
occurrences have been discovered in this basin, mostly located in
the northern part (Fig. 1b; Hou et al., 2006; Xue et al., 2007; Khin
etal., 2007; Hou et al., 2008; He et al., 2009). Spatially, the mineral-
ization occurs in two sub-parallel metallogenic belts (Fig. 1b, Hou
et al., 2006; He et al., 2009), divided by the central-axial fault. They
are characterized by vein-type Cu polymetallic deposits in the wes-
tern thrust-nappe system (e.g., the Jinman Cu deposit, the Lianch-
eng Cu-Mo deposit and the Baiyangping Cu-Ag-Co deposit), and
the Pb-Zn-Ag (+Cu) deposits in the eastern thrust-nappe system
(e.g., the Jinding Zn-Pb deposit, the Sanshan Ag-Pb-Zn deposit)
(Fig. 1b, Xue et al., 2007; Hou et al., 2008; He et al., 2009).

The geologic and mineralogical features of these typical depos-
its (Table 1) have been recently updated by Hou et al. (2008) and
He et al. (2009). Features of several representative deposits are
briefly summarized below.

3.1. The Jinding Pb-Zn deposit

The Jinding Pb-Zn deposit, controlled by the eastern thrust-
nappe system, is the most important deposit in the eastern Lanping
basin. This deposit (with a reserve of 200 Mt ore, grading 6.08% Zn
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Summary of geological and mineralogical features of economically significant deposits in the Lanping foreland fold belt.
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Deposit Structural location Wall rock Grade and tonnage Sulfide Economic  Data source
assemblages metals

Jinding The eastern thrust-nappe Kjj: sandstone and arenite; E;y: Pb: 64 Mt; 1.16-2.42%, Zn: 12.84 Mt;  Gn, Sp, Py, Zn-Pb Xue et al. (2007)
system breccia, sandstone and gypsum  8.32-10.52%Ag: 1722 t; 12.5-12.6 g/t Mg, Cel, Sm

Sanshan The front zone of the Tss: limestone and limestone; Zn + Pb: 0.5 MtAg: 3000 tCu: ~0.3 Mt Tet, Ar, Py, Ag-Pb- He et al. (2009)
eastern thrust-nappe Eiy and E,b: sandstone Az, Cp Sp, Zn-Cu
system Gn

Fulongchang The front zone of the Kyj: sandstone and arenite; Joh:  Ag: 2000 t, 328-547 g/t; Cu: 0.1 Mt, Tet, Py, Cp, Cu-Ag- Chen et al. (2000)
western thrust-nappe quartz sandstone and mudstone 0.63-11.70%; Pb: 4.2-7.4% Gn, Fre Pb-Zn and Zhao (2006)
system

Baiyangping The front zone of the Kyj: sandstone and arenite; Joh:  Ag: 3.0-33.8 g/t; Cu: 0.86-3.3%;Co: Tet, Py, Cp, Cu-Ag-Co Chen et al. (2000)
western thrust-nappe quartz sandstone and mudstone 0.10-0.27% Gn, Fre and Zhao (2006)
system

Jinman The root zone of the Joh: quartz sandstone, Cu:>0.2 Mt, 2.58%; minor Ag, ~100 g/t  Tet, Cp, Bo, Cu-Ag Li and Fu (2000)
western thrust-nappe mudstone, carbonaceous shale, Cc, Py and Zhao (2006)
system and slate

Liancheng The root zone of the Joh: quartz sandstone, Under exploration Tet, Mo, Cp, Cu-Mo Li and Fu (2000)
western thrust-nappe mudstone, carbonaceous shale, Bo, Cc, Py and Zhao (2006)

system and slate

?0re mineral abbreviations. Ar: argentite, Az: azurite, Bo: bornite, Cc: chalcocite, Cel: celestite, Cp: chalcopyrite, Fre: freibergite, Gn: galena, Mc: marcasite, Mo: Molybdenite,

Py: pyrite, Sm: smithsonite, Sp: sphalerite, Tet: tetrahedrite.

bStrata abbreviations. E,b: Eocene Baoxiangsi Formations; E;y: Palaeocene Yunlong Formation; K,j: Lower Cretaceous Jingxing Formation; J,h: Middle Jurassic Huakaizuo

Formation; Tss: Upper Triassic Sanhedong Formation.

and 1.29% Pb) is the largest Pb-Zn deposit in China, and also the
youngest sediment-hosted giant Pb-Zn deposit in the world (Xue
et al., 2007; Khin et al., 2007).

The Jinding deposit occurs as tabular ore bodies and occasionally
as lenses, veins or irregular shapes, in the fine sandstones of the Cre-
taceous Jingxing Formation (K;j) and breccia-bearing sandstones of
the Upper Paleocene Yunlong Formation (E{y) near the Pijiang NS-
trending fault (Fig. 3). The Jingxing Formation strata were thrust
over the Yunlong Formation strata, and both the allochthonous
and autochthonous strata are domed (the Jinding dome).

The ore bodies (Fig. 3) in the Jinding ore district are distributed
around the core of the Jinding dome as “ring-shaped bodies”,

which is divided into six ore blocks (i.e. Beichang, Paomaping,
Jiayashan, Xipo, Fengzishan, and Baicaoping) by a series of radial
faults (Xue et al., 2007).

More than 30 primary minerals have been identified in the Jin-
ding deposit. Ore minerals are dominated by sphalerite and galena,
and some amounts of pyrite, chalcopyrite, argentite, and tetrahe-
drite are also present. Gangue minerals associated with minerali-
zation include quartz, calcite, celestite, anhydrite, barite, and
bitumen of various compositions (Xue et al., 2007). The deposit
suffered from strong oxidization, forming a thick well-developed
oxidized zone that accounts for 40% of the total reserve (Xue
et al., 2007; He et al., 2009). Fluid inclusion and isotope data
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Fig. 3. Geological map of the Jinding Zn-Pb deposit in the Lanping basin (modified after Xue et al., 2007).
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indicate that the hydrothermal fluid is a CO,-bearing, low-temper-
ature (mainly between 110 and 180 °C), low-salinity (1.6-18 wt.%
NaCl equivalent) fluid, dominated by meteoric water, probably
with a small proportion of mantle-sourced fluid (Zhao, 2006; Xue
et al., 2007).

3.2. The Baiyangping Cu-Ag-Co ore belt

The Baiyangping Cu-Ag-Co ore belt (Fig. 4), consisting of two
blocks (the Fulongchang and Baiyangping blocks), is an important
deposit in the western Lanping basin. It is located in the front zone
of the western thrust-nappe system in the western Lanping basin,
about 30 km northwest of Jinding (Fig. 4). It has ~2000 t Ag, 0.12
Mt Cu, and minor reserves of Zn and Pb (Table 1). The ore bodies
are mainly hosted in sandstones of the Cretaceous Jinxing Forma-
tion (Kyj), and partially in the siliceous mudstone of the Middle
Jurassic Huakaizuo Formation (J,h). The mineralization in the Baiy-
angping ore belt is dominated by open-space filling and cementa-
tion, and ore structures are dominated by veinlet, network and
breccia structures.

Ore minerals are dominated by tetrahedrite, arsenian tetrahe-
drite, chalcopyrite, sphalerite, galena, argentite, and minor native
silver (Zhao, 2006; He et al., 2009). Silver is mainly present as na-
tive silver, with minor amounts in tetrahedrite and argentite (Zhao,
2006). Gangue minerals include calcite, siderite, barite, and minor
quartz (He et al., 2009). Fluid inclusion studies indicate that the
ore-forming fluids for the Cu-Ag-Co mineralization are marked
by low CO,, low temperatures (mainly between 100 and 220 °C)
and medium salinities (9.3-22.7 wt.% NaCl equivalent), and pre-
dominantly derived from basinal brines, recharged by meteoric
water (He et al., 2009; Xue et al., 2010).

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

of the western metallogenic belt, located in the root zone of the
western thrust-nappe system in the western Lanping basin

(Fig. 1b). It has a reserve of 7.75 Mt ore with average grade of
2.58% Cu (under exploration), mainly hosted in Jurassic overturned
strata (Hou et al., 2008; He et al., 2009). The deposit is controlled
by a NNE-striking fault, which probably resulted from regional
eastward thrusting (Hou et al., 2006). The main ore-hosted strata
are a suite of terrestrial-marine low-grade metamorphic rocks
composed of schists, sandy slates and mudstones of the Middle
Jurassic Huakaizuo Formation. The wall rock alteration associated
with mineralization is characterized by weak silicification and car-
bonatization, which mainly presents as siliceous rocks and veins of
quartz, calcite, and dolomite, with minor siderite.

The ore bodies are dominated by sulfide-bearing quartz-calcite
veins, although disseminated ore bodies in altered wall rocks are
also common. The veins are generally parallel to bedding, with
thicknesses ranging from tens of centimeters to a few millimeters
(Fig. 6a-d).

Ore minerals are dominated by tetrahedrite, Ag-bearing tetra-
hedrite, 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 siderite
and sericite (Liu et al., 2001; Hou et al., 2008; He et al., 2009).

On the basis of mineralization features, cross-cutting, and para-
genetic relationships, the Jinman hydrothermal mineralization can
be divided into three stages: (I) quartz + ankerite + minor chalco-
pyrite + tetrahedrite + minor pyrite stage, (II) quartz + syn-ore cal-
cite + chalcopyrite + bornite + tetrahedrite + minor pyrite stage,
and (III) quartz + post-ore calcite + minor chalcopyrite, chalcocite,
covellite and bornite stage. Calcite, a common gangue mineral in
this deposit, mainly occurs in the hydrothermal veins of the two
latter stages (Fig. 6a-d). Based on field and microscopic observa-
tions, the calcite can be classified as either syn-ore or post-ore.
Syn-ore calcite is usually intergrown with copper-bearing sulfides
(e.g., chalcopyrite, bornite, and tetrahedrite), and is generally
milky-white, locally yellowish-pink. Post-ore calcite is usually col-
orless and clear, coarse-grained, and appears in druses.

Fluid inclusion and isotope studies indicate that there are two
fluid systems responsible for copper mineralization in the Jinman
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deposit. One is a deep derived fluid, characterized by high CO, con-
tent, relatively high temperatures (226-330 °C) and low salinities
(1.6-13.4 wt.% NaCl equivalent), and the other is a basinal brine
characterized by relatively high salinities (3.9-22.9 wt.% NaCl
equivalent) and low temperatures (140-230 °C) (Ji and Li, 1998;
Chi and Xue, 2011).

3.4. The Liancheng Cu—-Mo deposit

The Liancheng Cu-Mo polymetallic deposit (Fig. 5a and b) is lo-
cated in the root zone of the western thrust-nappe system
(Fig. 1b), only ~2 km northwest of Jinman (Li and Fu, 2000). The
ore bodies are mainly hosted in mottled elastic rocks, schist, sandy
slates, and mudstones of the Middle Jurassic Huakaizuo Formation
(Li and Fu, 2000; Zhao, 2006). The ore bodies in the deposit are
mainly veins, with minor stratiform or lentiform bodies. Ore-bear-
ing quartz and calcite vein systems are widespread in the Lancheng
deposit, most of which occur parallel to the bedding of wall rock.

Ore minerals are dominated by tetrahedrite, chalcopyrite,
molybdenite, bornite, and chalcocite, with minor pyrite. Gangue
minerals include quartz, calcite, ankerite, and minor siderite (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).

Hydrothermal fluids associated with the Cu-Mo mineralization
are characterized by CO,-rich, high temperature (177-346 °C) and
moderate salinity (2-4 wt.% NaCl and 8-18 wt.% NaCl equivalent;
Zhao, 2006; Zhang et al., 2012). The §,50 values of the ore-forming
fluid range from 5.5%0 to 8.6%. and the corresponding éD values
range from —56%. to —109%0, suggesting that the mineralizing flu-
ids are dominated by magmatic water, with a small proportion of
meteoric water (Zhao, 2006; Zhang et al., 2012).

4. Sample description and analytical methods
4.1. Sampling details

Based on field textural features and microscopic observation,
nine representative calcites that coexisted with copper-bearing
sulfides were selected for analysis (Fig. 6a-d). These calcite sam-
ples were collected from quartz and calcite veins with tetrahedrite,
chalcopyrite, and minor pyrite (Fig. 6a and b), that crosscut the
pre-ore quartz and ankerite veins. These ore-bearing quartz and
calcite veins are from the No.3 mine in the Jinman deposit at
1230 m altitude. The samples were crushed, sieved and hand-
picked under a binocular microscope to a purity of more than
99%, and finally ground as fine as 200 meshes in size with an agate
mortar.

Five representative molybdenite samples from the Liancheng
Cu-Mo deposit were collected for analysis. These molybdenite
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Fig. 6. Scanned pictures of ores and photomicrographs showing relationships of hydrothermal minerals in the Jinman and Liancheng deposits. (a) Syn-ore quartz and calcite
veins (bearing some copper sulfides) cutting pre-ore quartz and vein. (b) Sulfide-rich quartz and calcite veinlets. (c) EMPA back-scattered electron (BSE) image of the quartz
that was cut by some chalcopyrite-bearing quartz veinlets. (d) EMPA back-scattered electron (BSE) image of chalcopyrite, and tetrahedrite in the syn-ore calcite. (e) Early
molybdenite penetrated by quartz-sulfide veins. (f) Early fibrous molybdenite penetrated by quartz-sulfide vein.

samples (Fig. 6e and f) were collected from sulfide-quartz veins
with molybdenite, chalcopyrite, and minor pyrite filling fractures
of the altered host rock. These ore-bearing quartz veins were from
the No.2 mine in the Liancheng deposit. The molybdenite samples
were handpicked under a binocular microscope to remove all
impurities, and then milled to powder with an agate mortar.

4.2, Sm-Nd geochronology of calcite

The calcite samples were analyzed on a MAT-261 mass spec-
trometer at Tianjin Institute of Geology and Mineral Resources,
the Chinese Academy of Geological Sciences (CAGS). The isotope
composition of Nd was normalized to “6Nd/'**Nd = 0.7219. The
reproducibility of the isotopic ratios is better than 0.005% at the
2-sigma-mean level (2c-mean); the precision for Sm and Nd con-
centrations is less than 0.5% (2¢). The average concentrations
and Nd isotope ratio for BCR-1 measured in this work were
6.57 ppm for Sm, 28.75 ppm for Nd and 0.512644+5 (20, n=6)
for 'Nd/"“Nd, in accordance with the literature values of

6.58 ppm for Sm and 28.8 ppm for Nd (Bell et al., 1989; Peng
et al., 2003; Su et al., 2009). The JMC calcite standard (the Johnson
and Mattey® Nd standard) gave an average '*>Nd/'#*Nd value in
the range of 0.511132 +5 (20). Average blanks in this work were
0.03 ng for Sm and 0.05 ng for Nd. The decay constant used in
the age calculation is 4'%’Sm =6.54 x 107'?/yr. The Sm-Nd iso-
chron ages were calculated with ISOPLOT 2.9 (Ludwig, 1996). Addi-
tional details of analytical procedures can be found in Peng et al.
(2003) and Su et al. (2009).

4.3. Re-0s geochronology of molybdenite

The molybdenite samples were analyzed using a TJA Plasma-
quad ExCell inductively coupled plasma-mass spectrometry (ICP-
MS) at the Re-Os Lab, National Research Center of Geoanalysis,
Chinese Academy of Geological Sciences in Beijing.

Average blanks for the total Carius tube procedure were
approximately 5 pg Re and 2 pg Os. The analytical results were in-
spected by repeated analyses of the JDC molybdenite standard. The
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uncertainty in each individual age determination is about 1.4%,
including the uncertainty of the decay constant of '®"Re, uncer-
tainty in the isotope ratio measurement, and spike calibrations.
The average Re-Os age of the JDC standard is 139.5 + 1.9 Ma (95%
confidence level). The average Re and Os concentrations are
17.3 £0.1 pg/g and 25.2 + 0.2 ng/g, respectively. The JDC standard
age and Os and Re contents in this study are in agreement with re-
sults reported by Du et al. (2004).

A decoupling effect in the Re-Os molybdenite system has re-
cently been noticed (Kosler et al., 2003; Stein et al., 2003; Selby
and Creaser, 2004; Du et al., 2007). Selby and Creaser (2004) and
Du et al. (2007) pointed out that efficiently overcoming this decou-
pling effect is crucial for obtaining accurate and reproducible Re-
Os molybdenite dates, and fine-grained (<2 mm) molybdenite ap-
pears to show little decoupling. The molybdenite in the Liancheng
deposit occurs mainly as fine- and micro-grained particles, which
are suitable for Re-Os isotopic dating. The decay constant used
in the age calculation is 2'®’Re = 1.666 x 10~!!/yr (Smoliar et al.,
1996). The Re-Os isochron ages were calculated with ISOPLOT
2.9 (Ludwig, 1996). Additional details of analytical procedures have
been described by Du et al. (1994, 2004), Shirey and Walker (1995),
and Mao et al. (2008).

5. Results
5.1. Sm-Nd geochronology of calcite in the Jinman Cu-Ag deposit

Concentrations of Sm and Nd for calcite samples and their iso-
tope compositions are reported in Table 2, and presented on the
1476 m/144Nd-143Nd/'**Nd diagrams (Fig. 7). As shown in Table 2,
the '*7Sm/'*“Nd values range from 0.1323 to 0.3856, with corre-
sponding '**Nd/'#*Nd values between 0.512179 and 0.512274.
On the "7Sm/'"*Nd-'4*Nd/'**Nd diagrams, the nine calcite sam-
ples plot along a linear array (Fig. 6), which may reflect an isochron
or a mixing line of two end-members having different '4’Sm/!**Nd
and '*3Nd/"#*Nd ratios (Jiang et al., 2000; Peng et al., 2003). The
nonlinear relationship existing on the 1/Nd-'4>Nd/'**Nd diagrams
for calcites excludes the possibility of a mixing line (Fig. 8). The cal-
cite yields an age of 58.2 +5.3 Ma (20), with an intercept of
0.5121285 £ 74 (initial engq = -8.4). The mean square of weighted
deviates (MSWD) is 0.039. Significantly, the MSWD here is abnor-
mally low, which may be due to overestimated analytical errors
(Peng et al., 2003; Su et al., 2009).

5.2. Re-0s geochronology of molybdenite in the Liancheng Cu-Mo
deposit

The five molybdenite samples from the Liancheng deposit yield
similar model ages, ranging from 51.0+ 0.8 to 48.4 +0.9 Ma (20)
(Table 3), although their 8’Re and '370s contents vary in a wide
range.

The five samples plot along a linear array on the isochron dia-
gram (Fig. 9), and the isochron age calculated with the ISOPLOT

Table 2

0.51234
Calcite samples, Jinman deposit
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<
&
T 0512221
0.51218 Age=58.245.3Ma
Initial "*Nd/"*Nd=0.5121285
MSWD=0. 039
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147Sm/144Nd

Fig. 7. The Sm-Nd isochron for calcites from the Jinman deposit.

software is 47.8 + 1.8 Ma (2¢), with an initial '¥70s value (ng/g)
of 0.8 £ 1.1 (MSWD =7.2).

6. Discussion

The data presented herein, combined with those compiled from
previous studies (Tables 3 and 4; e.g. Xue et al., 2003; Bi and Mo,
2004; He et al., 2004; Zhao, 2006; Wang et al., 2011) show that iso-
tope chronological data of the Cu-Ag polymetallic mineralization
in the western Lanping basin cluster into three age groups: 58-
54, 51-48 and 31-29 Ma, and the Pb-Zn-Ag (+Cu) polymetallic
mineralization in the eastern Lanping basin cluster into ages of
72-68, 56 and 32-20 Ma. However, accurate timing and duration
of the Pb-Zn-Cu-Ag mineralization in the Lanping basin are still
widely controversial, because of the different geological interpreta-
tions of these ages (Xue et al., 2003, 2007; Hou et al., 2006; Zhao,
2006; He et al., 2009). Moreover, some age data are geologically
implausible and contradict the basic geological features of these
deposits, as discussed in what follows. As a result, we suggest that
a comprehensive consideration of ore-bearing horizon, ore-con-
trolling structure and isotope chronologic data is the key to accu-
rately constrain the ages of these deposits. The mineralization
ages of the Cu-Ag and Pb-Zn-Ag (+Cu) polymetallic deposits are
discussed in more detail below.

6.1. Ages of western thrust-controlled Cenozoic Cu-Ag polymetallic
deposits

A series of Cu-Ag polymetallic deposits controlled by the wes-
tern thrust-nappe system and secondary structures occur in the
northwestern Lanping basin, including the Jinman Cu deposit, the
Liancheng Cu-Mo deposit, and the Baiyangping Cu-Ag-Co ore belt

Sm and Nd isotope composition for calcites associated with sulfides from the Jinman deposit.

Sample no. Analyzed phase Sm/ppm Nd/ppm 1475 m /1 44Nd 143Nd/"“Nd (26-mean)
JM-3 Calcite 9.70 20.29 0.2892 0.512239+10

JM-6 Calcite 3.83 6.00 0.3856 0.512274 + 48

JM-17 Calcite 7.01 13.60 0.3116 0.512246 + 21

JM-40 Calcite 4.88 18.45 0.1599 0.512189 + 36

JM-41 Calcite 5.87 18.20 0.1950 0.512202 + 11

JM-43 Calcite 6.95 19.28 0.2180 0.512212+11

JMC-1 Calcite 15.91 62.61 0.1536 0.512187 £ 19

JMC-4 Calcite 27.31 88.44 0.1867 0.512197 £ 32

09]M-10 Calcite 9.60 43.87 0.1323 0.512179+8
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Fig. 8. The 1/Nd vs. '**Nd/'#4Nd plot for the calcites from the Jinman deposit.
Table 3

Re and Os isotope composition for molybdenite from the Liancheng deposit.

Sample no. Analyzed phase Total Re (ppm) 187Re (ppm) 18705 (ppb) Model age (Ma)

LC11-11 Molybdenite 159.0 (2.2) 99.9 (1.4) 80.6 (0.7) 48.4 (0.9)
LC03-4 Molybdenite 51.2 (0.4) 32.2(0.3) 26.8 (0.2) 499 (0.7)
LC02-1 Molybdenite 32.9(0.3) 20.7 (0.2) 17.6 (0.2) 51.0 (0.8)
09EN-7 Molybdenite 283 (0.3) 17.8 (0.2) 14.8 (0.1) 49.8 (0.8)
LC11-14 Molybdenite 622 (0.6) 39.1 (0.4) 31.6 (0.3) 48.4(0.7)

100 sulfide from the Jinman deposit using the “°Ar-2°Ar fast-neutron

Molybdenite samples, Liancheng deposit activation dating technique, and acquired a well-defined plateau

age of 56.7 £ 1.0 Ma and an isochron age of 56.8 £+ 0.7 Ma. With

so the same dating method, Liu et al. (2003) acquired a plateau age

of 58.1 £ 0.5 Ma and an isochron age of 54.3 + 0.1 Ma on similar

quartz samples. Considering that the quartz samples coexist with

- copper-bearing sulfide and their ages are consistent, we believe

B that these ages are reliable. These “°Ar-3°Ar ages are nearly identi-

Eﬂ cal to the Sm-Nd isochron age obtained in this study. Therefore, we

et suggest that these two sets of age data are reliable and represent

ESD 4ar the main mineralization age of the Jinman Cu-Ag deposit. The

younger sericite Ar-Ar age (36.8 = 0.8 Ma; Wang et al., 2005) and

conventional K-Ar ages (47.2-35.4 Ma; Bi and Mo, 2004; Zhao,

207F s TR S 2006) on hydrothermal illite from the altered wall rocks can be
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0 rocks in the Lanping basin (e.g. Zhuopan intrusive, Huanglianpu
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Fig. 9. The Re-Os isochron for molybdenites from the Liancheng deposit.

(Fig. 2 and Table 1; Chen et al., 2000, 2004; Zhao, 2006; Hou et al.,
2006; He et al., 2009). Thus, the mineralization should occur during
or immediately after thrust-nappe deformation in the western
Lanping basin, and definitely after deposition of the strata involved
in the system (Zhao, 2006; He et al., 2009).

The Upper Paleocene Yunlong Formation (Eqy) is regionally in-
volved in the western thrust-nappe system, and is unconformably
overlain by Eocene strata (Fig. 2; Xue et al., 2007; Wang, 2010).
Therefore, the Cu-Ag polymetallic mineralization should postdate
the deposition of the Yunlong Formation (E;y) (ca. 56 Ma at the
end of the Paleocene; Mu et al., 1999; He et al., 2009; Wang, 2010).

At Jinman, the correlation coefficient for the Rb-Sr isochron age
of the fluid inclusions in quartz (66.8 Ma, Li, 2001) is low (0.776)
and, thus, most likely represents an “errorchron”. In addition, Xu
et al. (2004) analyzed quartz coexisting with copper-bearing

intrusive, and Weishan intrusive; with Ar-Ar ages of 46.5 Ma,
36.7 Ma, and 38.8 Ma, Dong et al., 2005).

These radiometric age data (Table 4), combined with ore-con-
trolling structure and ore-bearing horizon information (Table 1),
indicate that the main Cu-Ag mineralization of the Jinman deposit
took place at ca. 56-54 Ma, corresponding to the main-collisional
stage of the Indo-Asian collision orogeny (Hou et al., 2006, 2007).
Possibly, there was a remobilization or a new phase of Cu mineral-
ization in the duration from 35 to 47 Ma.

In the Liancheng deposit, the molybdenite Re-Os isochron age
(47.8 £ 1.8 Ma) is consistent with the model ages (51.0+0.8 to
48.4 £ 0.9 Ma) within the error limits, although the MSWD of 7.2
is slightly high. The most plausible explanation is that the mineral-
ization in the Liancheng Cu-Mo deposit happened within the dura-
tion from 51 to 48 Ma, which corresponds to the main-collisional
stage of the Indo-Asian collision orogeny (Hou et al., 2006, 2007).

Quartz °Ar-3°Ar dating from the Baiyangping Cu-Ag-Co ore
belt gave an age of 56.5 + 0.4 Ma (He et al., 2004). However, this
age is geologically implausible, because the mineralization partly
occurs within the Upper Paleocene strata (E;y). Moreover, a de-
tailed field investigation (Zhao, 2006) revealed that only a few
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Table 4

Summary of age data of the economically significant deposits in the Lanping foreland fold belt.
Ore Deposit Economic metal Analyzed phase Method Age (Ma) Reference
belt
West  Jinman Cu, Ag Fluid inclusions in quartz intergrown with Cu-bearing sulfide ~ “°Ar-3°Ar 543 +0.2 Liu et al. (2003)
West  Jinman Cu, Ag Fluid inclusions in quartz intergrown with Cu-bearing sulfide ~ “°Ar-*°Ar 56.8 +0.7 Xu et al. (2004)
West  Jinman Cu, Ag Sericite from altered wall rock 40Ar-39Ar 36.8+0.8 Wang et al. (2005)
West  Jinman Cu, Ag Illite from altered wall rock K/Ar 46.7 £0.7 Bi and Mo (2004)
West  Jinman Cu, Ag Illite from altered wall rock K/Ar 47.2+0.537.0£0.4 Zhao (2006)

354+0341.0+03

West  Jinman Cu, Ag Calcite intergrown with Cu-bearing sulfide Sm-Nd 582+53 This study
West  Liancheng Cu, Mo Molybdenite Re-Os 487+1.8 This study
West  Baiyangping Cu, Ag, Pb, Zn Fluid inclusions in quartz 40Ar-40Ar 56.5+0.4 He et al. (2004)
West  Baiyangping Cu, Ag, Pb, Zn Calcite Sm-Nd 299+1.1 Wang et al. (2011)
West  Baiyangping Cu, Ag, Pb, Zn Sphalerite Rb-Sr 28.9+0.6 Wang et al. (2011)
East  Jinding Pb, Zn, Sr Pyrite from Jinding ore district Re-0Os 72+4 Xue et al. (2003)
East  Jinding Pb, Zn, Sr Bitumen from Jinding ore district Re-Os 68+5 Wang et al. (2011)
East  Jinding Pb, Zn, Sr Apatite from orebody bottom Fission track 28.7+2.8 Li and Song (2006)
East  Jinding Pb, Zn, Sr Apatite from eastern orebody Fission track 21.0+3.8 Li and Song (2006)
East  Jinding Pb, Zn, Sr Apatite from orebody roof Fission track 32.1%5.1 Li and Song (2006)
East Sanshan Pb, Zn, Ag, Cu Apatite from orebody Fission track 19.9+2.3 Li and Song (2006)

5 Mineralization age of the Cu deposits
Age of the hydrothermal activity in the western thrust system
Xl The apatite fission track ages of the Pb-Zn deposits
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Fig. 10. The relationship between the episodic mineralization events and the overall geodynamic setting in the eastern Indo-Asian collision zone.

quartz veins occurred in the Baiyangping ore belt, which showed
no genetic relationship with mineralization. Thus, it is possible that
the dated quartz samples from Baiyangping are protoliths.

Possibly, the Sm-Nd isochron age data (29.9 + 1.1 Ma) on ore-
bearing calcite and the Rb-Sr isochron age (28.9 + 0.6 Ma) of coex-
isting sphalerite reported by Wang et al. (2011) from the Baiyang-
ping ore belt can be interpreted as the main mineralization age,
roughly corresponding to the late-collisional stage of the Indo-
Asian collision orogeny (Fig. 10, Hou et al., 2006, 2007).

6.2. Ages of eastern thrust-controlled Cenozoic Pb-Zn-Ag (+ Cu)
deposits

Controlled by the eastern thrust-nappe system, a large number
of epithermal Pb-Zn-Ag (+Cu) deposits occur in the eastern Lan-
ping basin, including the giant Jinding Pb-Zn, and Sanshan Ag-
Pb-Zn deposits (Table 1; Chen et al., 2000; Hou et al., 2006; He
et al.,, 2009). Comprehensive geochronological studies of these
Pb-Zn-Ag (+Cu) deposits, using Re-Os and apatite fission track
methods, were published by Xue et al. (2003), Li and Song

(2006), and Gao et al. (2012). Ore pyrite from the giant Jinding de-
posit gave an age of 72 + 4 Ma using the Re-Os method (Xue et al.,
2003). Bitumen hosted in the breccia-bearing sandstones of the
Upper PaleoceneYunlong Formation in the Jinding deposit gave a
Re-Os isochron age of 68 +5Ma (MSWD =9.2, n=6; Gao et al,
2012). However, these ages are geologically implausible because
the mineralization of these deposits partially occurs within the
Paleocene (E;y) and Upper Eocene strata (E;b) (Table 1; Xue
et al., 2007; He et al., 2009). Moreover, the Pb-Zn-Ag (+Cu) depos-
its are controlled by the eastern thrust-nappe system and its sec-
ondary structures (Hou et al., 2006; Xue et al., 2007; He et al,,
2009). Therefore, the mineralization should postdate thrusting in
the eastern Lanping basin, and certainly postdate the strata in-
volved in the thrust-nappe system. The Upper Eocene Baoxiangsi
Formation (E;b) stratum is regionally involved in the eastern
thrust-nappe system, which is unconformably overlain by Oligo-
cene strata (Fig. 2; Mu et al,, 1999; He et al., 2009; Wang, 2010).
This suggests that the mineralization probably happened after
deposition of the E,b stratum (~37 Ma; Zhao, 2006; He et al,,
2009).
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As has been discussed, the accurate timing and duration of the
Pb-Zn-Ag (+Cu) mineralization in the eastern Lanping basin still
remain as unsolved problems. However, the age data
(21.0 £ 3.8 Ma to 32.1 +5.1 Ma, apatite fission track method) re-
ported by Li and Song (2006) may suggest some constraints on
the mineralization ages of these Pb-Zn-Ag (+Cu) deposits
(Fig. 10). Generally, apatite fission track ages could be related to
any thermal event in such an orogenic context. However, the apa-
tite samples are taken from the ore bodies of these Pb-Zn-Ag (+Cu)
deposits in the eastern Lanping basin, and the closure temperature
of apatite fission tracks (~110 °C) (Li and Song, 2006) is close to the
mineralization temperatures of these deposits (mainly between
110 and 180 °C; Zhao, 2006; Xue et al., 2007). Therefore, we sug-
gest that these fission track ages possibly represent the mineraliza-
tion ages, at least for the periods of hydrothermal activity.

On the basis of a comprehensive consideration of ore-bearing
horizon, ore-controlling structure, and isotope chronological data,
we propose that: (1) the main metallogenic stages of Cu-Ag min-
eralization in the western Lanping basin are at ca. 56-54, 51-48,
and 31-29 Ma, corresponding to the main- and late-collisional
stages of the Indo-Asian collision orogeny. A Cu remobilization or
a new phase of Cu mineralization in the Jinman deposit is posited
from 35 to 47 Ma, because K-Ar and °Ar->°Ar ages show signifi-
cant hydrothermal activity at that time (Fig. 10); and (2) although
the Pb-Zn-Ag (+Cu) mineralization in the eastern Lanping basin
has not been dated directly with precision, apatite fission track
ages (21.0 £ 3.8 Ma to 32.1 £ 5.1 Ma, corresponding to the late-col-
lisional stage of the Indo-Asian collision orogeny), offer a possible
constraint.

7. Conclusions

1. The Cu-Ag mineralization in the western Lanping basin mainly
occurs in three episodes (i.e., ~56-54, 48, and 31-29 Ma), cor-
responding to the main- and late-collisional stages of the
Indo-Asian collision orogeny.

2. The mineralization ages of Pb-Zn-Ag (+Cu) deposits controlled
by the eastern thrust-nappe system are probably younger than
37 Ma, possibly corresponding to the late-collisional stage of
the Indo-Asian collision orogeny. However, more work is neces-
sary to precisely constrain the ages of ore deposits in the east-
ern Lanping basin.

3. The main Cu-Ag mineralization controlled by the western
thrust-nappe system in the western Lanping basin probably
predates the Pb-Zn-Ag (+Cu) mineralization in the eastern Lan-
ping basin.
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