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The Anle Zn–Pb deposit, hosted byUpper Cambrian dolostone, is located in the southern Songpan–Ganzi Block in
southwest China. In this deposit, ore bodies occur as stratiform lenses and consist of galena, sphalerite and pyrite
as ore minerals, and quartz, dolomite and calcite as gangue minerals. The mineralization shows mainly vein,
banded and brecciated structures. Four ore bodies have been found in the Anle deposit, with a combined 2.0 mil-
lion tonnes (Mt) of sulfide ores at average grades of 1.64 wt.% Pb, 6.64 wt.% Zn and 45 g/t Ag. Brown, brownish-
yellow and yellow sphalerite samples have δ66Zn values ranging from+0.08 to+0.10‰ (average+ 0.09‰, n=
3),+0.12 to+0.38‰ (average+ 0.24‰, n=8) and+0.40 to+0.50‰ (average+ 0.46‰, n=3), respectively.
We interpret the progressively heavier Zn isotopes from brown to yellow sphalerite as being led by kinetic
Raleigh fractional crystallization. Calcite samples have δ13CPDB and δ18OSMOW values ranging from −4.8 to
−0.2‰ (average −1.7‰, n = 7) and +17.9 to +21.4‰ (average +19.6‰, n = 7), respectively. Whole-rock
δ13CPDB and δ18OSMOW values of the Cambrian ore-hosting dolostone range from +0.1 to +1.1‰ (average
+0.6‰, n = 3) and +23.2 to +24.1‰ (average +23.6‰, n = 3), respectively. This suggests that carbon in
the ore-forming fluids was provided by the host dolostone through carbonate dissolution. δ34SCDT values of
sulfide samples range between −1.3‰ and +17.8‰ with an average value of +6.3‰ (n = 25), lower than
evaporites (such as barite +19.8‰) in the overlaying Lower Ordovician sedimentary strata. The data suggest
that sulfur in the hydrothermal fluids were derived from evaporites by thermo-chemical sulfate reduction
(TSR). 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios for sulfide minerals range from 17.63 to 17.86, 15.58 to
15.69 and 37.62 to 37.95, respectively. The data are similar to those of the age-corrected Cambrian ore-hosting
dolostone (206Pb/204Pb = 17.70–17.98, 207Pb/204Pb = 15.58–15.65 and 208Pb/204Pb = 37.67–38.06), but lower
than those of age-corrected Ordovician sandstone and slate (206Pb/204Pb = 18.54–19.58, 207Pb/204Pb = 15.73–
15.81 and 208Pb/204Pb=38.44–39.60). This indicates that ore Pbwasmost likely to bederived from theCambrian
ore-hosting dolostone. Therefore, our new geological and isotopic evidence suggests that the Anle Zn–Pb deposit
is best classified to be an epigenetic carbonate-hosted Mississippi Valley-type (MVT) deposit.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The Sanjiang (three rivers in Chinese: Jinshajiang, Lancangjiang and
Nujiang) tectonic belt in southwestern China, extending for more than
1500 km, is an important polymetallic metallogenic belt with abundant
Cu–Mo–(Au) and Pb–Zn–Ag deposits in the Eastern India–Eurasia colli-
sion zone (e.g., Hou et al., 2007; Hou and Cook, 2009). The Anle Zn–Pb
deposit is located in the eastern section of the Songpan–Ganzi Block,
in the mid-northern part of the Sanjiang metallogenic belt (Fig. 1A).
The Songpan–Ganzi Block is situated between the Yangtze Block to
the east and the Lanping–Simao basin to the west (Fig. 1A). Studies
indicate that the main deformation process of the Songpan–Ganzi fold
belt occurred during the Late Triassic (e.g., Chang, 2000; Xu et al.,
1992). More than 400 carbonate-hosted Pb–Zn deposits have been
found in thewestern Yangtze Block (Liu and Lin, 1999), and they consti-
tute the famous Sichuan–Yunnan–Guizhou (SYG) Pb–Zn metallogenic
province (Huang et al., 2010; Zhou et al., 2013a, 2014a, 2015). Among
these deposits, there are many large scale (N1 Mt Pb + Zn metal re-
serves) Pb–Zn deposits, such as the Huize Zn–Pb–Ge (Han et al., 2007;
Huang et al., 2010; Zhou et al., 2001), Daliangzi Zn–Pb–Cd (Zheng and
Wang, 1991) and Tianbaoshan Zn–Pb deposits (Zhou et al., 2013b).
There are also many famous sediment-hosted Pb–Zn deposits in the
Lanping–Simao basin, including the world-class (N10 Mt Pb + Zn)
Jinding Pb–Zn deposit (Tang et al., 2014; Xue et al., 2007) and the
large scale Baiyangping Pb–Zn deposit (Zhang et al., 2013). However,
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Fig. 1. A: Map showing the tectonic setting of the Anle Zn–Pb deposit district; B: Regional map of the Anle Zn–Pb deposit showing faults, folds, lithologies and deposits.
Modified from Wang et al. (2011).
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in the southern part of the Songpan–Ganzi Block, no large scale
sediment-hosted Pb–Zn deposits were reported (Wang et al., 2011).

The Anle Zn–Pb deposit has beenmined since 1736AD (theQing dy-
nasty Qianlong Period), and by then extraction of Ag was given priority
over othermetals. This deposit containsmore than 2.0Mt of sulfide ores
with an average grade of 1.64wt.% Pb, 6.64wt.% Zn and 45 g/t Ag (Wang
et al., 2011). Ore deposit geology and fluid inclusion geochemistry indi-
cate that the Anle Pb–Zn deposit is different frommany Zn–Pb deposits
in the western Yangtze Block (SYG-type, Li et al., 2015; Zhou et al.,
2013c, 2014b) and the Lanping–Simao basin (Jinding-type, Tang et al.,
2014; Wang et al., 2014; Xue et al., 2007), but similar to other
carbonate-hosted Pb–Zn deposits (Mississippi Valley-type) in the
southern Songpan–Ganzi Block (Wang et al., 2011), as evidenced by:
(i) ore bodies are hosted in Upper Cambrian dolostone, (ii) Zn–Pb
mineralization occurs within the Anle anticline, (iii) simple mineral
assemblage and wall rock alteration, (iv) evaporites are common in
Lower Ordovician Shiniangluo Formation sandstone, (v) organic
matter is abundant in Middle Cambrian shale, and (vi) ore-forming
fluids have medium–high temperatures (130–370 °C) and low salinities
(3.0–12.8 wt.% eq. NaCl). However, despite the fluid inclusion
geochemical work done by Wang et al. (2011), there are still many un-
known aspects regarding the source of ore-forming fluids and metals,
ore genesis and geodynamic setting of the Anle Zn–Pb deposit.

C–O and S isotopes have beenwidely used to constrain the source of
the ore-forming fluids (e.g., Basuki et al., 2008; Huang et al., 2003, 2010;
Ohmoto and Goldhaber, 1997; Palinkaš et al., 2013; Pašava et al., 2014;
Zhou et al., 2013d, 2014b), and Pb isotopes are useful for tracing the or-
igin of the ore-forming metals for carbonate-hosted sulfide deposits
(e.g., Carr et al., 1995; Gromek et al., 2012; Mirnejad et al., 2011; Pass
et al., 2014; Xue et al., 2007; Zhou et al., 2013e, 2016). In addition, Zn
isotopes have recently been used for understanding the geochemical
process of Zn extraction, transportation and deposition in hydrothermal
systems (e.g., Chen et al., 2013; Fujii et al., 2011; Gagnevin et al., 2012;
John et al., 2008; Kelley et al., 2009; Mason et al., 2005; Pašava et al.,
2014; Toutain et al., 2008; Wilkinson et al., 2005; Zhou et al., 2014a,
2014b). In this paper, we describe the Anle Zn–Pb ore deposit geology
and report new C–O isotopic data of hydrothermal calcite and the ore-
hosting dolostone whole-rock, S- and Zn isotopic data of sulfide min-
erals, and Pb isotopic data of wall rocks and sulfides. This new dataset,
together with the previously published data of fluid inclusions in
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hydrothermal quartz (Wang et al., 2011), are used to understand
the source of the ore-forming fluids and metals and the ore-forming
process of the Anle Zn–Pb deposit. These results are also used to
discuss the causes of the fractionation of Zn isotopes during Pb–Zn
mineralization.
2. Regional geology

The Songpan–Ganzi Block is bounded by the Yangtze Block to the
east and the Sanjiang fold belt to the west (Fig. 1A). In the southern
Songpan–Ganzi Block, the Precambrian Shigu Group represents the Pro-
terozoic basement (Fig. 1B), which consists of schist, phyllite and volca-
nic rocks. These rocks are unconformably overlain by shallow marine
Paleozoic and Lower Mesozoic sequence (Fig. 1B). The Cambrian strata
are composed of dolostone interbedded with slate. The overlying Ordo-
vician sequence consists of sandstone inter-bedded with dolostone and
slate, which in turn, are overlain by Silurian limestone and dolostone
inter-bedded with sandstone. Devonian rocks, including slate, sand-
stone, limestone and dolostone, are overlain by Carboniferous lime-
stone. Permian rocks include basalts, whereas Triassic rocks include
slate inter-bedded with limestone, basalt and tuff (Fig. 1B). It is worth
mentioning that the Middle Permian Emeishan large igneous province
(LIP) flood basalts (ca. 260 Ma; Zhou et al., 2002) occur in the southern
Songpan–Ganzi Block. Evaporites and carbonaceous sediments are
common in the Cambrian to Triassic strata (Wang et al., 2011).
Cenozoic rocks are composed entirely of terrigenous sediments.
Major structures consist of NW-trending faults and folds, such as
the Tuoding–Kaiwen and Zhongdian faults and the Anle anticline,
whereas younger NE- or EW-trending faults crosscut these major
structures (Fig. 1B). The Anle Zn–Pb deposit occurs in the NW-
limb of the Anle anticline and is hosted by Upper Cambrian
dolostone. The deposit is the largest carbonate-hosted Pb–Zn deposit
in the southern Songpan–Ganzi Block, Shangri-La County, northwestern
Yunnan Province (Fig. 1B).
Fig. 2. Geological map of the Anle Zn–Pb deposit showing the litholo
Modified from Wang et al. (2011).
3. Geology of the Anle deposit

3.1. Stratigraphy

In the Anle Zn–Pb deposit area, the exposed strata include
Middle to Upper Cambrian and Lower Ordovician sedimentary
rocks, and Quaternary colluviums (Fig. 2). Middle Cambrian rocks
mainly consist of dolostone inter-layered with slate, and are over-
lain by Upper Cambrian dolostone. Overlying the Upper Cambrian
rocks are slate and sandstone of the Lower Ordovician Shiniangluo
Formation. The Shiniangluo Formation can be divided into two sec-
tions: Slate in the lower section and sandstone in the upper section.
Zn–Pb–Ag mineralization in the Anle deposit is hosted by Upper
Cambrian dolostone (Figs. 2 and 3). The Quaternary sediments con-
sist of sand, gravel and clay.

3.2. Structure

Folded Middle–Upper Cambrian and Lower Ordovician sedimen-
tary rocks form the NW-trending Anle anticline (Fig. 2). The Middle
Cambrian dolostone and slate occur at the core of the Anle anticline,
and the Upper Cambrian and Lower Ordovician dolostone, slate and
sandstone form the flanks. This anticline extends for 7 km in length
and is about 4 km wide. The limbs of the Anle anticline dip between
20° and 22° in the northeast, and from 40° to 48° in the southwest.
Major faults in the Anle deposit are not developed and only a few
small faults in the Eastern District are present (Fig. 2). The Anle de-
posit is associated with the Anle anticline and occurs in its south-
western wing (Fig. 3).

3.3. Ore bodies

Four ore bodies occurring as strata-bound lenses have been found in
the Anle deposit (Wang et al., 2011), of which I and II ore bodies are the
gies, faults, folds, exploration lines and projections of ore bodies.



Fig. 3. Exploration lines L1 (A) and L4 (B) cross-sections of the Anle Zn–Pb deposit showing the drilling, ore bodies and host rock lithologies.
Modified from Wang et al. (2011).
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two largest (Figs. 2 and 3). Ore body I occurs in Upper Cambrian
dolostone between 2555 m and 2650 m levels. This ore body is 500 m
long, 165 m wide and 2.3 m to 30.6 m thick with dip angles between
36° and 51°, and contains 0.97 Mt of sulfide ore at grades of 0.59 to
4.81 wt.% (average 1.64 wt.%) Pb, 3.68 to 11.65 wt.% (average
6.64 wt.%) Zn, and 5 to 155 g/t (average 55 g/t) Ag. Ore body II also
occurs in the Upper Cambrian dolostone, but at 2560 m to 2730 m
levels. This ore body is 560 m in length, 150 m in depth and
1.89 m to 32.2 m in thickness with dip angles from 50° to 56°, and
contains 1.22 Mt of sulfide ore at grades of 0.09 to 1.99 wt.%
(average 0.95 wt.%) Pb, 2.04 to 10.56 wt.% (average 5.11 wt.%) Zn,
and 2 to 105 g/t (average 35 g/t) Ag.

3.4. Texture and structure

Ore minerals mainly consist of galena, sphalerite and pyrite. Gangue
minerals include mainly quartz and calcite. These minerals formed
simple mineral assemblages, including sphalerite + galena+ quartz ±
calcite (Fig. 4A, E, F, I) and pyrite + sphalerite + galena + calcite ±
dolomite (Fig. 4B, C, D, G, H, J, K, L). Ores have mainly vein (Fig. 4A, B,



Fig. 4.Mineral assemblage and textures of sulfide ore in the Anle Zn–Pb deposit. A: quartz (Qtz) situated between sphalerite (Sph)–galena (Gal) vein and dolostone (Dol); B: disseminate
pyrite (Py) in residual Dol that is enclosed in massive Sph–Gal aggregate; C: Pb–Zn vein in massive Py aggregate; D: Sph–Gal veinlet in massive Py aggregate; E: Sph–Gal vein filling in
brecciated Dol; F: Sph–Gal vein and Qtz vein in Dol. G: Sph–Gal–Py vein in silicate dolostone; H: Sph–Gal–Py vein in Dol; I: Sph coexisting with Gal and Qtz occurring as veined aggregate
in Dol; J: metasomatic Sph in Py; K: eutectic boundaries among Sph, Py and Gal; L: early stage Py enclosed in pressure shadow Gal that coexist with late stage Py and Sph.
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C, D, F, H), banded (Fig. 4G) and brecciated (Fig. 4E, I) structures, and
metasomatic (Fig. 4J), annealing boundary (Fig. 4K), and pressure shad-
ow (Fig. 4L) textures. Different minerals show various textures and
structures in different ores. For example, in banded ores (Fig. 4G),
galena forms aggregates of fine-grained (0.03–0.10mm) anhedral crys-
tals (Fig. 4K). Sphalerite is enclosed in galena with anhedral crystal
(Fig. 4K). In brecciated ores, galena forms aggregate of fine-
grained (0.01–0.04 mm) euhedral crystals (Fig. 4L). In many places,
sphalerite co-exists with euhedral galena (Fig. 4L). In addition, sim-
ilar to other carbonate-hosted Zn–Pb deposits in southwest China,
sphalerite in the Anle deposit also shows three main colors due to
varying contents of minor elements (such as Fe and Cd) (e.g., Ye
et al., 2011; Zhou et al., 2014a), including brown, brownish-yellow
and yellow (Fig. 4I). Brown sphalerite often formed in the early
stage at relatively high temperatures, and has high contents of Fe
and other elements as ionic substitution of Zn, while yellow sphalerite
commonly precipitated in the final stage at relatively low temperatures
with lower contents of other elements than Zn (e.g., Pašava et al., 2014;
Ye et al., 2011; Zhou et al., 2014a).

3.5. Mineral paragenesis

Ore-forming processes of the Anle Zn–Pb deposit include hydrother-
mal and supergene oxidizing two stages. Based on crosscutting, over-
growth and replacement relationships, the hydrothermal stage is
divided into the sulfide + quartz + calcite and the quartz + calcite ±
dolomite sub-stages. The former sub-stage is the main economic stage
and has ore mineral assemblages of sphalerite + galena and pyrite +
sphalerite + galena (Fig. 4). Sphalerite has variable colors, including
brown, brownish-yellow and yellow (Fig. 4I). In general, brown sphal-
erite formed earlier than yellow sphalerite (e.g., Ye et al., 2011; Zhou
et al., 2014a), whereas brownish-yellow sphalerite can be formed dur-
ing the entire sulfidemineralization process. In the Anle deposit, yellow
sphalerite always occurs as vein and distributes along the boundary



Table 1
Mineral paragenesis of the Anle Zn-Pb deposit.

Period Hydrothermal Supergene

Stage Sulfide + quartz +
calcite

Quartz + calcite ±
dolomite

Oxidized minerals

Pyrite
Sphalerite
Galena
Quartz
Calcite
Dolomite
Smithsonite
Limonite
Cerusite

less, more.
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between brown sphalerite and quartz (Fig. 4I), suggesting that yellow
sphalerite formed later than brown sphalerite. Mineral paragenesis is
shown in Table 1.

3.6. Wall rock alteration

Wall rock alteration is characterized by pyritic, siliceous, ferruginous
and carbonate minerals (Wang et al., 2011). Pyritic (pyrite) alteration
usually occurs in sandstone of the Shiniangluo Formation. Siliceous
(quartz) alteration isweak in slate of the Shiniangluo Formation,whereas
it is better developed in the Upper Cambrian dolostone (Fig. 4G). Ferrugi-
nous (limonite) and carbonates (calcite and dolomite) alterations are
commonly associatedwith Pb–Znmineralization in the Anle deposit area.

4. Samples and analytical methods

Representative sulfide ores andwall rocks hand specimens fromdrill
cores and subsurface were collected. Samples were crushed, and sphal-
erite (brown, brownish-yellow and yellow), pyrite, galena and calcite
separates were handpicked from these specimens using a binocular
microscope for S, Zn and Pb, and C–O isotope analyses, respectively. In
addition, dolostone, and sandstone and slate whole-rock samples
were collected for C–O and Pb isotope analyses, respectively.

4.1. C–O isotope analysis

δ13C and δ18O values were obtained using a FinniganMAT-253mass
spectrometer at the State Key Laboratory of Environmental Geochemis-
try, Chinese Academy of Sciences. Hydrothermal calcite separates and
dolostone whole-rock samples were reacted with pure phosphoric
acid to produce CO2. The analytical precisions (2σ) are ±0.3‰ for
δ13C value and±0.6‰ for δ18O value. C–O isotopic compositions are re-
ported relative to the Vienna Pee Dee Belemnite (V-PDB). δ18OSMOW =
1.03086 × δ18OPDB + 30.86 (Friedman and O'Neil, 1977).

4.2. S isotope analysis

Sulfur isotope analysis was undertaken at the State Key Laboratory
of Environmental Geochemistry, Chinese Academy of Sciences, by
using a continuous flow isotope ratio mass spectrometer. Chinese
GBW 04415 and GBW 04414 Ag2S were used as external standards
and the Vienna Canyon Diablo Troilite (V-CDT) as reference standard,
with an analytical precision of ±0.3‰ (2σ) for δ34S value.

4.3. Zn isotope analysis

Sphalerite grains were digested in HCl and then taken up in 6 N
HCl + 0.001% H2O2. Zn was extracted from matrix using ion exchange
chromatography (Tang et al., 2006), a modified procedure from that
described by Maréchal et al. (1999). H2O used in the experiment was
purified using the Milli-Q system, with electric resistance of 18.2 MΩ.
HCl was purified by sub-boiling distillation and the purification of all re-
agents was completed in an ultra-clean laboratory. Zinc isotope analysis
was carried out using a Nu Plasma high resolution multi-collector in-
ductively coupled plasma mass spectrometry (HR MC-ICP-MS) at Key
Laboratory of Isotope Geology, Ministry of Land and Resources, Institute
of Geology, Chinese Academy of Geological Sciences (Li et al., 2008;
Zhou et al., 2014a, 2014b). Mass discrimination effects were corrected
using a combined sample-standard bracketing and inter-element cor-
rection procedure (Li et al., 2008; Zhu et al., 2000, 2002). Accuracy
and reproducibility was assessed by replicate analyses of the interna-
tional standard BCR-2 (basalt), which yielded an average δ66Zn value
of 0.29± 0.04‰ (2σ, n=8), within errors in agreementwith previous-
ly published by Zhou et al. (2014a, 2014b). Samples AL-08-57-2 and AL-
08-79-2 (brown–yellow sphalerite) were used for procedural repeats.
Each result is the average value overN number of repeats, and all results
are reported relative to the Lyon JMC 3-0749L Zn standard (Maréchal
et al., 1999).
4.4. Pb isotope analysis

Pb isotope analysis was carried out using a GV Isoprobe-T thermal
ionizationmass spectrometer (TIMS) at the Beijing Institute of Uranium
Geology. The analytical procedure involved dissolution of samples using
HF andHClO4 in crucibles, followed by basic anion exchange resin to pu-
rify Pb. Analytical results for the standard NBS 981 are 206Pb/204Pb =
16.935 ± 0.003 (2σ, n = 8), 207Pb/204Pb = 15.456 ± 0.003 (2σ, n =
8) and 208Pb/204Pb = 36.613 ± 0.004 (2σ, n = 8).
5. Analytical results

5.1. C–O isotopic composition

δ13CPDB and δ18OSMOW values of hydrothermal calcite and the ore-
hosting dolostone whole-rock samples are listed in Table 2 and shown
in Fig. 5. Calcite has δ13CPDB and δ18OSMOW values ranging from
−4.8‰ to −0.2‰ (average −1.7‰, n = 7) and +17.9‰ to +21.4‰
(average +19.6‰, n = 7), respectively. δ13CPDB and δ18OSMOW values
of dolostone range from +0.1‰ to +1.1‰ (average +0.6‰, n = 3)
and +23.2‰ to +24.1‰ (average +23.6‰, n = 3), respectively. The
Upper Cambrian ore-hosting dolostone has higher δ13CPDB and
δ18OSMOW values than those of calcite associated to sulfide ores (Fig. 5).
5.2. Sulfur isotopic composition

δ34SCDT values of sulfides and barite are given in Table 3 and shown
in Fig. 6. δ34SCDT values of sulfides between −1.3‰ and +17.8‰ with
an average value of +6.3‰ (n= 25). Pyrite has δ34SCDT values ranging
from+10.6‰ to+17.8‰ (average+13.6‰, n=4). The δ34SCDT values
of sphalerite range from−1.3‰ to+7.7‰ (average+4.7‰, n=12), of
which three brown sphalerite samples have δ34SCDT values ranging from
−1.3‰ to +7.3‰ (average +3.1‰) and nine brownish-yellow sphal-
erite samples have δ34SCDT values ranging from +3.5‰ to +7.7‰
(average +5.2‰). Galena has δ34SCDT values ranging from +2.5‰ to
+10.1‰ (average +5.1‰, n = 9). One barite separate from the
Lower Ordovician strata has δ34SCDT value of +19.8‰. The δ34S values
of pyrite are significantly higher than those of sphalerite and galena,
but sphalerite has lower δ34S values lower those of galena despite
some overlapping (Fig. 6B). However, in the same sample (AL-08-57;
Fig. 6C), sphalerite (AL-08-57-2) has higher δ34S value than galena
(AL-08-57-3). In addition, the entire sulfide samples have lower δ34S
values than that of barite (Fig. 6A, B). In addition, the δ34S values of
brown sphalerite are lower than those of brownish-yellow sphalerite
despite some overlapping (Table 3; Fig. 6C).



Table 2
δ13CPDB and δ18OSMOW values of calcite separate and dolostone in the Anle deposit.

No. Mineral assemblage Mineral/rock δ13CPDB/‰ δ18OSMOW/‰ Source

AL-08-11-4 Sphalerite–galena–calcite Calcite −1.4 +18.8 This paper
AL-08-19-4 Sphalerite–galena–calcite Calcite −1.5 +18.2
AL-08-21-4 Sphalerite–galena–calcite Calcite −0.6 +20.0
AL-08-22-4 Sphalerite–galena–quartz–calcite Calcite −2.5 +19.8
AL-08-79-4 Sphalerite–quartz–calcite Calcite −0.2 +21.4
AL-08-80-4 Sphalerite–galena–quartz–calcite Calcite −0.6 +21.0
AL-08-105-4 Sphalerite–galena–pyrite quartz–calcite Calcite −4.8 +17.9
AL-08-82 Dolostone of Upper Cambrian Dolostone +0.1 +23.2
AL-08-85 Dolostone of Upper Cambrian Dolostone +0.5 +24.1
YCG-08-7 Dolostone of Upper Cambrian Dolostone +1.1 +23.6

δ18OSMOW = 1.03086 × δ18OPDB + 30.86 (Friedman and O'Neil, 1977).
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5.3. Zinc isotopic composition

δ66Zn values of sphalerite from the Anle deposit are listed in Table 4
and shown in Fig. 7. Sphalerite from the Anle deposit yields δ66Zn values
ranging from+0.08‰ to +0.50‰, with an arithmetic average value of
+0.25‰ and a weighted average value of +0.23 ± 0.08‰ (n = 14).
Brown, brownish-yellow and yellow sphalerite has δ66Zn values rang-
ing from +0.08‰ to +0.10‰ (average +0.09‰, n = 3), +0.12‰ to
+0.38‰ (average +0.24‰, n = 8) and +0.40‰ to +0.50‰ (average
+0.46‰, n=3), respectively. Yellow sphalerite has higher δ66Zn values
than those of brown and brownish-yellow sphalerite (Fig. 7A). In the
same sample (such as AL-08-5; Fig. 7B), yellow sphalerite has δ66Zn
value higher than that of brown sphalerite.
5.4. Lead isotopic composition

Lead isotopic compositions of sulfide minerals from the Anle Zn–Pb
deposit and wall rock samples are listed in Table 5 and shown in Fig. 8.
Two sandstone samples from the upper section of the Lower Ordovician
Shiniangluo Formation have 206Pb/204Pb ratios of 18.539 and 18.868,
207Pb/204Pb ratios of 15.733 and 15.738, and 208Pb/204Pb ratios of
38.443 and 38.578. One slate sample from the lower section of the
Lower Ordovician Shiniangluo Formation has 206Pb/204Pb, 207Pb/204Pb
and 208Pb/204Pb ratios of 19.582, 15.811 and 39.603, respectively. Eight
Upper Cambrian dolostone samples have 206Pb/204Pb ratios ranging
from 17.695 to 17.981, 207Pb/204Pb ratios ranging from 15.584 to
15.649 and 208Pb/204Pb ratios ranging from 37.674 to 38.057.
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios for 12 sulfide minerals
range from 17.626 to 17.856, 15.583 to 15.690 and 37.618 to 37.954,
Fig. 5. Plot of δ13CPDB vs. δ18OSMOW for hydrothermal calcite and the ore-hosting dolostone
from the Anle Zn–Pb deposit.
respectively, of which three galena samples have 206Pb/204Pb ratios rang-
ing from 17.685 to 17.800, 207Pb/204Pb ratios ranging from 15.618 to
15.690 and 208Pb/204Pb ratios ranging from 37.736 to 37.954. Sandstone
and slate of the Lower Ordovician Shiniangluo Formation contain
more radiogenic Pb than sulfides and the Upper Cambrian ore-hosting
dolostone (Fig. 8). Additionally, there is no difference of Pb isotopes
among pyrite, sphalerite and galena (Table 5), suggesting that they may
have had similar source for metals.

6. Discussion

6.1. Causes of zinc isotope fractionation

Significant variations of δ66Zn values were reported in sphalerite
from different Pb–Zn ore deposit types, such as Mississippi Valley-type
(MVT), Sedimentary Exhalative (SEDEX) and volcanic massive sulfide
(VMS) (Albarède, 2004; Gagnevin et al., 2012; Kelley et al., 2009;
Mason et al., 2005; Pašava et al., 2014; Wilkinson et al., 2005; Zhou
et al., 2014a, 2014b). Three hypotheses have been proposed to explain
such variations: (i) temperature (Mason et al., 2005; Pašava et al.,
2014; Toutain et al., 2008), (ii) mixing of multiple Zn sources
(Wilkinson et al., 2005), and (iii) fractional crystallization (Gagnevin
et al., 2012; Kelley et al., 2009; Zhou et al., 2014a, 2014b).

Previous studies have shown that at low to medium temperatures
(below 250 °C), there is no correlation between δ66Zn values and tem-
peratures, either in laboratories (30–50 °C; Archer et al., 2004;
Maréchal and Sheppard, 2002) or in natural hydrothermal fluids
(60–250 °C; Wilkinson et al., 2005). However, at high temperatures
(above 250 °C), a systematic increase in δ66Zn values (−0.03‰ to
+0.23‰) was observed with increasing distance from the hydrother-
mal vent (ca. 300 °C) in the Alexandrinka VMS deposit, Urals, Russia
(Mason et al., 2005). Furthermore, a Rayleigh distillation model of tem-
perature dependent Zn isotope fractionation (1000lnαsolid/vapor =
C1 + C2/T + C3/T2, with C1 = 0, C2 = −0.88 × 103, C3 = 1.00 × 106;
T in degrees Kelvin) was used to explain the difference in δ66Zn values
between fumarolic gases (+0.05‰ to +0.85‰) and condensates
(+1.48‰ to +1.68‰) in the Woro fumarolic field (590–297 °C),
Merapi volcano, Indonesia (Toutain et al., 2008). Studies of fluid inclu-
sions in quartz from the Anle deposit indicate that the homogenization
temperatures are between 130 °C and 370 °C, whereas sphalerite main-
ly precipitated at rather low temperatures (190–270 °C; Wang et al.,
2011). Therefore, we interpret that T changes was not the key factor in
the observed variations of Zn isotopes (Fig. 7A). The ore-formingmetals
were mainly sourced from the Upper Cambrian hosting dolostone as
suggested by Pb isotopes (Section 6.3), precluding the mixing of multi-
ple Zn sources as a key control on the Zn isotope variations (Fig. 7A, B).
Fractional crystallization has been used to explain the variations of
δ66Zn values in sphalerite from many MVT, SEDEX and VMS deposits
(Gagnevin et al., 2012; Kelley et al., 2009; Mason et al., 2005;
Wilkinson et al., 2005; Zhou et al., 2014a, 2014b). Previous studies
have indicated that the earliest sphalerite precipitated from the hy-
drothermal systems is enriched in light Zn isotopes, followed by



Table 3
S isotopic compositions of sulfide and sulfate separates in the Anle deposit.

No. Object δ34SCDT/‰ No. Object δ34S CDT/‰ Source

AL-08-4-1 Pyrite +17.8 AL-08-5-2 Brown sphalerite −1.3 This paper
AL-08-5-1 Pyrite +10.6 AL-08-22-2 Brownish-yellow sphalerite +7.7
AL-08-12-1 Pyrite +10.6 AL-08-54-2 Brown sphalerite +3.4
AL-08-26-1 Pyrite +15.2 AL-08-57-2 Brownish-yellow sphalerite +3.6
AL-08-4-3 Galena +8.3 AL-08-79-2 Brownish-yellow sphalerite +4.9
AL-08-12-3 Galena +5.7 AL-08-79-2a Brownish-yellow sphalerite +4.9
AL-08-26-3 Galena +10.1 AL-08-80-2 Brownish-yellow sphalerite +3.5
AL-08-57-3 Galena +2.8 AL-08-80-2a Brownish-yellow sphalerite +3.6
AL-08-83-3 Galena +5.6 AL-08-83-2 Brownish-yellow sphalerite +7.2
AL-08-103-3 Galena +4.8 AL-08-100-2 Brownish-yellow sphalerite +5.8
YCG-08-6-3 Galena +3.2 AL-08-101-2 Brown sphalerite +7.3
YCG-08-9-3 Galena +2.7 AL-08-103-2 Brownish-yellow sphalerite +5.7
YCG-08-18-3 Galena +2.5 Br-1 Barite in Lower Ordovician strata +19.8

a Samples are used for procedural repeats.

Fig. 6.A: the δ34SCDT values of the Anle Zn–Pb deposit comparedwith those ofmantle, seawater and evaporites; B: sulfur isotopic composition histogram of the Anle deposit; C: the δ34SCDT
values for symbiotic sulfide mineral pairs.
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Table 4
Zn isotopic compositions of sphalerite separates from the Anle deposit.

No. Object δ66ZnJMC/‰a SD NA Source

AL-08-5-2 Brown sphalerite +0.09 0.02 0.02 This paper
AL-08-5-5 Yellow sphalerite +0.40 0.03 0.03
AL-08-22-2 Brownish-yellow sphalerite +0.12 0.02 0.02
AL-08-22-5 Yellow sphalerite +0.50 0.03 0.03
AL-08-54-2 Brown sphalerite +0.08 0.02 0.02
AL-08-54-5 Brownish-yellow sphalerite +0.24 0.02 0.02
AL-08-57-2 Brownish-yellow sphalerite +0.28 0.02 0.02
AL-08-57-2b Brownish-yellow sphalerite +0.25 0.03 0.03
AL-08-79-2 Brownish-yellow sphalerite +0.37 0.02 0.02
AL-08-79-2b Brownish-yellow sphalerite +0.38 0.02 0.02
AL-08-100-2 Brownish-yellow sphalerite +0.14 0.02 0.02
AL-08-100-5 Yellow sphalerite +0.49 0.03 0.03
AL-08-101-2 Brown sphalerite +0.10 0.02 0.02
AL-08-103-2 Brownish-yellow sphalerite +0.12 0.03 0.03

SD, standard deviation; NA, number of analyses.
a Mean over n number of repeats.
b Samples are used for procedural repeats.
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progressively heavier ones (Archer et al., 2004; Maréchal and
Sheppard, 2002). Since brown sphalerite preceded yellow sphalerite
in the Anle deposit (Fig. 4I), we interpret the lighter to heavier Zn
isotopes trend (Fig. 7A, B) as a result of kinetic (Rayleigh-type)
fractionation.
Fig. 7. A: δ66ZnJMC values of different color sphalerite from the Anle Zn–Pb deposit; B: va
Additionally, similar to sphalerite from the Cévennes
(δ66Zn=−0.06‰ to+0.42‰; Albarède, 2004; relative to JMC Zn stan-
dard, same below), Picos de Europa (δ66Zn=−0.82‰ to+0.07‰) and
La Florida (δ66Zn=−0.87‰ to−0.08‰; Pašava et al., 2014), Midlands
(δ66Zn = −0.17‰ to +0.64‰, with one value at +1.33‰; Wilkinson
et al., 2005) and Navan (δ66Zn = −0.32‰ to +0.23‰; Gagnevin
et al., 2012) MVT Pb–Zn deposits in Europe, the SYG-type (different
from typical MVT) deposits in western Yangtze Block, southwest
China (δ66Zn = −0.24‰ to +0.71‰; Zhou et al., 2014a, 2014b), the
Red Dog SEDEX deposit in the USA (δ66Zn = 0.00‰ to +0.60‰;
Kelley et al., 2009), and the Alexandrinka VMS deposit in Russia
(δ66Zn = −0.43‰ to +0.23‰; Mason et al., 2005), sphalerite from
the Anle Zn–Pb deposit shows a variation of Zn isotopic composition
(Fig. 9). This suggests that Zn isotopes are not the best tools for discrim-
inating ore deposit types.

6.2. Source of ore-forming fluids

In general, hydrothermalfluids obtain carbon from threemain reser-
voirs: (i) mantle, (ii) marine carbonate rocks, and (iii) sedimentary or-
ganic matter (e.g., Demény and Harangi, 1996; Demény et al., 1998;
Liu and Liu, 1997; Taylor et al., 1967; Veizer and Hoefs, 1976). The
δ13CPDB and δ18OSMOW values for mantle, marine carbonate and organic
matter range from −4.0‰ to −8.0‰ and +6.0‰ to +10.0‰ (Taylor
et al., 1967), −4.0‰ to +4.0‰ and +20.0‰ to +30.0‰ (Veizer and
riations of Zn isotopes in different color sphalerite from the same hand specimens.



Table 5
Pb isotopic compositions of sulfide separates and wall rocks in the Anle deposit.

No. Rock/mineral Source 206Pb/204Pbb 207Pb/204Pbb 208Pb/204Pbb Source

AL-08-58 Sandstone O1 Shinianluo Fm., upper section 18.868 15.733 38.578 This paper
YCG-08-14 Sandstone O1 Shinianluo Fm., upper section 18.539 15.738 38.443
AL-08-76 Slate O1 Shinianluo Fm., lower section 19.582 15.811 39.603
AL-08-82 Dolostone Upper Cambrian 17.695 15.597 37.674
AL-08-85 Dolostone Upper Cambrian 17.715 15.603 37.677
YCG-08-7 Dolostone Upper Cambrian 17.981 15.649 38.057
AL-08-15 Dolostone Upper Cambrian 17.896 15.627 37.818
AL-08-28 Dolostone Upper Cambrian 17.739 15.605 37.710
AL-08-74 Dolostone Upper Cambrian 17.776 15.584 37.694
AL-08-86 Dolostone Upper Cambrian 17.775 15.604 37.777
YCG-08-1 Dolostone Upper Cambrian 17.733 15.616 37.727
YCG-08-4-3 Galena Sphalerite–galena–pyrite ore 17.685 15.618 37.736
AL-08-83-3 Galena Sphalerite–galena ore 17.755 15.641 37.843
AL-08-103-3 Galena Sphalerite–galena ore 17.800 15.690 37.954
AL-08-79-2 Brownish-yellow sphalerite Sphalerite–quartz–calcite ore 17.750 15.607 37.706
AL-08-80-2 Brownish-yellow sphalerite Sphalerite–galena–quartz–calcite ore 17.790 15.602 37.801
AL-08-83-5 Brown sphalerite Sphalerite–galena ore 17.758 15.614 37.733
AL-08-103-5 Brown sphalerite Sphalerite–galena ore 17.752 15.617 37.738
AL-08-79-2a Brownish-yellow sphalerite Sphalerite–quartz–calcite ore 17.728 15.587 37.708
AL-08-80-5 Yellow sphalerite Sphalerite–galena–quartz–calcite ore 17.856 15.611 37.885
AL-08-4-1 Pyrite Sphalerite–galena–pyrite–quartz ore 17.678 15.607 37.709
AL-08-5-1 Pyrite Pyrite–sphalerite ore 17.697 15.603 37.720
AL-08-26-1 Pyrite Pyrite–galena ore 17.626 15.583 37.618

O1 = Lower Ordovician.
a Sample is used for procedural repeat.
b Pb isotopic data for the wall rock samples are age-corrected at ca. 210 Ma.
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Hoefs, 1976), and −30.0‰ to −10.0‰ and +24.0‰ to +30.0‰ (Liu
and Liu, 1997), respectively (Fig.5). Calcite from the Anle deposit has
higher δ13CPDB and δ18OSMOW values than mantle and sedimentary
organic matter, but similar to marine carbonate rocks and the ore-
hosting dolostone (Fig. 5). This indicates thatmantle and organicmatter
may not have contributed significant carbon to the hydrothermal fluids.
The similarity of δ13CPDB and δ18OSMOW values between hydrothermal
calcite and the Upper Cambrian ore-hosting dolostone suggests that
C- and O- isotopes in hydrothermal fluidswere in close thermal equilib-
riumwith the dolostone (Gray et al., 1991; Muchez et al., 1995). There-
fore, the carbon in the ore-forming fluids was likely to be provided by
the ore-hosting dolostone as suggested by fluid inclusion studies
(Wang et al., 2011), similar to many carbonate-hosted Pb–Zn deposits
worldwide (including the SYG-type Pb–Zn deposits in western Yangtze
Block, SW China; Zhou et al., 2013a, 2014b, 2015).

Oreminerals in theAnle Zn–Pb deposit include sphalerite, pyrite and
galena, and gangue minerals include quartz, calcite and dolomite,
whereas sulfate is absent. Previous studies demonstrate that under
low oxygen conditions, δ34Ssulfides values (especially pyrite) represent
Fig. 8. Plots of 207Pb/204Pb vs. 206Pb/204Pb (A) and 208Pb/204Pb vs. 206Pb/204Pb (B) for sulfides an
mantle (M) and lower crust (L) are from Zartman and Doe (1981).
approximately the δ34Sfluids values (e.g., Basuki et al., 2008; Dixon and
Davidson, 1996; Ohmoto, 1972; Ohmoto et al., 1990; Pass et al., 2014;
Seal, 2006; Zhou et al., 2013f). Pyrite from the Anle deposit has
δ34SCDT values between +10.6‰ and +17.8‰ (n = 4), which are sig-
nificantly higher than those of mantle-derived sulfur (0 ± 3‰;
Chaussidon et al., 1989). Barite from the Lower Ordovician Shiniangluo
Formation has δ34SCDT value of+19.8‰ (Table 3), similar to Cambrian–
Triassic seawater sulfate (+15‰ to +35‰; Claypool et al., 1980; Seal,
2006), and slightly higher than those of pyrite. It is worth noting that,
some sphalerite and galena analyses have yielded low δ34SCDT values
(between −1.3‰ and +3.6‰, n = 9), similar to the mantle-derived
sulfur. However, there is little geological evidence for magmatic activi-
ties in the Anle deposit. Therefore, we interpret that the reduced sulfur
in the ore-forming fluids at Anle may have been derived from seawater
sulfate. In addition, sulfates are absent in the Anle deposit, and the
equilibrium–disequilibrium constraints of sulfidemineral pairs (e.g. py-
rite–galena) that were deposited contemporaneously can be used as
geothermometers (e.g., Czamanske and Rye, 1974; Ohmoto et al.,
1990). The relations of δ34Spy N δ34Ssph and δ34Ssph N δ34Sgal in the
d wall rocks in the Anle Zn–Pb deposit. Trends for the upper crust (U), orogenic belt (O),



Fig. 9. Comparison of δ66ZnJMC values between sphalerite separates from the Anle Zn–Pb deposit, and Pb–Zn deposits of MVT, SEDEX, VMS and SYG-types. Zinc isotopic data for MVT are
from Albarède (2004); Wilkinson et al. (2005); Gagnevin et al. (2012) and Pašava et al. (2014), SEDEX-type are from Kelley et al. (2009), VMS-type are from Mason et al. (2005) and
SYG-type are from Zhou et al. (2014a, 2014b).
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same samples suggest that sulfides may have precipitated under sulfur
isotope equilibrium. The Δ34S values between two pyrite–galena pairs
(samples AL-08-12 and AL-08-26) from the Anle deposit indicate tem-
peratures (Δ34S = δ34Spy − δ34Sgal = 1.15 × 106 / (T + 273.15)2;
Czamanske and Rye, 1974) of 201 °C to 211 °C, close to the peak homog-
enization temperatures of fluid inclusions in quartz (190 °C to 270 °C;
Wang et al., 2011). Additionally, galena and brownish-yellow sphalerite
samples have higher δ34SCDT values than sphalerite and brown sphaler-
ite, respectively, suggesting that disequilibrium conditions were also
widespread. To sum up, we exclude bacterial sulfate reduction (BSR)
to be a significant fractionation factor, since it would result in a larger
sulfur isotope fractionation. Thermo-chemical reduction of sulfate to
sulfide (TSR) can lower δ34S values to up to +20‰ (e.g., Basuki et al.,
2008; Ohmoto et al., 1990; Ohmoto and Goldhaber, 1997; Pass et al.,
2014), such that the reduced sulfur in sulfide ores is interpreted to be
the products of barite in the Shiniangluo Formation sedimentary rocks
by TSR.

6.3. Origin of ore-forming elements

Because some Pb isotopes are radiogenic, the Pb isotopic ratios need
to be corrected to a consistent age in order to make comparisons
between different metallogenic phases. Sulfides have very low U and
Th contents, hence radiogenic Pb is negligible and no age correction is
needed, whereas age correction for the whole-rock Pb isotopes are
needed (e.g., Carr et al., 1995; Muchez et al., 2005; Pass et al., 2014).
The Songpan–Ganzi fold belt was formed in the Late Triassic
(205–230 Ma) (e.g., Chang, 2000; Xu et al., 1992), and the formation
of the Anle deposit was likely to be associated with the Songpan–
Ganzi orogenic event (Wang et al., 2011). Therefore, the age 210 Ma is
used for correcting the whole-rock Pb isotopes. In the 207Pb/204Pb vs.
206Pb/204Pb diagram (Fig. 8A), age-corrected sandstone and slate sam-
ples from the Lower Ordovician Shiniangluo Formation are plotted
above the upper crust average Pb evolution curve (Zartman and Doe,
1981), suggesting that they may have been sourced from the crust, in
agreement with their sedimentary setting. The Upper Cambrian
dolostone falls between the upper crust and orogenic belt average Pb
evolution curves (Zartman and Doe, 1981), indicating that the
Songpan–Ganzi orogenic event may have affected the Upper Cambrian
dolostone. Sulfides (except sample AL-08-80-5 yellow sphalerite) also
plot between orogenic belt and upper crustal average curves (Zartman
and Doe, 1981), overlapping the age-corrected ore-hosting dolostone.
These data suggest that the ore Pb in the Anle Zn–Pb deposit may
have been derived from the Upper Cambrian ore-hosting dolostone
and affected by the Songpan–Ganzi orogenic event.
6.4. Ore genesis

Ore deposits in southwestern Chinamay have been affected by ther-
mo-tectonic reworking and recrystallization by multiple orogenic epi-
sodes (e.g., Zaw et al., 2007; Hu and Zhou, 2012). The Anle Zn–Pb
deposit is hosted by Upper Cambrian dolostone, which means a signifi-
cant difference with the setting of typical Chinese VMS deposits. Ore
bodies in the Anle deposit occur as lenses that show vein, banded and
brecciated structures. This indicates that the Anle deposit may have
been deposited significantly later than the ore-hosting rocks and thus
are epigenetic. C–O and Pb isotopes suggest that the ore-forming fluids
andmetalsmay have been sourced from theUpper Cambriandolostone,
which was affected by the Songpan–Ganzi orogenic event, and S iso-
topes indicate that sulfur may have been derived from evaporites by
TSR. From all the above discussions, the Anle deposit is similar to typical
MVT deposits (e.g., Leach et al., 2001, 2005, 2010; Muchez et al., 2005;
Oliver, 1986, 1992; Pirajno, 2009, 2013). Besides, Wang et al. (2011) re-
ported that the ore-forming fluids have medium–high temperature
(130 °C to 370 °C) and low salinity (3.0–12.8wt.% eq. NaCl), and consid-
ered that the formation of the Anle carbonate-hosted Zn–Pb depositwas
a response to the Songpan–Ganzi orogenic event. Therefore, we propose
that the Anle Zn–Pb deposit should be classified as an epigeneticMissis-
sippi Valley-type deposit.
7. Conclusions

The Anle Zn–Pb deposit is hosted by Upper Cambrian dolostone in
the Sanjiang tectonic belt, southwest China, and occurs within the
NW-trending Anle anticline. At Anle, sulfur may have been derived
from evaporites, while carbon and metals may have been sourced
from the ore-hosting dolostone that was affected by the Songpan–
Ganzi orogenic event. Probably due to fractional crystallization, the
late yellow sphalerite has higher δ66Zn than the early brown sphalerite.
At Anle, Zn isotopes can't be used as useful tracers for ore-forming
metals and discriminators for metallogenic setting. The Anle Zn–Pb de-
posit can be assigned to be an epigenetic MVT deposit.
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