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Abstract The newly discovered Caixiashan Irish-type Zn-Pb
deposit (∼131 Mt at 3.95 % Zn+Pb), located in the Eastern
Tianshan of Xinjiang, is one of the largest Zn-Pb deposits in
NW China. Massive colloform/framboidal textured
syn-sedimentary pyrite yielded a Re-Os isochron age of
1019±70 Ma (MSWD=3.5), which is interpreted to be the
depositional age of the Kawabulake group that hosts the ore.
The age of the mainmineralization stage is constrained by two
types of pyrite: the layered pyrite coexists with recrystallized
calcite and dolomite and is locally replaced by sphalerite,
whereas the euhedral pyrite occurs with galena that crosscuts
the massive sphalerite. The layered pyrite yielded a Re-Os age
of 859 ± 79 Ma (MSWD= 6.7; initial 187Os/188Os ratio
[IOs] = 0.19 ± 0.25) and the euhedral pyrite 837 ± 39 Ma
(MSWD=6.5; [IOs] = 0.16±0.09), which are interpreted to
be the Zn and Pb mineralization ages, respectively. The low
radiogenic initial Os values of the Zn-Pb mineralization

suggest interaction between a hydrothermal fluid and a mafic
or ultramafic source rock with a mantle Os signature with
some contamination with Mesoproterozoic Kawabulake
group. Based on our new Re-Os ages, we conclude that the
giant Caixiashan Zn-Pb deposit formed in the early
Neoproterozoic and it represents a newly identified minerali-
zation epoch in the Eastern Tianshan of the Central Asia
Orogenic Belt.
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Introduction

The Caixiashan Zn-Pb deposit in the Eastern Tianshan area,
Xinjiang, NW China, is a newly discovered giant Zn-Pb de-
posit with current reserves of 131 Mt at 3.95 % Zn+Pb (Cao
et al. 2013). Although some research on the deposit has been
conducted since its discovery in 2002, reliable metallogenic
ages for the Caixiashan deposit have not been reported. To
date, a number of geological models have been proposed.
These include a magmatic hydrothermal origin related to
Late Carboniferous magmatism (Cao et al. 2013) and a
syn-sedimentary origin associated with the formation of the
Precambrian Kawabulake group (Peng et al. 2008). Resolving
the ages of the host rock and ore bodies will shed light on the
factors controlling the Zn-Pb mineralization in the Central
Tianshan Terrane.

The application of the Re-Os geochronometer to sulphide
minerals, not only molybdenite but also pyrite, chalcopyrite
and asenopyrite, has significantly advanced the understanding
of mineralizing processes, as this method allows for the direct
dating of ore-forming minerals (Stein et al. 1998; Stein et al.
2000; Morelli et al. 2004; Selby et al. 2009; Lawley and Selby
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2012; Lawley et al. 2013). Accurate dating of mineralization
has been a major problem in low-temperature Pb-Zn deposits
(Leach et al. 2010). The majority of attempts have utilised
Rb-Sr dating of sphalerite or paleomagnetic techniques, but
the accuracy of both techniques has recently been disputed by
comparison with reliable results based on Re-Os geochronol-
ogy (Selby et al. 2005; Hnatyshin et al. 2015; David L. Leach,
personal communication, 2015). Consequently, Re-Os dating
of sulphides, especially pyrite, is the preferred choice for dat-
ing Zn-Pb mineralization.

Here, we present Re-Os data for three episodes of pyrite
mineralization in the Caixiashan deposit, allowing us to deter-
mine the depositional age of the host rocks as well as the age
of subsequent mineralization. Our Re-Os data provide evi-
dence for a new Neoproterozoic metallogenic event in the
Eastern Tianshan of the Central Asian Orogenic Belt.

Geological setting

The Eastern Tianshan is located between the Central Asian
Orogenic Belt (CAOB) and the Tarim basin (Fig. 1a), and
can be subdivided into the Central Tianshan terrane, the
Aqishan-Yamansu arc/back-arc, the Kanggur-Huangshan
shear zone and the Dananhu-Tousuquan island arc with each
terrane separated by a series of E–trending faults, i.e., the
Aqikekuduke, Yamansu and Kanggur faults (Fig. 1b). This
collage formed as a result of the subduction and collision of
the Junggar (north) and the Tarim (south) plates from the
Ordovician to the Carboniferous (Allen and Natal’in 1995;
Pirajno et al. 2008).

The Central Tianshan terrane is located on the southern
margin of Eastern Tianshan and structurally bound by the
Aqikekuduke fault in the north, the Tuokexun-Gangou
fault in the southwest and the Xingxingxia fault in the
southeast (Fig. 1b). The Mesoproterozoic Kawabulake
group is in fault contact with Carboniferous volcanic rocks
of the Aqishan-Yamansu back-arc and conformably under-
lain by the Mesoproterozoic carbonate rocks, dolomite and
quartz schist of the Xingxingxia group. The Kawabulake
group is comprised mainly of sedimentary rocks but the
Xinjiang Geological Survey (1999) has recognised several
mafic tuff outcrops within the group. The Kawabulake
group hosts a number of economic Zn-Pb deposits including
Caixiashan, Hongyuan, Jiyuan, Shaquanzi and Hongxingshan
(Fig. 1b). A metamorphosed dioritic rock that intrudes the
Kawabulake group yielded a TIMS U-Pb age of 1141
±60Ma (four of nine grains analysed; Xiu et al. 2002), where-
as a granitic gneiss yielded LA-ICP-MS U-Pb ages of 942.1
±7.2 and 941.9±4.9 Ma (Peng et al. 2012), consistent with a
Mesoproterozoic age for the Kawabulake group. Rocks of
the Kawabulake group have been locally metamorphosed
to greenschist facies during the Palaeozoic Central
Tianshan Orogeny.

Ore geology and pyrite paragenesis

Sulphide mineralization at Caixiashan occurs principally
within the recrystallized dolomite and calcite of the
Kawabulake group (Cao et al. 2013). The mineralization is
syn-tectonic and focused along normal faults. Some of the
ore bodies have been overprinted by local tremolite alteration
caused by contact metamorphism associated with
Carboniferous dioritic dikes indicating that the mineralization
is pre ∼350 Ma (Fig. 1c).

Based on the mineral assemblages and crosscutting rela-
tionships, the mineral paragenesis is divided into four stages
(Li et al. 2015b): the syn-sedimentary stage I, the
sulphide-carbonate stage II, the magmatic-reworking stage
III and the supergene stage IV (Fig. 2). Stage I is characterised
by massive pyrite (Py1) that co-precipitated with anhedral
fine-grained calcite and dolomite, and is replaced by sphalerite
of stage II (Fig. 2a). The Py1 is characterised by a colloform/
framboidal texture (Figs. 2b, c), consistent with a sedimentary
origin and is interpreted to have precipitated during sedimen-
tation of the Kawabulake group.

Stage II is the main mineralization stage and can be
subdivided into three sub-stages: the replacement pyrite alter-
ation (II-1), the sphalerite-carbonate (II-2) and the
galena-pyrite-carbonate (II-3) sub-stages. Sub-stage II-1 is
characterised by layered pyrite (Py2) that occurs with recrys-
tallized medium- to coarse-grained calcite and dolomite that
can be distinguished from the fine-grained equivalents in stage
I, indicating a later generation than Py1 (Fig. 2d). Py2 is also
partially replaced by sphalerite and galena (Fig. 2e). Sub-stage
II-2 is dominated by massive sphalerite enclosing some dis-
crete layers of Py2 (Fig. 2f). Fine-grained pyrrhotite that dis-
plays exsolution textures was likely formed from the same
fluid as the massive sphalerite, suggesting they were precipi-
tated at the same time (Fig. 2g; Hutchison and Scott 1981).
The galena veins of sub-stage II-3 cut the massive sphalerite
(Fig. 2h) and commonly coexist with euhedral pyrite (Py3;
Fig. 2i).

Stage III is characterised by post-mineralization tremolite
overprinting sphalerite and calcite/dolomite (Fig. 2j), and by
locally crosscutting quartz veins (Fig. 2k). Stage IV at
Caixiashan is characterised by jarosite (Fig. 2l), which repre-
sents oxidation that is well developed along the fractures and
is found down to a depth of about 17 m.

Methods

Based on the mineral paragenesis, the selected drill core sam-
ples (ZK1603, 13ZKI and 13ZKIV series) were cut in half;
one side of the core was polished to identify suitable areas to
sample that contained pyrite from only one stage. Individual
areas were then sampled using a dental drill in order to avoid
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contamination from other pyrite stages. Any vein material,
areas of replacement zones, or weathering affects were

avoided. Samples were rinsed with Milli-Q deionised water
in an ultrasonic bath for at least 20 min. The pyrite grains were

Fig. 1 Simplified geological map of Eastern Tianshan and Caixiashan
Zn-Pb deposit. a Location of the Central Asian Orogenic Belt (CAOB)
and the Tarim basin. b Location and major tectonic units of the Eastern

Tianshan. Modified after (Deng et al. 2014). c Distribution of the ore
bodies and dioritic dikes in the Caixiashan Zn-Pb ore district
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crushed in an agate mortar then passed through a 60# sieve
(<350 μm). Sulphide samples smaller than 350 μm were sep-
arated from tremolite and jarosite using Lithium
Metatungstate (LMT) Heavy Liquid (MT Liquid, llc, United

States). The sulphide separates were then washed three times
in an ultrasonic acetone bath.

Re-Os dating of pyrite was undertaken at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of

Fig. 2 Sample photographs and reflected light photomicrographs of
pyrite from Caixiashan. a Massive pyrite (Py1) locally replaced by
sphalerite. b Py1 showing colloform texture and replacement of the core
by sphalerite. c Py1 showing framboidal texture. d Layered pyrite (Py2)
coexisting with dolomite and calcite. e Py2 replaced by sphalerite; note
that the sphalerite is cut by galena. fMassive sphalerite encloses discrete
layers of Py2. g Fine-grained pyrrhotite showing exsolution texture in

massive sphalerite. h Massive sphalerite replaced by vein galena. i
Euhedral pyrite (Py3) coexisting with galena. j Tremolite overprinting
sphalerite, dolomite and calcite. k Quartz vein crosscutting the sphalerite
and euhedral tremolite outgrowth from quartz vein. l Outcrop of jarosite.
Py pyrite, Sp sphalerite, Po pyrrhotite, Gn galena, Dol dolomite, Cal
calcite, Jar jarosite
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Geochemistry, Chinese Academy of Sciences, utilising an an-
alytical method based on Li et al. (2014b). Approximately
0.8 g of powder was weighed and placed in Carius tubes.
Appropriate amounts of the individual 185Re and 190Os spike
solutions were accurately weighed and carefully added to each
sample tube. The tubes were chilled in a bath containing a
freezing mixture of liquid N2 and ethanol, and 2.5 ml of con-
centrated HCl and 7.5 ml of concentrated HNO3 were succes-
sively added. The Carius tubes were carefully sealed and heat-
ed in an oven at 230 °C for 24 h. After decomposition, the
glass tubes were again chilled in a bath of liquid N2 and eth-
anol before opening. After thawing, the contents were poured
into 20-ml centrifuge tubes to allow precipitation of residual
solids. The supernatant solutions were transferred into 30-ml
PFA (Perfluoroalkoxy) vials and subjected to Os solvent ex-
traction by CCl4 followed by back-extraction into concentrat-
ed HBr. The detailed solvent extraction procedure and condi-
tions have been described in prior studies (Cohen and Waters
1996). The extracted Os fraction was further purified by micro
distillation prior to N-TIMS analysis (Birck et al. 1997).
Osmium was loaded in HBr on 99.999 % Pt filaments (H.
Cross Company, USA), and Ba(OH)2 emitter solution was
loaded on top of the sample to enhance ion emission. Os and
Re isotopic compositions were measured in pulse-ion-
counting electron multiplier mode and in static multiple
Faraday collector mode, respectively. Details of the analytical
procedure are described elsewhere (Walker et al. 2005).

After Os extraction, the remaining solutions were evapo-
rated to dryness, and the residues were dissolved in 1 ml of
6 mol l−1 HCl. The solutions were again evaporated to dry-
ness, and the residues were re-dissolved in 10 ml of 1 mol l−1

HCl on a hot plate at 120 °C. Bio-Rad Poly-Prep columns
filled with 1.8-ml pre-cleaned anion exchange resin (Bio-
Rad, AG1X8, 100–200 mesh) were used for the separation
and purification of Re (Morgan and Walker 1989). Finally,
Re mass fractions were determined by ID-ICP-MS (Thermo
Elemental X2 series; Thermo Fisher Scientific,Waltham,MA,
USA). Peak hopping with short dwell times of 30 ms
(measurement time on peak) was undertaken to provide
quasi-simultaneous measurement. The details of the ICP-MS
analyses are described elsewhere (Li et al. 2014a). Total pro-
cedural blanks (TPB) for this technique were 0.32±0.14 pg
with the 187Os/188Os ratio of 0.284 ± 0.049 (n=6, 1 s) on
average for Os and between 6 and 8 pg for Re. Blank contri-
butions were typically (with the highest blank contribution in
brackets) <1 % (2 %) for Re and <2 % (5 %) for Os,
respectively.

Repeated analyses of the Os standard solution (Merck
Chemical AA standard solution) yielded a mean 187Os/188Os
value of 0.1202±3 (2 SD, n=12) for the period of analysis.
Uncertainties were determined by the uncertainties of the
blank, the 187Re decay constant of 1.666 × 10−11 a−1

(Smoliar et al. 1996), and the 185Re and 190Os spike

calibrations, which are reported at the 1-sigma level with the
associated error correlation function rho (Ludwig 1980). The
ages were plotted using Isoplot v 3.0 (Ludwig 2003).

Re-Os results

Total Re and Os abundances in Py1 range from 5.09–19.57
and 0.229–0.405 ppb, respectively, with 187Re/188Os ratios
ranging from 89.1–464 and 187Os/188Os from 1.425–7.729
(Table 1). The samples show a positive correlation
(R2=0.997, 0.994 and 0.997, respectively; R2 = coefficient of
determination) on the 187Re/188Os vs. 187Os/188Os diagram
(Fig. 3a). Py1 yielded a well-defined individual model 3
Re-Os isochron age (2σ uncertainty) of 1019 ± 70 Ma
(MSWD=3.5, initial 187Os/188Os ratio [IOs] =−0.11± 0.33;
Fig. 3a).

Re and Os abundances in Py2 range from 5.05–13.47 and
0.146–0.575 ppb, with 187Re/188Os ratios of 72.8–343.4 and
187Os/188Os ratios of 1.293–5.057 (Table 1). Py2 yielded a
well-defined individual model 3 Re-Os isochron age (2σ un-
certainty) of 859±79 Ma (MSWD=6.7, initial 187Os/188Os
ratio [IOs] = 0.19±0.25; Fig. 3b). The Py3 separates contain
Re and Os concentrations of 3.47–29.29 and 0.612–
2.453 ppb, respectively with 187Re/188Os ratios of 17.8–262
and 187Os/188Os of 0.402–3.832 (Table 1). Py3 yielded a
well-defined individual model 3 Re-Os isochron age of 837
±39 Ma (MSWD=6.5, initial 187Os/188Os ratio [IOs] = 0.16
±0.09; Fig. 3c).

Implications of pyrite Re-Os isochron ages

The Re-Os isochron age (1019± 70 Ma; MSWD=3.5; 2σ
uncertainty) of the syn-sedimentary pyrite (Py1) is within er-
ror of the single grain zircon TIMS U-Pb age of 1141±60Ma
for a metamorphosed diorite (Xiu et al. 2002) and older than
the U-Pb age of 942.1±7.2 Ma (n=12; MSWD=0.75) and
941.9±4.9 Ma (n=12; MSWD=1.18; 2σ uncertainty) from a
granitic gneiss (Peng et al. 2012) intruded into the
Kawabulake group. Thus, the current best estimate of the de-
positional age of the Kawabulake group is 1019±70 Ma. The
negative initial 187Os/188Os ratio of −0.11±0.33 has a large
uncertainty. Similar negative initial 187Os/188Os ratios have
been reported for the initial 187Os/188Os ratios calculated for
pyrite from the Polaris MVT deposit in Canada, which were
interpreted as being the result of post formation disturbances
(Selby and Creaser 2003; Selby et al. 2005), and a similar
process may have occurred at Caixiashan.

The petrography and crosscutting relationships of Py2 and
Py3 indicate that the main Zn mineralization formed after the
Py2 but before the Py3 stage, whereas the Pb (stage II-3) is
broadly synchronous with Py3; therefore, ages of Py2 and Py3

Miner Deposita

https://www.researchgate.net/publication/301951506_User's_Manual_for_IsoplotEx_rev_300_A_Geochronological_Toolkit_for_Microsoft_Excel?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/285299600_The_formation_age_and_their_geological_significance_of_gneissose_granites_neighbouring_Kawabulake_area_in_East_Tianshan_Mountain?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/247490336_Separation_of_osmium_from_geological_materials_by_solvent_extraction_for_analysis_by_thermal_ionizat?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/247490336_Separation_of_osmium_from_geological_materials_by_solvent_extraction_for_analysis_by_thermal_ionizat?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/241458345_187Os_186Os_systematics_of_Os_Ir_Ru_alloy_grains_from_southwestern_Oregon?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/239690688_Isotopic_Determinations_of_Rhenium_and_Osmium_in_Meteorites_by_Using_Fusion_Distillation_and_Ion-Exchange_Separations?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/235229014_Re-Os_ages_of_group_IIA_IIIA_IVA_and_IVB_iron_meteorites?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/229442069_Re-Os_Isotopic_Measurements_at_the_Femtomole_Level_in_Natural_Samples?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==
https://www.researchgate.net/publication/222077720_Calculation_of_Uncertainties_of_U-Pb_Isotope_Fata?el=1_x_8&enrichId=rgreq-0edc53d11ab719beb212dd0b42876f2b-XXX&enrichSource=Y292ZXJQYWdlOzI5MTU1MzY1NTtBUzozNjI3MzQ1NTk0ODE4NTZAMTQ2MzQ5NDA2NjQzNA==


can constrain the maximum and minimum age of the miner-
alization. Consequently, based on the Re-Os isochron ages for
these two pyrite stages, the precipitation of Zn and Pb likely
occurred at 859±79 and 837±39 Ma, respectively. The iso-
chron ages of these two stages are overlapping within error but
can be distinguished by their crosscutting relationships
(Fig. 2h).

Post-ore diorite dikes emplaced in or around the Zn-Pb ore
bodies (Fig. 1c) have yielded zircon U-Pb ages of ca. 350 Ma
(Li et al. 2015a), indicating an Early Carboniferous age.
Although some of the dikes show close spatial relationship
to the Caixiashan ore body, the Re-Os ages of Py1, Py2 and
Py3 preclude any genetic relationship between mineralization
and diorite dikes.

Osmium and pyrite sources

The Caixiashan Zn-Pb deposit shows petrographic, fluid
geochemistry (Li et al. 2015b) and mineralization styles
similar to the Pb-Zn deposits found in the Irish ore field
(Wilkinson 2010; Wilkinson and Hitzman 2014). The IOs
values for pyrite isochrons can be used to distinguish be-
tween seawater, hydrothermal and mantle sources
(Ravizza and Turekian 1989; Cohen et al. 1999; Selby
and Creaser 2003; Rooney et al. 2011; Sperling et al.

2014). The IOs values of Py2 and Py3 from the
Neoproterozoic Caixiashan Zn-Pb deposit (IOs = 0.19 and
0.16, respectively) are much lower than Neoproterozoic
sea water values (∼0.8–1.0; Rooney et al. 2011) but are
similar to Mesoproterozoic seawater IOs compositions of
0.29–0.33 (Kendall et al. 2009; Rooney et al. 2010).
Sedimentary rocks of the Mesoproterozoic Kawabulake
group, which form the immediate basement rocks to the
C a i x i a s h a n d e p o s i t , m o s t l i k e l y r e c o r d t h e
Mesoproterozoic seawater IOs composition. Therefore,
one explanation is that the zinc- and lead-bearing hydro-
t h e rma l f l u i d l e a c h e d Os f r om t h e f o o twa l l
Mesoproterozoic sedimentary rocks. This explanation is
further supported by Pb-S-C-O isotopic compositions of
the ore-forming minerals that indicate metals were
sourced from sedimentary rocks in the Kawabulake group
(Gao et al. 2007). However, because deposition of the
host rocks occurred at least 150 Ma before ore deposit
formation, the radiogenic decay would result in more ra-
diogenic IOs values than those observed in this study, and
therefore, the host sedimentary rocks are not thought to
have been the source for the osmium.

An alternative explanation for the relatively unradiogenic IOs
values is derivation from a source with mantle characteristics
(IOs=0.13; Meisel et al. 2001) with some mixing with upper
continental crustal material (IOs>0.13; Peucker-Ehrenbrink and

Table 1 Re-Os Isotope data for pyrite in the Caixiashan Zn-Pb deposit, Xinjiang

Sample
No.

Stage Sample
wt (g)

Total Re
(ppb)

2σ Total Os
(ppb)

2σ 192Os (ppt) 2σ 187Re/188Os 2σ 187Os/188Os 2σ Rhoa

IZK1603-1 Py1 0.8025 19.57 0.20 0.405 0.001 82.49 0.25 464.0 4.9 7.729 0.021 0.801

IZK1603-2 0.8035 6.21 0.06 0.229 0.003 69.51 0.79 175.5 2.7 2.762 0.029 0.746

IZK1603-3 0.8159 5.09 0.05 0.322 0.003 112.42 1.11 89.1 1.2 1.425 0.012 0.902

IZK1603-5 0.7976 11.25 0.09 0.302 0.003 74.30 0.78 296.7 3.9 5.142 0.050 0.869

IZK1603-6 0.8148 11.46 0.04 0.310 0.002 77.72 0.59 289.0 2.4 4.922 0.040 0.730

IZK1603-9 0.8074 12.04 0.08 0.301 0.003 72.37 0.64 325.9 3.6 5.442 0.047 0.947

13ZKI-T1 Py2 0.8628 13.47 0.14 0.345 0.003 88.46 0.79 298.4 4.0 4.618 0.040 0.926

13ZKI-T2 0.8600 7.55 0.03 0.575 0.010 204.09 3.50 72.8 1.3 1.293 0.007 0.725

13ZKI-T3 0.8675 5.05 0.05 0.251 0.001 81.89 0.36 121.2 1.3 2.050 0.010 0.995

13ZKI-T5 0.8393 6.33 0.14 0.186 0.003 52.41 0.72 236.8 6.2 3.558 0.047 0.983

13ZKI-T6 0.8639 6.33 0.14 0.146 0.001 42.99 0.27 343.4 7.9 5.057 0.030 0.837

13ZKI-T7 0.8661 6.75 0.13 0.293 0.002 94.90 0.57 139.7 2.7 2.128 0.015 0.885

13ZKI-T8 0.8639 6.22 0.15 0.273 0.003 89.47 1.01 136.7 3.6 2.006 0.021 0.828

13ZKIV-T1 Py3 0.8648 29.29 0.18 0.799 0.003 219.31 0.89 262.0 1.9 3.832 0.014 0.776

13ZKIV-T2 0.8682 20.32 0.16 0.630 0.003 180.38 0.84 221.1 2.1 3.374 0.017 0.815

13ZKIV-T3 0.8592 4.73 0.10 0.861 0.021 334.88 8.12 27.8 0.9 0.532 0.008 0.996

13ZKIV-T4 0.8663 19.40 0.40 0.615 0.002 184.19 0.54 206.8 4.3 2.897 0.006 0.924

13ZKIV-T5 0.8696 4.49 0.06 0.612 0.013 233.09 5.07 37.9 1.0 0.694 0.012 0.891

13ZKIV-T6 0.8767 13.84 0.07 0.783 0.005 269.42 1.61 101.1 0.8 1.567 0.009 0.734

13ZKIV-T7 0.8685 10.96 0.05 2.453 0.053 956.06 20.56 22.6 0.5 0.512 0.005 0.925

13ZKIV-T8 0.8614 3.47 0.04 0.975 0.011 385.49 4.35 17.8 0.3 0.402 0.002 0.833

a Rho is the associated error correlation (Ludwig 1980)
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Jahn 2001). However, as direct derivation from the mantle is
unlikely, it is possible that mantle derived rocks within the crust
may have acted as a source for the unradiogenic IOs. High
ore-forming temperatures (ca. 270 °C; Li et al. 2015b) are con-
sistent with deep fluid sources. Wilkinson and Hitzman (2014)
advocate for magmatic heat, derived from the underplating of
mid-crustal sills, as a driver for the regional flow associated
with Irish-type deposits. This model explains the unusual high
fluid temperatures documented in the Irish orefield and the low
radiogenic initial Os contents of both the Lisheen (0.253

±0.045) and Silvermine (0.453±0.006) deposits (Hnatyshin
et al. 2015) and may account for the unradiogenic values found
in this study. The existence of 830–740-Mamagmatic events in
the northern Tarim block (Xu et al. 2005; Zhan et al. 2007; Zhu
et al. 2008) may have provided a possible heat source to gen-
erate these hydrothermal fluids. Slack et al. (2015) in a study of
the black shale-hosted Red Dog Zn-Pb-Ag deposit showed that
the unradiogenic IOs in pyrite veins could have been derived
from hydrothermal fluids that leached mafic and ultramafic
rocks that occurred at depth under the deposit. It is possible that
broadly coeval rift-related magmas may have acted as a source
for unradiogenic Os in the Caixiashan deposit through leaching
by ore fluids.

Implications for tectonic setting and metallogenesis

The Mesoproterozoic to middle Neoproterozoic tectonic
framework of the northern Tarim basin has been interpreted
to be either a continental rift or a passive continental margin
(Zhu et al. 2011). Rocks of the Kawabulake group are located
in the northeastern part of the Tarim basin and are believed to
reflect rifting of a passive continental margin and concurrent
deposition of sediment on a subsiding continental slope (Dong
2005). The Kawabulake group is considered to have formed
during the Mesoproterozoic. The stratigraphic position of the
Kawabulake group sedimentary rocks indicates that they were
deposited no later than the Mesoproterozoic Xingxingxia
group, which has been dated based on the occurrence of stro-
matolites (e.g., Conophyton cylindrical; Dong 2005) and in-
trusive relationships with meta-diorite that yielded a U-Pb age
of 1141±60Ma (Xiu et al. 2002) and granitic gneiss with ages
of 942.1 ± 7.2 and 941.9 ± 4.9 Ma (Peng et al. 2012). The
syn-sedimentary pyrite (Py1) from the Kawabulake group
yielded an isochron age of 1019±70 Ma indicating it was
deposited during the Grenville orogeny (ca. 1300–900 Ma;
Song et al. 2012).

The Eastern Tianshan lies in a key position in the
Central Asian Orogenic Belt. Several Palaeozoic
metallogenic epochs have been identified in the Eastern
Tianshan area (Zhang et al. 2008; Han et al. 2014), but
there are no reports of Precambrian mineralization, in
part, because most of the sedimentary-hosted deposits in
this area lack accurate ages for the time of deposition and
because the Palaeozoic magmatism and regional metamor-
phism have reworked the ore bodies and the host rocks.
Due to these complexities, the genesis of these deposits
has long been a matter of debate. For example, the hydro-
thermal fluids at Caixiashan have been proposed to be
either some form of magmatic fluid (Cao et al. 2013) or
sedimentary brines (Peng et al. 2007). The new pyrite
ages that bracket the mineralization preclude derivation
from Palaeozoic magmatic hydrothermal fluids, and

Fig. 3 187Re/188Os vs. 187Os/188Os plots for pyrite separates from the
Caixiashan Zn-Pb deposit. Plots a, b and c represent pyrite separates from
the three main stages of mineralization. Sample numbers are keyed to
Table 1
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suggest the presence of a newly identified Neoproterozoic
metallogenic event in the Eastern Tianshan, particularly
within the Mesoproterozoic Kawabulake group and that
the ore-forming fluids have both magmatic and sedimen-
tary source components.

ANeoproterozoic continental rift setting for the Kawabulake
group has been suggested based onmultiple 830–740-Mamag-
matic events in the northern Tarim block related to the breakup
of Rodinia (Chen et al. 2004; Huang et al. 2005; Xu et al. 2005;
Zhan et al. 2007; Zhang et al. 2007; Zhu et al. 2008). The
ore-forming process at Caixiashan likely occurred in an exten-
sional environment, in which oxidised sulphate-containing
fluids descended through the permeable and oxidised clastic
aquifer or fractured basement and leached the metals from the
sediment and from inferred mafic to ultramafic source rocks
within the basement stratigraphy, forming an oxidised metallif-
erous fluid enriched in Zn and Pb, that mixed with likely
sources of reduced sulphur including one formed by sulphate
reduction facilitated by organic matter or bacteria in the
organic-rich sediments (CH4) or reduced basin fluids (Leach
et al. 2010). Minor magmatic heat produced by magmatic
events from 830–740 Ma may have acted as a driver for the
regional fluid flow with the same magmas possibly providing a
source for the unradiogenic osmium.

Conclusions

This study provides geochronological evidence for both
syn-sedimentary pyrite and pyrite associated with mineraliza-
tion, which constrains the age of the mineralization process at
Caixiashan. The Kawabulake group rocks host the Caixiashan
Zn-Pb deposit and were deposited in the northern Tarim at
1019 ± 70 Ma with the main mineralization stage of
Caixiashan occurring between 859 ± 79 and 837 ± 39 Ma.
The new Re-Os ages are interpreted to represent a newly iden-
tified mineralization epoch in the Eastern Tianshan of the
Central Asia Orognenic Belt. The low initial Os ratios for
pyrite from the Caixiashan deposit are consistent with deriva-
tion from hydrothermal fluids that leached Os from mafic to
ultramafic rocks that retained a mantle Os signature as well as
from the sedimentary host rocks.
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