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Abstract The Kukaazi Pb–Zn–Cu–W polymetallic

deposit, located in the Western Kunlun orogenic belt, is a

newly discovered skarn-type deposit. Ore bodies mainly

occur in the forms of lenses and veins along beddings of the

Mesoproterozoic metamorphic rocks. Three ore blocks, KI,

KII, and KIII, have been outlined in different parts of the

Kukaazi deposit in terms of mineral assemblages. The KI

ore block is mainly composed of chalcopyrite, scheelite,

pyrrhotite, sphalerite, galena and minor pyrite, arsenopyrite,

and molybdenite, whereas the other two ore blocks are

made up of galena, sphalerite, magnetite and minor

arsenopyrite and pyrite. In this study, we obtained a

molybdenite isochron Re–Os age of 450.5 ± 6.4 Ma (2r,

MSWD = 0.057) and a scheelite Sm–Nd isochron age of

426 ± 59 Ma (2r, MSWD = 0.49) for the KI ore block.

They are broadly comparable to the ages of granitoid in the

region. Scheelite grains from the KI ore block contain high

abundances of rare earth elements (REE, 42.0–95.7 ppm)

and are enriched in light REE compared to heavy REE, with

negative Eu anomalies (dEu = 0.13–0.55). They display

similar REE patterns and Sm/Nd ratios to those of the

coeval granitoids in the region. Moreover, they also have

similar Sr and Nd isotopes [87Sr/86Sr = 0.7107–0.7118;

eNd(t) = -4.1 to -4.0] to those of such granitoids, imply-

ing that the tungsten-bearing fluids in the Kukaazi deposit

probably originate from the granitic magmas. Our results

first defined that the Early Paleozoic granitoids could lead to

economic Mo–W–(Cu) mineralization at some favorable

districts in the Western Kunlun orogenic belt and could be

prospecting exploration targets.

Keywords Molybdenite Re–Os � Scheelite Sm–Nd � REE �
Kukaazi Pb–Zn–Cu–W polymetallic deposit � Western

Kunlun orogenic belt

1 Introduction

Timing of mineralization is very important for under-

standing and interpreting metallogenesis and is thus useful

for establishing the metallogenetic model. Direct isotopic

dating of suitable minerals has been proved as a possible

approach to resolving the age of ore formation (Chesley

et al. 1991). Due to high rhenium (Re) and very low

common osmium (Os) concentrations, Re–Os dating of

molybdenite has become a powerful tool to constrain the

ages of mineralization directly (Stein et al. 1997).

Scheelite, a common accessory mineral in many

hydrothermal deposits with high contents of REE, Sr, and

Pb and variable Sm/Nd ratios (e.g., Bell et al. 1989; Voicu

et al. 2000; Brugger et al. 2002), has also been used to

constrain timing of mineralization and to trace the

source(s) of ore-forming fluids for hydrothermal deposits,

especially for hydrothermal W-Au deposits (e.g., Frei et al.

1998; Peng et al. 2003, 2006).
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The Kukaazi Pb–Zn–Cu–W polymetallic deposit is

currently discovered in the metamorphic rocks of the

Mesoproterozoic Changcheng Group in the Western Kun-

lun orogenic belt (WKOB). In this deposit and its adjacent

regions, a number of Ordovician granodiorite and mon-

zonite intrusions (471–441 Ma; Wang et al. 2013a, b;

Zhang et al. 2015) were emplaced into the Changcheng

Group. However, due to a lack of mineralization age and

isotopic data for the Kukaazi deposit, the genetic rela-

tionship between the mineralization and such Ordovician

granitoid magmatisms remains unclear, which limited the

understanding of metallogenesis of the region. Here we

present molybdenite Re–Os and scheelite Sm–Nd isochron

ages to constrain the timing of Mo and W mineralization at

the Kukaazi deposit. In addition, REE contents, Sr, and Nd

isotopes of the scheelite are also provided to constrain the

sources of ore-forming fluids and metals.

2 Geological setting

The Kukaazi deposit, with coordinates of 76�39.500E,

37�100N at its center, is located in the WKOB, which is an

over 2000 km long NW–SE-trending narrow structural belt

between the Tarim Craton and the Karakorum–Qiangtang

Block (Fig. 1a; e.g., Xu et al. 2011; Zhang et al. 2015).

Previous researches indicated that the WKOB can be divi-

ded into the North Kunlun Terrane (NKT), the South

Kunlun Terrane (SKT), and the Taxkorgan-Tianshuihai

Terrane (TST) (Fig. 1b). They are bordered by the Akazi-

Kegang Fault and the Mazha-Kangxiwa Fault from north to

south, respectively (e.g., Pan 1989; Mattern et al. 1996;

Mattern and Schneider 2000; Xiao et al. 2002; Zhang et al.

2015). The NKT, bounded by the Tiekelike Fault to the

north and the Akazi-Kegang Fault to the south, was gen-

erally considered to be a part of the Tarim Craton in the

Paleo-Proterozoic (Pan et al. 1994; Xu et al. 1994; Jiang

et al. 2000; Yuan et al. 2003). It is mainly composed of

the Proterozoic to Lower Paleozoic metamorphic rocks,

which are overlain by the Devonian to Triassic carbonate

and clastic rocks locally (Xiao et al. 2002). Previous studies

confirmed that the metamorphic basement of the NKT was

probably formed during 2.4–0.8 Ga (Zhang et al.

2004, 2007; Wang et al. 2009). The SKT is sandwiched

between the Akazi-Kegang and Mazha-Kangxiwa faults. It

is characterized by the existence of Precambrian gneiss-

schist-migmatite complex and the Kudi ophiolite (Yin and

Harrison 2000; Xiao et al. 2002), and its southern part is

occupied by many Early Carboniferous to Late Triassic arc-

type magmatic rocks (Xiao et al. 2002). According to Yuan

et al. (2002), the Precambrian metamorphic rocks of the

SKT have much younger depleted mantle Nd model ages

(i.e. 1.5–1.1 Ga) than those of the North Kunlun Terrane

([2.8 Ga). Meanwhile, the timing of the Kudi ophiolite

suite was constrained between 525 and 510 Ma through

high-precision SHRIMP zircon U–Pb dating by some

researchers (e.g., Xiao et al. 2003; Zhang et al. 2004). In the

TST, there are outcropping a series of Permo-Triassic fly-

sch-facies sedimentary rocks, similar to those of the Bayan

Har Block in terms of lithological assemblages (Mattern

et al. 1996). The TST has been considered to be a giant

accretionary wedge formed by the northward subduction of

the Paleo-Tethyan ocean basin (Xiao et al. 2005).

From Early Paleozoic to Triassic, the WKOB had

experienced the Proto-Tethyan to the Paleo-Tethyan

oceans evolutions (Pan et al. 1994; Mattern et al. 1996;

Mattern and Schneider 2000; Xiao et al. 2002, 2005; Xu

et al. 2015; Zhang et al. 2015). With the expansion, sub-

duction, and closure of the different stages of Tethyan

oceanic basins, a large amount of granitoids were emplaced

into the western Kunlun area along the striking orientation

of the orogenic belt and were controlled by the regional

fracture zones (Fig. 1b) (Wang et al. 2013a; Zhang et al.

2015). The Early Paleozoic granite intrusions are dis-

tributed mainly in the South Kunlun and North Kunlun

terranes, and intruded the metamorphic basement rocks

during 521–431 Ma (Fig. 1b; Zhang and Xie 1989; Fang

and Wang 1990; Xu et al. 1994; Jiang et al. 1999, 2000;

Yuan et al. 2003; Cui et al. 2006, 2007; Yu et al. 2011;

Wang et al. 2013a). These granites exhibit arc signatures

(i.e. negative anomalies of Nd, Ta, and Ti) and are sug-

gested to originate from partial melting of mafic lower

crust in an active continental arc setting (Yuan et al. 2003;

Wang et al. 2013a; Jia 2013). The Early Mesozoic grani-

toids (243–192 Ma) are mainly distributed along the line of

the Mazha-Kangxiwa Fault (Fig. 1b; Zhang et al.

2005, 2015). They comprise metaluminous I-type gran-

odiorite and monzogranite and have geochemical features

similar to the bulk continental crust, which was ascribed to

be resulted from melting of amphibolite of mid-ocean-

ridge basalt protolith during continental collision stages

(Zhang et al. 2015).

The WKOB is an important Cu–Pb–Zn–Au mineral

deposit belt in China (Sun et al. 2003; Zhang et al. 2014c)

and is also a famous place for producing high-quality

nephrite (usually called Hetian nephrite) for the world (Liu

et al. 2016). Four kinds of metallic ore deposits have been

discovered in the WKOB (Fig. 1b). They include (1) car-

bonate-hosted Cu–Pb–Zn-(Au–Co) deposits (e.g., the

Tiekelike Cu–Pb–Zn–Ag, Tamu Zn–Pb–Co, Kalangu Pb–

Zn–Co, and Bulunkou Cu–Au deposits; Sun et al. 2003;

Zhang et al. 2014c), (2) volcanic-hosted massive sulfide Cu–

(Zn) deposits (e.g., the Saluoyi Cu, Aketashi Cu, and

Shangqihan Cu–Zn deposits; Sun et al. 2003), (3) magmatic-

hydrothermal Cu–Mo–Fe–(Li–Be) deposits (e.g., the Datong

porphyry Cu–Mo, Kayizi porphyry Mo, Kudi skarn Cu–Fe,
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and Dahongliutan Li–Be deposits; Sun et al. 2003; Liu et al.

2010), and (4) sandstone Cu deposits (e.g., the Tegelimansu

Cu deposit; Sun et al. 2003). The carbonate-hosted Cu–Pb–

Zn deposits formed in two epochs, 337–331 and

235–206 Ma (Zhang et al. 2014c). The VMS Cu–(Zn)

deposits are hosted in the Carboniferous bimodal volcanic

rocks with a whole-rock Rb–Sr isochron age of

332 ± 66 Ma (Sun et al. 2003). While these magmatic-hy-

drothermal Cu–Mo–Fe–(Li–Be) deposits are closely asso-

ciated with some felsic intrusions. According to Liu et al.

(2010), the molybdenite Re–Os ages of the Kayizi porphyry

deposit is consistent with the zircon U–Pb age (251 ± 5) of

the ore-bearing granitoids therein. The Tegelimansu sand-

stone Cu deposit is hosted in the Early Carboniferous red

clastic rocks (Sun et al. 2003). Therefore, both the geologic

evidence and the available isotopic data suggest that the

aforementioned four types of metallic ore deposits were

formed in the Late Paleozoic. However, the linkage between

the mineralization and the Early Paleozoic granitic intru-

sions is still unclear, although such granitoids are exten-

sively distributed in the western Kunlun.

3 Geology of the Kukaazi deposit

3.1 Wall rocks

Outcropped strata in the Kukaazi mine are mainly com-

posed of the low-grade metamorphosed clastic rocks,

meta-volcanic rocks, marble, and minor garnet skarns of

Fig. 1 a A schematic map of the Western Kunlun orogenic belt and its adjacent regions (modified after Zhang et al. 2015), and b a simplified

geologic map of the Western Kunlun orogenic belt (modified from Wang et al. 2013a and Zhang et al. 2015). In b, NKL North Kunlun Terrane,

SKT South Kunlun Terrane, TST Taxkorgan-Tianshuihai Terrane; and some represented metallic ore deposits are also labeled

Acta Geochim (2018) 37(1):47–59 49

123



the Middle Proterozoic Changcheng Group (Fig. 2a), with

a strike of 160�–210� and a steep dip angle of 60�–80�
(Fig. 2b). The Ordovician granitic plutons, including

monzonite, granodiorite, and minor K-feldspar granite,

were emplaced into the metamorphic rocks during

462–456 Ma in the deposit (Wang et al. 2013b). These

plutons belong to metaluminous I-type granites, with

A/CNK values between 0.91 and 1.05. They are enriched in

light REE and large ion lithophile elements, relatively

depleted in high field strength elements (i.e. Nb, Ta, Ti, P),

and possess high initial Sr isotopic ratios and negative

eHf(t) values (Yuan et al. 2003; Wang et al. 2013a; Jia

2013). Hence, they were proposed to result from partial

melting of the mafic lower crust of the SKT in an active

continental arc setting (Yuan et al. 2003; Wang et al.

2013a, b).

3.2 Ore bodies

Ore bodies of the Kukaazi deposit mainly occur in the forms

of lenses and veins along beddings of various low-grade

metamorphic rocks of the Mesoproterozoic Changcheng

Group, which is composed of marble, mica quartz slate,

meta-volcanic rocks, and chlorite slate. According to min-

eral assemblage and spatial distribution, three ore blocks

(KI, KII, and KIII) have been outlined in the mine (Fig. 2a).

The KI ore block occurs at the northwest of the mine

and is composed of chalcopyrite, scheelite, sphalerite,

galena, plus minor pyrite, pyrrhotite, arsenopyrite,

molybdenite, tetrahedrite, and bismuthinite (Fig. 3). The

ores mainly occur in four layers of garnet skarns

between a hanging wall of laminated marble and a

footwall of the siliceous meta-tuffaceous rocks (Fig. 2b).

The garnet skarn ore is composed of irregular garnet and

marble, with quartz, sulfides, and scheelite grains

occurring as patchy aggregates and veins. Marble ore,

containing sphalerite, galena, arsenopyrite, and pyrite, is

distributed along beddings of the Changcheng Group

(Fig. 2b). The ore bodies are overall 80–200 m long and

3–12 m wide. A large Cu–W–(Zn–Pb) ore body is over

6 meters in thickness, with average grades of 0.9 wt%

for Cu, 0.2 wt% for WO3 (up to 0.92 wt%), 0.8 wt% for

Zn, and 0.3 wt% for Pb, respectively. The gangue

minerals mainly include garnet, quartz, carbonate, and

minor fluorite.

The KII ore block is located at the center of the mine. In

this ore block, three lens-shaped massive ore bodies (com-

prising of galena ? sphalerite ? magnetite ? pyrite ±

pyrrhotite ± chalcopyrite) occur within coarse-grained

crystalline marble or between the beddings of marble and

tuffaceous slate. The ore bodies are 5–10 m thick (up to

14 m), 80 m long, with average ore grades of 13.7 wt% for

Pb and 9.9 wt% for Zn.

The KIII ore block is sited at the southeast of the mine.

The lens-shaped ore bodies, consisting of galena ? spha-

lerite ? magnetite ± arsenopyrite ± pyrite ± bismuthinite,

are hosted in garnet-diopside skarns along the beddings of

the marble and meta-rhyolitic tuff or quartz keratophyre.

Fig. 2 a A simplified regional geological map of the Kukaazi deposit, and b a geological cross section along exploration line A3 (its location

labeled in a)
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3.3 Paragenesis of the mineralization

Two stages of mineralization, including the early diagen-

esis stage and the late magmatic-hydrothermal stage, have

been identified at the Kukaazi deposit (Zhang et al. 2014b).

The oolitic pyrite, tiny grains of Fe-rich sphalerite, galena,

and pyrrhotite in massive sulfide ores in marble were

formed in the diagenetic process. The association of

Fig. 3 Photographs of some representative ores from the Kukaazi deposit: a a chalcopyrite–pyrite–calcite coarse vein in the garnet skarn; b a

specimen of chalcopyrite-arsenopyrite skarn ore; c a chalcopyrite-pyrrhotite-quartz vein; d a scheelite grain in sphalerite–galena–chalcopyrite–

pyrrhotite–arsenopyrite ore specimen; e scheelite in ores under ultraviolet light. Mineral abbreviations: Apy arsenopyrite, Cal calcite, Ccp

chalcopyrite, Gn galena, Grt garnet, Po pyrrhotite, Py pyrite; Qz quartz; Sch scheelite; Sph sphalerite
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chalcopyrite, scheelite, molybdenite, and coarse-grained

pyrrhotite, sphalerite, galena, and arsenopyrite in veins

suggests that they were formed from magmatic-hy-

drothermal fluids. Based on field and microscopic obser-

vations of cross-cutting relationships and textures of

various minerals, we draw the mineral paragenesis diagram

for the Kukaazi deposit (Fig. 4).

4 Analytical methods

4.1 Molybdenite Re–Os analytical methods

Four molybdenite samples were selected from the KI ore

block to undertake Re–Os isotopic dating. Froth flotation

was first applied to separate molybdenite from the finely

crushed mineralized rocks. Then molybdenite separates

were handpicked individually under a binocular micro-

scope to get over 99% purity. Re–Os isotope analysis was

performed on a Thermo ICP-MS (X7) in the Re–Os Lab-

oratory, National Research Center of Geoanalysis, Chinese

Academy of Geological Sciences in Beijing. The detailed

analytical procedures are described in Du et al.

(1994, 2004). A model age of 220.6 ± 3.2 Ma, which is

consistent with the certified value of 221.4 ± 5.6 Ma (Du

et al. 2004), for the molybdenite standard GBW04435

(HLP) has been obtained in this analysis. Procedure blanks

were 1.3 ± 0.2 pg for Re and 0.21 ± 0.06 pg for Os,

respectively. The187Re decay constant of 1.666 9 10-11

Fig. 4 Simplified paragenetic

sequence of ore and gangue

minerals for the Kukaazi deposit
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year-1 (Smoliar et al. 1996) was used to calculate the

molybdenite model ages.

4.2 Sm–Nd, and Sr isotopes analyses of the scheelite

Nine scheelite-bearing ore samples were also collected

from KI ore block to obtain scheelite separates. Sm–Nd and

Sr isotopes of scheelite were analyzed at the Tianjin

Institute of Geology and Mineral Resources (TIGMR).

0.15 g sample powder was weighted and dissolved by

HF ? HClO4 solution in sealed Teflon reaction container

at high temperature for half a day. The Sr obtained through

Isotope Concentration procedure needed to be doubly

purified. The phosphoric acid (HDEHP) method was

applied for the Nd purification. Measurement of Sm–Nd–Sr

isotopic compositions was carried out on a Triton thermal

ionization mass spectrometer (TIMS). Sr and Nd isotopic

ratios were normalized to 88Sr/86Sr ratio of 8.37521 and for
146Nd/144Nd ratio of 0.7219, respectively. The measured

results were 0.710253 ± 6 for 87Sr/86Sr ratio of the Stan-

dard NBS987 and 0.511132 ± 5 for 143Nd/144Nd ratio of

the Standard JMC, respectively, with standard deviation of

2r. The measured results of the Standard NBS-607 (K-

feldspar) were 522 ppm for Rb, 65.3 ppm for Sr, and

1.200050 ± 5 for 87Sr/86Sr ratio. The measured results of

the China First Class Standard GBS04419 (rock) were

3.02 ppm for Sm, 10.07 ppm for Nd, and 0.512739 ± 5 for
143Nd/144Nd ratio. The measured results of the Interna-

tional Standard BCR-2 (basalt) were 6.61 ppm for Sm,

28.13 ppm for Nd, and 0.512643 ± 5 for 143Nd/144Nd

ratio. The blank of the whole procedure was 56 ng for Rb,

38 ng for Sr, 30 pg for Sm, and 54 pg for Nd, respectively.

The Sm–Nd isochron age was calculated by using Isoplot/

Exversion 4.15 (Ludwig 2012).

4.3 REE analysis of the scheelite

REE analyses of thirteen scheelite samples were conducted

at the State Key Laboratory of Ore Deposit Geochemistry

(SKLODG), Institute of Geochemistry Chinese Academy

of Sciences using PE Elan DRC-e inductively coupled

plasma-mass spectrometry (ICP-MS) and with analytical

precision and accuracy generally better than 10%. The

detailed analytical procedures were broadly similar to those

described in Qi et al. (2000).

5 Results

5.1 Re–Os ages of molybdenite

Rhenium, Os concentrations and isotopic ratios of the

molybdenite are listed in Table 1. Total Re and 187Os

concentrations vary from 47.7 to 134 ppm and from 226 to

635 ppb, respectively. All the Re–Os model ages are in a

narrow variation, from 451.9 ± 6.3 to 450.5 ± 7.1 Ma.

They show an excellent reproducibility, and yield an
187Re-187Os isochron age of 450.5 ± 6.4 Ma (2r,

MSWD = 0.057, N = 4), with a weighted average age of

451.3 ± 3.4 Ma (2r, MSWD = 0.037, N = 4) (Fig. 5).

The intercept on the 187Os axis is nearly zero within

uncertainty, which indicates that the isochron age of the

molybdenite is reliable.

5.2 Sm–Nd and Sr isotopic compositions of scheelite

147Sm/144Nd and 143Nd/144Nd ratios of the scheelite range

from 0.0879 to 0.1176 and from 0.512128 to 0.512211,

respectively (Table 2). They yield an isochron age of

426 ± 59 Ma (2r, MSWD = 0.49, N = 9), with an initial
143Nd/144Nd ratio of 0.511882 ± 0.000038 (Fig. 6a). Since

this age is consistent with the molybdenite Re–Os age

within uncertainty, and no linear relationship between the

(143Nd/144Nd)t and 1/Nd ratios (Fig. 6b), it is thus believed

that this Sm–Nd isochron age of the scheelite is acceptable.

Taking 426 Ma as the tungsten mineralization time, the

calculated initial 143Nd/144Nd values vary from 0.511879

to 0.511884 (average 0.511882) (Table 2), with uniform

eNd(t) values of ca. -4.0. Their depleted mantle Nd model

ages (TDM) vary from 1.5 to 1.2 Ga (average 1.3 Ga),

consistent with the model ages of the coeval granitoids in

the area (Yuan et al. 2003; Jia 2013).

The scheelite has uniform Sr isotopic compositions, with
87Sr/86Sr varying from 0.7107 to 0.7118.

5.3 REE compositions

REE concentrations and calculated parameters of the

scheelite are given in Table 3. The Sm and Nd contents are

broadly consistent with those measured by isotope dilution

method within the ranges of standard deviation (Table 2).

This means that these analytical results were reliable. The

scheelite has high contents of REE (including Y,

42–96 ppm), similar to the scheelite from the Woxi Au–

Sb–W deposit (41–124 ppm, Peng et al. 2005) but much

lower than the scheelite from the Daping Au

(1760–2004 ppm, Xiong et al. 2006) and Xuebaoding W–

Sn–Be deposits (369–1302 ppm, Liu et al. 2007) in China.

The scheelite is characterized by strong enrichments of

light REE (LREE) compared to heavy REE (HREE), with

the La/YbN ratios varying from 33 to 226 (Table 3; Fig. 7).

These REE features are similar to those of scheelite from

the porphyry and skarn types deposits (Fig. 8; Song et al.

2014) but are obviously contrasted to the scheelite from the
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lode Au–W (–Sb) deposits in South China that is charac-

terized by middle REE- and HREE- enrichment, but

LREE- depletion (Peng et al. 2005). In addition, the

scheelite has remarkable negative Eu anomalies

(dEu = 0.13–0.55, average 0.36) similar to that of the

scheelite from the Xuebaoding W–Sn–Be deposit

(dEu = 0.44–0.51, Liu et al. 2007) but different from that

from the lode Au–W (–Sb) ore deposits with positive Eu

anomalies (Peng et al. 2005).

6 Discussion

6.1 Timing of Mo and W mineralization and its

geological significances

In this study, we obtained a precise molybdenite isochron

Re–Os age of 450.5 ± 6.4 Ma and a rough scheelite Sm–

Nd isochron age of 426 ± 59 Ma for the Kukaazi deposit.

The Sm–Nd isochron age of scheelite is consistent with the

Table 1 Re-Os data for

molybdenite from the Kukaazi

deposit

Sample Weight (g) Re (ppm) 187Re (ppm) 187Os (ppb) Model age (Ma)

Measured ±2r Measured ±2r Measured ±2r Measured ±2r

YL-4 0.01042 133.9 1.5 84.13 0.92 635.4 3.6 451.6 7.1

YL-13-11 0.00539 108.6 1.4 68.27 0.90 514.8 3.1 450.9 7.9

YL-13-12 0.00403 104.0 1.1 65.38 0.70 492.5 3.0 450.5 7.1

YL-47-2 0.00533 47.65 0.37 29.95 0.24 226.3 1.3 451.9 6.3

Fig. 5 a A Re–Os isochron age diagram, and b a Re–Os weighted average model age diagram for molybdenite samples from the Kukaazi

deposit

Table 2 Sm, Nd, and Sr isotopic compositions of the scheelite from the Kukaazi deposit

Sample 87Sr/86Sr (2r) Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (2r) 143Nd/144Nd

(t = 426 Ma)

eNd (t = 426 Ma) TDM (Ga)

BWK-1 0.710916 (13) 2.934 17.39 0.1020 0.512168 (3) 0.511884 -4.0 1.3

BWK-3 0.710905 (9) 1.938 13.33 0.0879 0.512128 (7) 0.511883 -4.0 1.2

BWK-4 0.711111 (15) 3.712 23.20 0.0967 0.512153 (5) 0.511883 -4.0 1.3

BWK-6 0.710785 (10) 3.295 16.94 0.1176 0.512211 (12) 0.511883 -4.0 1.5

BWK-13 0.710718 (8) 2.669 15.51 0.1040 0.512169 (7) 0.511879 -4.1 1.4

BWK-15 0.710875 (3) 2.670 16.70 0.0966 0.512149 (5) 0.511880 -4.1 1.3

BWK-16 0.710902 (5) 3.276 19.90 0.0995 0.512156 (7) 0.511879 -4.1 1.3

BWK-18 0.711847 (6) 3.734 22.10 0.1022 0.512168 (6) 0.511883 -4.0 1.3

N-4 0.710670 (3) 1.876 12.16 0.0932 0.512144 (9) 0.511884 -4.0 1.3
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Re–Os age of molybdenite within uncertainties. There is no

linear relationship between the (143Nd/144Nd)t and 1/Nd

values (Fig. 6b), suggesting that the Sm–Nd system has not

been disturbed by later geological processes such that this

Sm–Nd isochron age is acceptable. Moreover, tungsten

generally shares similar geochemical behaviors to Mo in

magmatic-hydrothermal systems (e.g., Robb 2005). Thus,

W-bearing minerals (such as scheelite) would precipitate

simultaneously with molybdenite from the ore-forming

fluids, which was also the case at the Kukaazi deposit. For

that reason, we proposed that the timing of Mo and W

mineralization of the Kukaazi deposit took place at

*450 Ma.

Zircon U–Pb ages of 462–456 Ma for the monzonite

and granodiorite in the Kukaazi deposit (Wang et al.

2013b) are consistent with the ages of the granites around

the 128 milestone of the Route 219 (471–458 Ma, Xu et al.

1994; Yuan et al. 2003), but a little bit older than the

Fig. 6 a A Sm–Nd isochron age diagram, and b a plot showing (143Nd/144Nd)t versus 1/Nd ratios for scheelite samples from the Kukaazi deposit

Table 3 REE concentrations (ppm) and related parameters of the scheelite from the Kukaazi deposit

Sample BWK-1 BWK-3 BWK-4 BWK-6 BWK-7 BWK-13 BWK-15 BWK-16 BWK-18 N-2 N-3 N-4 N-7

La 9.50 8.78 10.4 10.1 15.4 9.84 12.9 10.8 15.9 5.55 13.4 7.79 21.5

Ce 21.6 17.6 28.7 25.6 36.7 24.1 30.8 28.1 29.7 17.0 30.4 18.1 35.1

Pr 2.94 2.26 4.48 3.69 5.17 3.39 4.04 4.05 3.91 2.89 4.10 2.48 4.62

Nd 11.6 9.51 19.7 15.3 20.4 12.8 15.4 17.4 16.1 14.9 16.7 10.8 20.1

Sm 2.11 1.49 3.27 2.93 2.23 2.24 2.51 2.97 2.69 3.13 2.21 1.63 3.60

Eu 0.24 0.16 0.10 0.25 0.12 0.24 0.19 0.31 0.19 0.12 0.20 0.15 0.12

Gd 1.12 0.57 1.20 1.25 0.95 0.80 0.87 1.37 1.52 2.05 0.82 0.59 2.21

Tb 0.16 0.12 0.21 0.19 0.22 0.14 0.14 0.22 0.24 0.33 0.13 0.11 0.41

Dy 0.41 0.27 0.50 0.45 0.37 0.28 0.39 0.59 0.96 1.33 0.24 0.33 1.42

Ho 0.07 0.03 0.07 0.06 0.05 0.04 0.06 0.09 0.18 0.21 0.03 0.02 0.26

Er 0.18 0.10 0.24 0.24 0.21 0.12 0.13 0.29 0.39 0.50 0.14 0.13 0.62

Tm 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.03 0.02 0.01 0.01 0.04

Yb 0.11 0.06 0.06 0.04 0.07 0.05 0.07 0.18 0.16 0.11 0.04 0.04 0.24

Lu 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 b.d. 0.02

Y 1.50 0.99 1.45 1.51 1.30 0.96 1.55 2.24 3.29 3.40 0.78 1.03 5.44

Total 51.6 41.89 70.45 61.71 83.3 54.96 69.05 68.64 75.39 51.60 69.28 43.2 95.74

La/YbN 58.7 98.1 118 158 153 147 119 39.7 67.8 32.9 226 140 61.5

dEu 0.48 0.53 0.16 0.40 0.24 0.55 0.39 0.47 0.28 0.15 0.46 0.46 0.13

b.d means below detection limits, data of Chondrite are from Boynton (1984)
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Bulong granite (441 Ma, Wang et al. 2013a). Therefore,

the activity of these granitic magmas could last at least ca.

30 million years in the Kukaazi deposit and adjacent areas,

covering the timing of W-Mo mineralization.

As stated above, in spite of a large area of the Early

Paleozoic (from the Cambrian to Silurian) granitoids

exposed in the western Kunlun area, there are no metallic

ore deposits reported to be associated with the Early

Paleozoic granite intrusions yet. In this study, we provided

confident isotopic ages to prove that the Early Paleozoic

granitoids (i.e. Ordovician) could lead to economic Mo–

W–(Cu) mineralization at favorable districts in the western

Kunlun. This result would extend our understanding on the

regional metallogenesis, and be greatly helpful for the

prospecting explorations in this region.

6.2 Source of ore-forming materials

As a kind of Ca-rich minerals in many hydrothermal

deposits, scheelite is rich in some trace elements, including

REE and Sr, which can substitute Ca2? in the crystal lattice

of scheelite in form of isomorphic replacement (Bell et al.

1989; Voicu et al. 2000; Brugger et al. 2002). Chemistry of

scheelite is thus commonly used to trace the source of ore-

forming fluids (e.g., Frei et al. 1998; Peng et al.

2003, 2006).

REE contents of scheelite are affected or controlled by

compositions of the hydrothermal fluids and wall rocks

(Peng et al. 2005). In this study, REE patterns (especially

the LREE part) of the scheelite are similar to those of the

coeval granitoids in the region (Fig. 7), suggesting that the

scheelite could be precipitation from the magmatic-hy-

drothermal fluids that were exsolved from such granitoids

in the region. However, the scheelite from the Kukaazi

deposit has relatively lower REE contents (especially for

HREE and Y) than the granitoid (Fig. 7), which could be

attributed to the early precipitation of skarn minerals (e.g.,

garnet and diopside) that extracted most of HREEs from

ore-forming fluids (Song et al. 2014).

Since Eu can substitute Ca2? (ionic radius 1.06 Å) in

scheelite as a state of either Eu3? (0.947 Å) or Eu2?

(1.17Å), the Eu anomalies in scheelite could be ascribed to

the redox conditions of ore-forming fluids (Ghaderi et al.

1999; Brugger et al. 2000, 2002, 2008). Previous studies

have demonstrated that a high concentration of Eu2?

(Eu3? \ Eu2?) in reduced fluids would result in a positive

Eu anomaly in scheelite, while oxidized fluids would have

higher proportion of Eu3? (Eu3? [ Eu2?), leading to a

negative Eu anomaly in precipitated minerals (Ghaderi

et al. 1999; Xiong et al. 2006). All analyzed scheelite from

the Kukaazi deposit has strongly negative Eu anomalies

with dEu values of 0.13–0.55, indicative of oxidized ore-

forming fluids. The oxidized nature of ore-forming fluids

also supports the linkage with I-type granitic magmatism.

Neodymium is one of the light REE so that its isotopic

compositions of the geological body bear information of

the original source of the REE. The eNd(t) value of

scheelite can be used to trace the source of the ore-forming

fluid precipitating scheelite (Peng et al. 2008). On the other

hand, scheelite is a Ca-bearing mineral that can limit the

accommodation of Rb in Ca ion positions of its crystal

lattice (Deer et al. 1992), resulting in extremely low Rb/Sr

ratios in scheelite. As such, the radioactive 87Sr from the

decay of 87Rb after its formation is negligible. Moreover,

Sr isotopic fractionation during mineral precipitation in the

hydrothermal system is less than 0.2% (Krabbenhoeft et al.

Fig. 7 Chondrite-normalized REE distribution patterns of the scheel-

ite from the Kukaazi deposit (data of chondrite are from Boynton

1984), data of the granitoids (grey area, Wang et al. 2013b) in the

deposit are also plotted here for comparison

Fig. 8 Triangular LREE–MREE–HREE diagram of the scheelite

from the Kukaazi deposit (areas for scheelite samples from other

kinds of deposits were copied from Song et al. 2014)
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2010), much lower than the radiogenic variation of
87Sr/86Sr in natural hydrothermal systems. Therefore, the

measured 87Sr/86Sr ratios of the scheelite can approxi-

mately reflect the initial Sr isotopic compositions of the

fluids where the mineral precipitated. The scheelite from

the Kukaazi deposit has uniform low eNd(t) values, with the

TDM values of 1.5–1.2 Ga. Meanwhile, the scheelite

exhibits relatively highly radiogenic 87Sr/86Sr ratios of

0.7107–0.7118. These isotopic data broadly agree with

those of the coeval granitoids in the region (Yuan et al.

2003; Jia 2013). The Sr–Nd isotopes further suggest that

the W-mineralizing fluids of the Kukaazi deposit could be

derived from the granitoids.

7 Conclusions

1. The Mo and W mineralization at the Kukaazi deposit

formed at ca. 450 Ma, and was closely related to the

intrusion of the Ordovician granitoid in the deposit.

2. The scheelite displays similar REE patterns, Sm/Nd

ratios and Sr and Nd isotopic compositions to those of

the coeval granitoids in the mine, suggesting that the

tungsten probably originates from such granitoids.

3. We identified the Ordovician granitoids could lead to

economic Mo–W–(Cu) mineralization at some favor-

able districts in the western Kunlun area. This extends

our understanding of the regional metallogenesis and is

helpful for the prospecting explorations in this region.
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