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Copper, gold and molybdenum mineralization of the Kalmakyr porphyry deposit in Uzbek Tien Shan
occurs as stockworks, veinlets and disseminations in the phyllic and K-silicate alteration zones developed
predominantly in a middle to late Carboniferous intrusive complex composed of monzonite and granodi-
orite porphyry. Zircon U–Pb dating yielded an age of 327.2 ± 5.6 Ma for the ore-hosting monzonite and an
age of 313.6 ± 2.8 Ma for the ore-bearing granodiorite porphyry. Re–Os dating of seven molybdenite sam-
ples from stockwork and veinlet ores yielded model ages from 313.2 to 306.3 Ma, with two well-
constrained isochron ages of 307.6 ± 2.5 Ma (five stockwork ores) and 309.1 ± 2.2 Ma (five stockwork ores
and two veinlet ores), respectively. These results indicate that Cu–Au mineralization post-dated the
emplacement of the monzonite, started right after the emplacement of the granodiorite porphyry, and
lasted for ca. 7 Ma afterward. The geochronological and geochemical data suggest that the Kalmakyr
deposit was formed in a late Carboniferous mature magmatic arc setting, probably related to the latest
subduction process of the Turkestan Ocean beneath the Middle Tien Shan. The eHf(t) values of zircon
grains from the monzonite vary from +11 to +1.7, with an average of +5.1, and those of zircon grains from
the granodiorite porphyry range from +5.7 to �1.8, with an average of +2.4. These data indicate that the
magma of both monzonite and granodiorite porphyry was derived from partial melting of a thickened
lower crust with input of mantle components and variable crustal contamination, and that there was
more mantle contribution to the formation of the monzonite than the granodiorite porphyry. The high
rhenium concentrations of molybdenite (98–899 ppm) also indicate major mantle contribution of rhe-
nium and by inference ore metals. The relatively high EuN/EuN

⁄ values (average 0.68), Ce4+/Ce3 values
(average 890) and Ce/Nd values (average 36.8) for zircon grains from the granodiorite porphyry than
those from the monzonite (average EuN/EuN

⁄ = 0.33, average Ce4+/Ce3 = 624, average Ce/Nd = 3.9) suggest
that the magma for the syn-mineralization granodiorite porphyry has higher oxygen fugacity than that
for the pre-mineralization monzonite. Based on these data, it is proposed that while the monzonite
was emplaced, the oxygen fugacity and volatile contents in the magma were relatively low, and ore met-
als might disperse in the intrusive rock, whereas when the granodiorite porphyry was emplaced, the oxy-
gen fugacity and volatile contents in the magma were increased, favoring copper and gold enrichment in
the magmatic fluids. The Kalmakyr deposit formed from a long-lived magmatic-hydrothermal system
connected with fertile magmatic sources in relation to the subduction of the Turkestan Ocean beneath
the Middle Tien Shan.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction
The Kalmakyr porphyry Cu–Au–Mo deposit is located in the
Almalyk Cu–Au–polymetallic district, about 45 km southeast of
Tashkent, the capital city of Uzbekistan (Fig. 1). Measured and indi-
cated resources are approximately 2000 million tons (Mt) of ores
grading 0.4% Cu, 0.6 g/t Au, and 0.006% Mo, using a 0.2% Cu
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Fig. 1. Simplified geological map of the western section of the Tien Shan orogenic belt showing location of major copper and gold deposits of different styles (modified from
Porter (2006)). Area shown in Fig. 2 is marked.
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cut-off grade, plus about 1700 Mt of low-grade resources at 0.15–
0.19% Cu (Golovanov et al., 2005). The deposit also contains addi-
tional inferred resources of 17 t Pd at 0.06 g/t, and 1.7 t Pt at
0.006 g/t (Pašava et al., 2010). Notably, the Kalmakyr deposit has
the second largest copper endowment among all deposits in Eura-
sia, and ranks as the third largest gold endowment of any porphyry
copper deposits in the world (Cooke et al., 2005; Mao et al., 2014;
Seltmann et al., 2014a; Yakubchuk et al., 2012).

The Kalmakyr deposit is the largest porphyry Cu–Au deposit so
far discovered in the 2500-km-long Tien Shan orogenic belt, which
extends across Uzbekistan, Tajikistan, Kyrgyzstan, and southeast
Kazakhstan into China (Fig. 1). Understanding its tectonomagmatic
setting and mineralization processes, including the source and age
of the parental magma and the age of mineralization, will be valu-
able in expanding our knowledge on porphyry mineralization sys-
tems in ancient orogenic belts, and also in developing exploration
strategies in this highly prospective underexplored region (Zhao
et al., 2014a,b).

Porphyry Cu–Au–Mo of the Kalmakyr deposit is associated
dominantly with multiple subduction-related alkalic, felsic to
intermediate intrusions formed in the Late Carboniferous
(Golovanov et al., 2005). Published K–Ar dating has yielded 320–
280 Ma ages for magmatic intrusions and 294–273 Ma ages for
associated hydrothermal alteration (Golovanov et al., 2005). Previ-
ous zircon U–Pb ages for ore-related intrusions (315 � 308 Ma;
Seltmann et al., 2011) even seems to be contradictory with the
intrusive relations by geological mapping. The age of porphyry
Cu–Au–Mo mineralization is estimated at 314 Ma based on statis-
tical analyses of the U–Pb ages and assumption that magmatic
emplacement age is close to the mineralization age (Seltmann
et al., 2011). The estimated age is in agreement with the prelimi-
nary Re–Os molybdenite age (314 Ma) reported in Seltmann et al.
(2014b). However, poor description of the dated samples and lack-
ing in analytical error makes the age of mineralization not well
constrained.

This paper presents new molybdenite Re–Os geochronological
data from the Kalmakyr deposit, rare earth element composition
as well as U–Pb and Lu–Hf isotopes of zircon grains from ore-
related intrusions. These data are used to constrain the source
and history of ore-related magmatism and related mineralization,
thus providing new insights into the formation processes of the
Kalmakyr porphyry Cu–Au deposit and its controlling factors.
2. Regional geological background

The Tien Shan orogen formed during late Paleozoic collision
between the early Paleozoic Kazakhstan continent in the north
and the Precambrian Karakum terrane and Tarim craton in the
south (Fig. 1) (Biske and Seltmann, 2010; Han et al., 2011;
Windley et al., 2007; Yakubchuk et al., 2002), and it is part of the
larger Central Asian Orogenic Belt (Jahn et al., 2000; Sengör et al.,
1993; Windley et al., 2007; Xiao et al., 2013). The western part of
the Tien Shan in Uzbekistan and Kyrgyzstan has generally been
subdivided into the Northern, Middle, and Southern Tien Shan,
which are bounded by major sutures and crustal-scale faults
(Fig. 1).

The Northern Tien Shan consists of Precambrian basement and
overlying early Paleozoic continental magmatic rocks formed in
response to the progressive northward subduction of the Terskey
Ocean beneath the Northern Tien Shan in the Late Ordovician,
and to the accretion of Middle Tien Shan to Northern Tien Shan
(Konopelko et al., 2008, 2012; Zhao et al., 2015, 2017). In Kyrgyzs-
tan, the Northern Tien Shan is separated from the Middle Tien Shan
by the Nikolaev Line (Fig. 1), a late Paleozoic strike-slip fault gen-
erally following the early Paleozoic suture zone (Bakirov et al.,
2003; Konopelko et al., 2012; Lomize et al., 1997).

The Middle Tien Shan west of the Talas-Fergana fault is repre-
sented by the late Paleozoic Beltau–Kurama volcano-plutonic arc
belt formed on Precambrian basement, early Paleozoic shallow
and deep marine sedimentary sequences and middle Paleozoic
arc-related magmatic rocks as a result of the northward subduc-
tion of the Turkestan Ocean (Chernyshev et al., 2011; Seltmann
et al., 2011). The Beltau–Kurama belt is thought to be a southern
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active continental margin of the Kazakhstan continent (Biske and
Seltmann, 2010; Golovanov et al., 2005; Yakubchuk et al., 2002),
and is characterized by two major episodes of subduction-related
magmatism in Silurian–Early Devonian and Late Carboniferous,
separated by amagmatic event represented by Middle Devonian
to Early Carboniferous carbonate sequences. The younger mag-
matic episode continued until the Permian. It is genetically associ-
ated with major porphyry Cu–Au–Mo deposits in the Almalyk
district (e.g. Kalmakyr, Dalnee and Sari-Cheku).

The Southern Tien Shan is an intensely deformed late Paleozoic
thrust-and-fold belt that formed during the final closure of the Tur-
kestan Ocean in the Early Permian (Biske and Seltmann, 2010). It is
separated from the Middle Tien Shan by the ophiolite-bearing Tur-
kestan Suture in Uzbekistan and the Atbashi-Inylchek Fault in Kyr-
gyzstan (Fig. 1) (Biske and Seltmann, 2010; Konopelko et al., 2007;
Seltmann et al., 2011; Yakubchuk et al., 2002).

3. Geology of the Almalyk district

The Almalyk district is situated on the northern side of the Kur-
ama range (Fig. 1). The district hosts four major porphyry Cu–Au
deposits, one skarn Zn–Pb deposit and several important epither-
mal Au deposits (Fig. 2) with combined historical production and
Fig. 2. Geologic map of the Almalyk Cu–Au–polymetallic district, displaying Kalmakyr
modified from a map presented by the Almalyk Mining–Metallurgical Complex.
remaining resources of over 21 Mt copper and 2000 t gold on both
sides of the Uzbekistan-Tajikistan border (Seltmann et al., 2011).
The basal sequence exposed in the Almalyk district is the Ordovi-
cian to Lower Silurian shallow marine formations of sandstone
and mudstone that were locally greenschist facies metamor-
phosed. This marine sequence is overlain unconformably by the
Lower Devonian intermediate to felsic volcano-sedimentary rocks
with zircon U–Pb age of 421 ± 4 Ma (Nurtaev B.S., pers. comm.).
Shallow lagoon facies sedimentation in the Middle Devonian to
Early Carboniferous resulted in a deposition of approximately
1000 m thick clastic and carbonate succession, with gypsum and
anhydrite occurring at the bottom of this package (Shayakubov
et al., 1999). The Upper Carboniferous alkaline-rich felsic and inter-
mediate volcanic and associated clastic formation hosts important
epithermal gold mineralization in this region (Fig. 2). The overlying
Permian unit mainly comprises terrigenous mafic to intermediate
volcanic rocks with interbedded conglomerate, siltstone and sand-
stone. Cretaceous and Quaternary sediments are distributed in the
topographically low parts of this area (Fig. 2).

The Paleozoic volcano-sedimentary sequences in the Almalyk
district have been extensively intruded by granitoids, which are
estimated to occupy >60% of this region (Fig. 2). The oldest mag-
matic phase in the vicinity of the Almalyk district is represented
and other important porphyry Cu–Au, skarn Zn–Pb and epithermal Au deposits,
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by sporadic exposures of a Late Silurian complex of biotite granite,
granodiorite, plagiogranite, and alaskite stocks and dikes that
extends predominantly south of this area (Fig. 2).

Late Paleozoic intrusive rocks are widely scattered throughout
the Almalyk district and principally comprise a gabbrodiorite–dior
ite–monzonite–granodiorite porphyry–quartz porphyry (Fig. 2).
They were subdivided into three main generations of magmatism
including the early Devonian quartz porphyry, the middle Car-
boniferous monzonite–diorite, and the late Carboniferous to early
Permian granodiorite porphyry. The early Devonian quartz por-
phyry generally occurs as interlayers within or upon intermediate
to felsic volcano-sedimentary formations. The middle Carbonifer-
ous monzonite is the most widespread intrusive phase with occa-
sional transition to diorite and gabbrodiorite (Turamuratov et al.,
2011). The late Carboniferous to early Permian granodiorite por-
phyry (quartz monzonite porphyry in Golovanov et al. (2005)
and Seltmann et al. (2014a)) is part of a large intrusion with lim-
ited exposure in the middle of the Almalyk district (Fig. 2). These
late Paleozoic granitoids are interpreted to be associated with the
northward subduction of the Turkestan Ocean beneath the Middle
Tien Shan, coeval with the formation of the Beltau–Kurama mag-
matic arc (Golovanov et al., 2005; Xue et al., 2014). Hydrothermal
alteration and related gold–copper mineralization in the Almalyk
district are mostly related to the late Carboniferous to early Per-
mian granodiorite porphyry (Golovanov et al., 2005; Seltmann
and Porter, 2005) or the middle Carboniferous monzonite
(Turamuratov et al., 2011).

The faults in the Almalyk district are complex and mostly steep-
dipping faults that display dominant east–west to northeast orien-
tation at the current surface. However, the whole district seems to
be controlled by a deep-seated, northwest-trending fault system
interpreted from satellite images and geophysical (Golovanov
et al., 2005). East–west-trending faults are interpreted to control
the localization of mineralization and were reactivated during
the Alpine Orogeny (Golovanov et al., 2005). Intersections between
northwest and east–west trending faults appear to host major cop-
per–gold mineralization at the Almalyk district (Turamuratov
et al., 2011). Northeast-oriented faults postdate the magmatic-
hydrothermal mineralization events, probably developed during
the Alpine Orogeny (Golovanov et al., 2005).
4. Geology of the Kalmakyr Mine and sampling

4.1. Geological units and relationships

The Kalmakyr porphyry deposit is spatially related to a bell-
shaped, NW-trending late Paleozoic intrusive complex (Fig. 3a),
which consist of barren late Devonian quartz porphyry, ore-
related middle Carboniferous monzonite and diorite and late Car-
boniferous granodiorite porphyry (Fig. 3). The intrusive complex
is believed to be controlled by NW-trending faults based on geo-
physical data (Golovanov et al., 2005). However these inferred,
deep-seated faults are not well manifested at the surface and are
not reflected on the geological map (Fig. 3a). The intrusive complex
is cut by the high-angle, EW-trending Kalmakyr fault and several
NE-trending faults (Fig. 3a). The mineralization is mainly devel-
oped within the intrusive complex, straddling the Kalmakyr fault,
and generally follows the trend of the intrusion, i.e., trending NW
(Fig. 3a). The mineralizing hydrothermal system is interpreted to
be focused in zones of cataclasis controlled by the inferred NW-
trending faults and the EW-trending Kalmakyr fault. Middle Devo-
nian carbonate (dolomite and limestone) remnants exposed in the
deposit area (Fig. 3a) were contact metamorphosed, forming
garnet-bearing skarns.
Quartz porphyry crops out in the southern end of the Kalmakyr
deposit area (Fig. 3) and is considered to be the sub-volcanic equiv-
alent of the early Devonian intermediate to felsic volcano-
sedimentary sequence. The quartz porphyry does not host any
mineralization (Fig. 3) and probably represents a pre-
mineralization intrusive phase. It contains about 20–30% phe-
nocrysts, which consist of anhedral quartz (15–20%), subhedral
sanidine (3–5%) and plagioclase (2–5%) within a fine-grained felsic
groundmass. The phenocrysts are very large, ranging from 1 to
2 cm (Fig. 4a and b).

Monzonite is exposed in the northern and central sectors of the
Kalmakyr deposit. It is the most widespread ore-hosting intrusive
phase (Fig. 3a). This unit, previously named syenodiorite
(Meshchaninov and Azin, 1973), consists mainly of coarse,
subhedral to euhedral, phenocryst-like plagioclase (40–45%) and
K-feldspar (25–30%), with minor amounts of hornblende (4–6%),
biotite (3–5%) and anhedral quartz (3–5%) (Fig. 4c and d). Mineral-
ized monzonite contains pyrite–chalcopyrite disseminations and
stockworks (Fig. 4c), associated with pervasive sericitization and
silicification characterized by sericite replacing plagioclase and
fine-grained quartz replacing other minerals (Fig. 4d). In the
western sector of the Kalmakyr deposit, the monzonite gradually
transits to diorite (Turamuratov et al., 2011; Fig. 3), which mainly
comprises equigranular plagioclase (55–60%), hornblende
(25–30%) and biotite (5–8%).

Granodiorite porphyry intrudes the earlier monzonite and diorite
(Fig. 3b). It contains plagioclase (20–25%), quartz (10–15%), K-
feldspar (8–10%), hornblende (6–8%), and sparse biotite (2–4%)
phenocrysts set in a fine-grained plagioclase–quartz groundmass,
with a phenocryst to groundmass ratio of 1:1 (Fig. 4f). The granodi-
orite porphyry has undergone widespread potassic alteration,
associated with quartz–pyrite–chalcopyrite veinlets and pyrite
and chalcopyrite disseminations (Fig. 4e).
4.2. Hydrothermal alteration and mineralization

Mineralization in the Kalmakyr deposit associates with wide-
spread hydrothermal alteration, mainly in monzonite and granodi-
orite porphyry (Figs. 3 and 5). The types of alteration and their
timing and zonation have been well documented by Golovanov
et al. (2005).

The early K-silicate alteration, consisting of hydrothermal K-
feldspar and silicification in the upper central part of the granodi-
orite porphyry, forms a barren inner core. This central K-silicate
alteration zone grades outwards into a laterally extensive ore-
hosting phyllic alteration zone, which is subdivided into two
sub-zones, i.e., the quartz–sericite and the quartz–sericite–chlor
ite–biotite (Turamuratov et al., 2011). The majority of high-grade
ores, characterized by chalcopyrite–pyrite–magnetite–molybde
nite stockworks and veinlets, as well as development of hematite,
is hosted by the quartz–sericite–chlorite–biotite zone. The copper
grades are 4–6 times higher in the phyllic zone with strong chlorite
alteration than those in the chlorite-barren zone (Golovanov et al.,
2005). The phyllic zones are enveloped by a propylitic alteration
zone (Fig. 5), with epidote–chlorite–illite assemblage. The propy-
litic zone hosts pyrite–chalcopyrite–sphalerite–galena veinlets
and disseminations with medium copper content.

The majority of copper mineralization at Kalmakyr is hosted by
the monzonite, and only minor amounts of low-grade copper ores
occur in the granodiorite porphyry surrounding the monzonite
(Fig. 3). The granodiorite porphyry at the core of the intrusive com-
plex is barren (Fig. 3a), and is surrounded by high-grade ores
(>0.8% Cu), followed by a broader medium-grade zone (average
0.7% Cu) and then a low-grade halo containing 0.1–0.3% copper
(Fig. 3a). At Kalmakyr, the dominant mineralization styles are



Fig. 3. Simplified geological and grade distribution map (a) and cross-section (b) of the Kalmakyr porphyry gold–copper deposit, after Samonov and Pozharisky (1977),
Sokolov (1995) and Golovanov et al. (2005).
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stockworks and veinlets of chalcopyrite, pyrite and molybdenite,
and disseminated ores are relatively minor (Fig. 5).

According to Golovanov et al. (2005), the mineral assemblages
of veinlet and stockwork ores can be divided into the following
stages: 1) barren quartz–K-feldspar stockworks (Fig. 5a) and qu
artz–molybdenite–hematite veinlets (Fig. 5e); 2) quartz–mag-
netite veinlets (Fig. 5a and b); 3) auriferous quartz–pyrite–chalco
pyrite–molybdenite veinlets (Fig. 5b–d, and f), which account for



Fig. 4. Photographs and photomicrographs showing the main textures and mineral assemblages of major intrusive phases of the Kalmakyr porphyry deposit. a) weakly
silicified barren quartz porphyry; b) porphyritic texture of the quartz porphyry with anhedral quartz phenocrysts under cross-polarized light; c) monzonite with
disseminated pyrite and chalcopyrite and stockworks quartz–chalcopyrite–pyrite veinlets (Sample Am-47); d) subhedral to euhedral K-feldspar and sericite-altered
plagioclase phenocrysts in monzonite under cross-polarized light (Sample Am-47); e) granodiorite porphyry with disseminated pyrite and chalcopyrite, and quartz–pyrite–
chalcopyrite veinlets (Sample Am-54); f) porphyritic granodiorite porphyry showing plagioclase phenocryst partially rimmed by K-feldspar under cross-polarized light
(Sample Am-54). Mineral abbreviations: Qtz quartz; Kfs K-feldspar; Hb hornblende; Bio biotite; Ser sericite; Py pyrite; Cpy chalcopyrite.
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90% of the gold contained in the deposit; 4) quartz–carbonate–
polysulfide veinlets accounting for the remaining 10% of
gold; 5) zeolite–anhydrite veinlets, and 6) carbonate–barite
veinlets.

4.3. Previous age estimates

At Kalmakyr, published K–Ar ages range from 320–280 Ma for
unspecified altered rocks to 301–273 Ma for hydrothermal miner-
als of phlogopite, sericite and hydro-mica (Golovanov et al., 2005).
U–Pb zircon dating of fresh and altered monzonite body yielded
emplacement ages of 308 ± 1 Ma and 308 ± 4 Ma, respectively,
whereas the age of granite porphyry stock (corresponding to gran-
odiorite porphyry in this study) was dated at 315 ± 1 Ma (Seltmann
et al., 2011). This age corresponds well with the U–Pb age of an
altered quartz syenite dated at 315 ± 2 Ma (Dolgopolova et al.,
2016). However, the published ages of these two intrusive phases
are inconsistent with geological evidence showing that the gran-
odiorite porphyry intrudes the monzonite (Fig. 3b). Re–Os molyb-
denite age of 314 Ma from Kalmakyr deposit has been reported
by Seltmann et al. (2014b), but without any description of dating
samples and analytical errors.

Several isotopic ages have also been published for the Sari-
Cheku porphyry Cu–Au deposit �10 km southeast of Kalmakyr
(Fig. 2). Zircon U–Pb age dating from the ore-bearing granodiorite
porphyry and post-ore granite yielded ages of 306 ± 3 Ma and
297 ± 3 Ma (Seltmann et al., 2011), respectively. Microgranite-
porphyry and andesite-dacite from the Sari-Cheku open pit yielded
U–Pb ages of 304 ± 3 Ma and 311 ± 3 Ma (Dolgopolova et al., 2016),
respectively, but their relationship with Cu–Au porphyry mineral-
ization are not clear. Xue et al. (2013) reported molybdenite model
ages between 329.6 ± 4.9 Ma and 315.4 ± 4.5 Ma from stockwork
ores of the Sari-Cheku deposit, suggesting a long-lived magmatic-
hydrothermal system, while a weighted average age of



Fig. 5. Representative stockwork copper ores from the Kalmakyr. a) early stockwork quartz–K-feldspar (stage 1) cut by quartz–magnetite veinlets (stage 2) with intense
chlorite alteration; b) quartz–magnetite veinlets with disseminated K-feldspar (stage 2) cut by quart–pyrite–chalcopyrite veinlets (stage 3) with intense biotite alteration; c–
d) dense quartz–pyrite–chalcopyrite stockworks and disseminations (stage 3) with severe silicification and potassic alterations; e) quartz–molybdenite veinlets of stage 1
(sample Am-3); f) quartz–pyrite–chalcopyrite–molybdenite veinlets of stage 3 (sample Am-1); g) a scanning electron microprobe image showing the intergrowth
relationships between chalcopyrite and molybdenite (Sample Am-2). Mineral abbreviations: Qtz quartz; Kfs K-feldspar; Bio biotite; Ser sericite; Py pyrite; Cpy chalcopyrite;
Mol molybdenite; Mag magnetite.
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317.6 ± 2.5 Ma is thought to represent the time for copper
mineralization.
4.4. Sampling

In order to determine more accurately the ages of porphyry Cu–
Au–Mo mineralization and related magmatism at Kalmakyr, we
collected samples of the two principal ore-related magmatic rocks
(monzonite and granodiorite porphyry) for zircon U–Pb dating,
rare earth elements and Lu–Hf isotopes in zircons, and seven
molybdenite-bearing samples for Re–Os dating. All studied sam-
ples were collected from the 520 m mRL (48�4802100N, 69�3900700E
and 48�4802600N, 69�3900700E) in the Kalmakyr open pit (Fig. 3a).
Sample Am-47 is a monzonite with disseminated pyrite and
chalcopyrite and quartz–chalcopyrite–pyrite stockworks
(Fig. 4c and d). Sample Am-54 is a granodiorite porphyry with qu
artz–pyrite–chalcopyrite stockworks (Fig. 4e and f). Two of seven
molybdenite-bearing samples (Am-3 and Am-11) are from the
stage-1 quartz–molybdenite veinlets in chlorite-altered and silici-
fied granodiorite porphyry (Fig. 5e), and the other five samples
(Am-1, Am-2, Am-9, Am-10 and Am-12) are from the stage-3 qua
Table 1
Description of the studied samples from the Kalmakyr deposit.

Sample Description of sample

Am-3 Cu–Mo mineralization in veinlets in chlorite-altered and silicified
granodiorite porphyry (stage-1 quartz–molybdenite veinlets)Am-11

Am-1 Cu–Mo mineralization in stockworks in potassic-altered and silicified
granodiorite porphyry (stage-3 quartz–pyrite–chalcopyrite–molybdenite stoAm-2

Am-9
Am-10
Am-12
Am-54 Granodiorite porphyry with disseminated Cu–Mo mineralization

Am-47 Monzonite with disseminated and stockwork Cu mineralization
rtz–pyrite–chalcopyrite–molybdenite stockworks in potassic
altered and silicified granodiorite porphyry (Fig. 4f). For detailed
description of each sample are shown in Table 1.
5. Analytical techniques

5.1. Zircon U–Pb dating and rare earth element

Zircon grains were extracted using conventional heavy liquids
andmagneticseparationtechniques, thenhandpickedunderabinoc-
ular microscope. Selective zircon grains were mounted in an epoxy
resin and polished to expose the grain center. Themountswere pho-
tographed under transmitted and reflected light and cathodolumi-
nescence (CL) to examine the internal structure of zircon crystals
and choose potential target for U–Pb and Lu–Hf isotope analyses.

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) zircon U–Pb and rare earth element analyses were
performed simultaneously on an Agilent 7500a ICP-MS, equipped
with a 193-nm ArF-excimer laser (GeoLas 2005) at the State Key
Laboratory of Continental Dynamics in Northwest University,
Xi’an, China. The spot diameter for each analysis was 32 lm.
Main ore minerals Location

Molybdenite, chalcopyrite Kalmakyr open pit @ 520 mRL
48�4802100N, 69�3900700EMolybdenite

ckworks)
Pyrite, chalcopyrite, molybdenite, gold
Chalcopyrite, molybdenite
Molybdenite, chalcopyrite, pyrite
Pyrite, molybdenite, gold
Molybdenite, chalcopyrite, gold
Pyrite, chalcopyrite, molybdenite, gold

Pyrite, chalcopyrite, gold Kalmakyr open pit @ 520 mRL
48�4802600N, 69�3900700E
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Helium was used as the carrier gas to enhance transport efficiency
of the ablated material. The helium carrier gas inside the ablation
cell was mixed with argon before entering the inductively coupled
plasma to maintain stable and optimum excitation conditions.
Detailed operating condition and procedures were described by
Yuan et al. (2004). Concentrations of U, Th, Pb and other trace ele-
ments were calculated using 29Si as an internal standard and NIST
SRM 610 as the external standard. Zircon 91500 was used as the
external standard for both instrumental mass deviation and
depth-dependent elemental and isotopic fractionation. The
207Pb/206Pb and 206Pb/238U ratios were calculated using the GLIT-
TER program, and common Pb was evaluated following the method
proposed by Andersen (2002). Zircon Ce anomalies (Ce4+/Ce3+)
were calculated using the method based on lattice strain model
proposed by Ballard et al. (2002), and age calculations and plotting
of concordia diagrams were carried out using ISOPLOT (version 3.0)
program (Ludwig, 2003).

5.2. Zircon Lu–Hf isotope analyses

In-situ zircon Lu–Hf isotopic analyses were conducted on the
U–Pb dated spot, using a Nu Plasma Multi-Collector (MC)-ICP-MS
(Nu Instruments Ltd., UK) attached to a 193-nm ArF-excimer laser
at the State Key Laboratory of Continental Dynamics in Northwest
University, Xi’an, China. During the analyses, a laser pulse fre-
quency of 8 Hz and a spot size of 44 lmwere used. Detailed instru-
mental conditions and data acquisition were described by Yuan
et al. (2008). Interference of 176Yb on 176Hf was corrected by mea-
suring the intensity of the interference-free 175Lu, and the recom-
mended 176Lu/177Hf ratio of 0.02669 (De Bievre and Taylor, 1993)
was used to calculate 176Lu/177Hf ratios. Correction of the isobaric
interference of 176Yb on 176Hf and calculation of 176Hf/177Hf ratios
were performed by using the recommended 176Yb/172Yb ratio of
0.5886 (Chu et al., 2002). During analyses, the 176Hf/177Hf ratios
for standard 91500 and GJ-1 are 0.282315 ± 12 (2r, N = 24) and
0.282023 ± 14 (2r, N = 24), respectively, which are in good agree-
ment with the recommended values of 0.282015 ± 19 (2r) for GJ-1
(Elhlou et al., 2006) and 0.282303 ± 8 (2r) for 91500 (Goolaerts
et al., 2004), respectively. Analytical errors for 176Yb/177Hf,
176Lu/177Hf and 176Hf/177Hf are reported in 2r. The decay constant
of 1.865 � 10�11 year�1 (Scherer et al., 2001), initial chondritic
reservoir (CHUR) ratios of 176Hf/177Hf = 0.282772 and
176Lu/177Hf = 0.0332 from Belousova et al. (2002) were adopted
in isotopic calculations. The depleted mantle Hf model ages (TDM)
were calculated relative to the depleted mantle with the present-
day 176Hf/177Hf ratio of 0.28325 and 176Lu/177Hf ratio of 0.0384
(Griffin et al., 2002). The crustal Hf model ages (TCDM) were calcu-
lated by referring to a 176Lu/177Hf ratio of 0.015 for the average con-
tinental crust (Griffin et al., 2002).

5.3. Molybdenite Re–Os analytical methods

Molybdenite samples were separated by liquid and magnetic
techniques, followed by flotation using high-purity water before
handpicked under a binocular microscope. The purity of the sam-
ples was better than 99%. Re–Os isotopic analyses were undertaken
by a Thermo ICP-MS (TJA X-series) at the National Research Center
of Geoanalysis, Chinese Academy of Geosciences, following the
method described in Du et al. (2004). Molybdenite ages were cal-
culated using a 187Re decay constant of 1.666 � 10�11 year�1

(Smoliar et al., 1996). Uncertainty in Re–Os model ages contains
1.02% uncertainty in the 187Re decay constant and uncertainty in
Re and Os concentrations, which includes weighing errors for both
spike and sample, and uncertainty in spike calibration and mass
spectrometry analytical error; the confidence level is 95%. Blanks
during the course of the analysis were <2.9 pg/g for Re and
<0.4 pg/g for Os187. The national standard molybdenite
(GBW04435) yielded 17.21 ± 0.27 pg/g for Re and 25.27 ± 0.21 pg/
g for Os187, which are similar with uncertainty to the recom-
mended values (17.39 ± 0.32 pg/g for Re and 25.46 ± 0.60 pg/g for
Os187 (Du et al., 2004). Furthermore, Re–Os model ages of the
molybdenite reference (GBW04435) recorded in this study
(140.1 ± 2.8 Ma), are in good agreement with their accepted value
of 139.6 ± 3.8 Ma (Du et al., 2004).

6. Results

6.1. Zircon LA-ICP-MS U–Pb data

The zircon U–Pb isotope results of mineralized monzonite
(sample Am-47) and granodiorite porphyry (sample Am-54) are
presented in Table 2. The majority of analytical results yielded con-
cordant ages, and the few exceptions (i.e., spots 5, 9 and 20 of sam-
ple Am-47 and spot 16 of sample Am-54, Table 2) were excluded
from weighted average age calculation.

Zircon grains from the monzonite (sample Am-47) are between
200 and 400 lm in length, with an aspect ratio of 1:1 to 3.5:1. They
are colorless to light pink, exhibit clear oscillatory zoning, but most
of them are not complete crystals or are not euhedral (Fig. 6a). The
measured zircon Th/U ratios range from 0.3 to 0.9 (Table 2), much
higher than those of metamorphic origin (<0.2; Rubatto, 2002),
thus indicating a magmatic origin (Hoskin and Ireland, 2000).
Twenty-four out of 27 analyses (Table 2) produced concordant
ages, which yielded a weighted average 206Pb/208U age of
327.2 ± 5.6 Ma (MSWD = 3.5) (Fig. 7a).

Zircon grains from the granodiorite porphyry (sample Am-54)
are colorless and transparent, with lengths ranging from 150 to
300 lm and length/width ratios between 2:1 and 3:1. They are
euhedral, have elongated shape with typical oscillatory zoning
(Fig. 6b), and have Th/U ratios ranging from 0.3 to 0.7 (Table 2),
which is consistent with a magmatic origin. Twenty-nine out of
30 analyses produced concordant ages, which yielded a weighted
average 206Pb/208U age of 313.6 ± 2.8 (MSWD = 0.2) (Fig. 7b).

6.2. Rare earth element pattern in zircon

Rare earth element (REE) concentrations in zircon from mon-
zonite (Am-47) and granodiorite porphyry (Am-54) are shown in
Table 3. Chondrite-normalized REE patterns of zircon are presented
in Fig. 8. Zircon grains from both monzonite and granodiorite por-
phyry yielded similar REE patterns that are characterized by a def-
icit of light REE and enrichment of heavy REE, together with
positive Ce and variably negative Eu anomalies (Fig. 8), suggesting
a typical magmatic origin (Belousova et al., 2002; Hoskin and
Ireland, 2000). Zircon grains of sample Am-47 have total REE vary-
ing from 1097 to 362 ppm, EuN/EuN

⁄ from 0.57 to 0.20, and Ce4+/
Ce3+ from 1074 to 387, whereas zircon grains of sample Am-54
have total REE varying from 859 to 344 ppm, EuN/EuN

⁄ from 1.02
to 0.41, and Ce4+/Ce3+ from 1621 to 642 (Table 3).

6.3. Zircon Lu–Hf isotopes

The Lu–Hf isotope results for zircon grains from monzonite
(Am-47) and granodiorite porphyry (Am-54) are presented in
Table 4. Fifteen spots were analyzed for each sample. Zircon grains
from the monzonite sample have variable eHf(t) values from +11 to
+1.7, with corresponding crustal model ages (TCDM) from 1243 to
641 Ma (Table 4; Fig. 9). In contrast, zircons from the granodiorite
porphyry sample have relative homogeneous eHf(t) values from



Table 2
LA-ICP-MS analytical results of zircon U–Pb isotopic ratios and ages of magmatic rocks from the Kalmakyr deposit.

Spot Th/U Measured isotope ratio Apparent ages (Ma) Note

207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r

Sample Am-47 (ore-hosting monzonite)
1 0.5 0.05259 0.00238 0.39616 0.01600 0.05466 0.00130 311 100 339 12 343 8
2 0.6 0.04972 0.00191 0.32834 0.01076 0.04791 0.00110 182 87 288 8 302 7
3 0.5 0.05004 0.00201 0.37200 0.01293 0.05393 0.00125 197 91 321 10 339 8
4 0.9 0.04897 0.00209 0.36502 0.01366 0.05408 0.00127 146 97 316 10 340 8
5 0.7 0.06184 0.00243 0.45703 0.01533 0.05361 0.00125 669 82 382 11 337 8 Disconcordant
6 0.8 0.05242 0.00188 0.39075 0.01166 0.05407 0.00123 304 80 335 9 340 8
7 0.4 0.05130 0.00201 0.37583 0.01257 0.05313 0.00122 254 88 324 9 334 7
8 0.6 0.05333 0.00203 0.39242 0.01266 0.05336 0.00122 343 84 336 9 335 7
9 0.6 0.05006 0.00259 0.31384 0.01479 0.04547 0.00110 198 116 277 11 287 7 Disconcordant
10 0.5 0.04951 0.00186 0.36051 0.01144 0.05280 0.00120 172 86 313 9 332 7
11 0.7 0.04995 0.00179 0.36481 0.01077 0.05296 0.00119 193 81 316 8 333 7
12 0.6 0.04864 0.00185 0.34101 0.01091 0.05083 0.00114 131 87 298 8 320 7
13 0.7 0.05153 0.00206 0.38788 0.01326 0.05457 0.00124 265 89 333 10 343 8
14 0.3 0.05164 0.00172 0.39136 0.01029 0.05495 0.00121 270 74 335 8 345 7
15 0.7 0.04978 0.00212 0.34871 0.01289 0.05079 0.00116 185 96 304 10 319 7
16 0.4 0.05030 0.00206 0.33418 0.01179 0.04817 0.00109 209 92 293 9 303 7
17 0.5 0.05225 0.00193 0.36967 0.01128 0.05129 0.00114 296 82 319 8 322 7
18 0.4 0.04958 0.00216 0.37813 0.01435 0.05529 0.00126 175 98 326 11 347 8
19 0.5 0.05299 0.00235 0.38750 0.01506 0.05302 0.00122 328 98 333 11 333 7
20 0.7 0.05659 0.00289 0.32146 0.01476 0.04118 0.00098 475 110 283 11 260 6 Disconcordant
21 0.6 0.05002 0.00182 0.36064 0.01076 0.05226 0.00115 196 83 313 8 328 7
22 0.6 0.05184 0.00218 0.36411 0.01320 0.05091 0.00115 278 94 315 10 320 7
23 0.6 0.04990 0.00205 0.33231 0.01167 0.04827 0.00108 191 93 291 9 304 7
24 0.5 0.05555 0.00209 0.40504 0.01254 0.05285 0.00116 434 81 345 9 332 7
25 0.8 0.05419 0.00206 0.36952 0.01162 0.04943 0.00109 379 83 319 9 311 7
26 0.4 0.05117 0.00204 0.36725 0.01234 0.05203 0.00115 248 89 318 9 327 7
27 0.5 0.05065 0.00214 0.36975 0.01344 0.05292 0.00118 225 95 320 10 332 7

Sample Am-54 (ore-bearing granodiorite porphyry)
1 0.3 0.05426 0.00272 0.37397 0.01701 0.04999 0.00124 382 108 323 13 314 8
2 0.4 0.04806 0.00236 0.33481 0.01486 0.05053 0.00123 102 112 293 11 318 8
3 0.4 0.05140 0.00247 0.35292 0.01529 0.04980 0.00121 259 107 307 11 313 7
4 0.3 0.05280 0.00253 0.36841 0.01592 0.05061 0.00124 320 105 319 12 318 8
5 0.4 0.05324 0.00251 0.36955 0.01560 0.05034 0.00122 339 103 319 12 317 8
6 0.4 0.04899 0.00261 0.33169 0.01620 0.04911 0.00122 147 120 291 12 309 7
7 0.7 0.05417 0.00217 0.36982 0.01277 0.04951 0.00117 378 87 320 9 312 7
8 0.3 0.05015 0.00221 0.34861 0.01357 0.05041 0.00120 202 99 304 10 317 7
9 0.4 0.05199 0.00214 0.35871 0.01288 0.05004 0.00118 285 92 311 10 315 7
10 0.4 0.05127 0.00213 0.35759 0.01298 0.05058 0.00119 253 93 310 10 318 7
11 0.3 0.05301 0.00244 0.36893 0.01515 0.05048 0.00121 329 101 319 11 317 7
12 0.3 0.05095 0.00268 0.34984 0.01684 0.04980 0.00123 239 117 305 13 313 8
13 0.4 0.04903 0.00270 0.33642 0.01701 0.04976 0.00124 150 124 295 13 313 8
14 0.4 0.05087 0.00298 0.35356 0.01919 0.05040 0.00128 235 130 307 14 317 8
15 0.4 0.05222 0.00222 0.36217 0.01353 0.05030 0.00119 295 94 314 10 316 7
16 0.4 0.05849 0.00354 0.39410 0.02211 0.04887 0.00127 548 127 337 16 308 8 Disconcordant
17 0.5 0.04980 0.00209 0.33835 0.01241 0.04927 0.00116 186 95 296 9 310 7
18 0.3 0.05473 0.00335 0.38025 0.02162 0.05039 0.00131 401 131 327 16 317 8
19 0.3 0.05078 0.00213 0.34715 0.01274 0.04958 0.00116 231 94 303 10 312 7
20 0.3 0.05169 0.00220 0.35411 0.01320 0.04967 0.00117 272 95 308 10 313 7
21 0.4 0.05155 0.00298 0.35633 0.01904 0.05013 0.00126 265 127 310 14 315 8
22 0.4 0.05127 0.00204 0.35304 0.01207 0.04993 0.00116 253 89 307 9 314 7
23 0.4 0.05181 0.00247 0.35748 0.01527 0.05003 0.00120 277 105 310 11 315 7
24 0.4 0.05079 0.00213 0.34887 0.01275 0.04980 0.00116 231 94 304 10 313 7
25 0.4 0.05466 0.00250 0.37348 0.01522 0.04954 0.00118 399 99 322 11 312 7
26 0.4 0.05164 0.00250 0.35146 0.01535 0.04935 0.00118 269 107 306 12 311 7
27 0.4 0.05324 0.00345 0.35711 0.02161 0.04863 0.00127 339 140 310 16 306 8
28 0.3 0.05283 0.00239 0.35200 0.01414 0.04830 0.00114 322 99 306 11 304 7
29 0.4 0.04729 0.00244 0.32380 0.01524 0.04964 0.00120 63 119 285 12 312 7
30 0.4 0.04960 0.00276 0.34316 0.01755 0.05016 0.00124 176 125 300 13 316 8
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+5.7 to �1.8 and older crustal model ages (TCDM) varying from
1443 Ma to 959 Ma (Table 4; Fig. 9).
6.4. Re–Os molybdenite ages

The analytical results of Re–Os isotopes of seven molybdenite
samples are presented in Table 5. The 187Re and 187Os concentra-
tions range from 62 to 565 ppm and from 320 to 2955 ppb,
respectively (Table 5). Two molybdenite samples from the
quartz–molybdenite veins (stage-1) show a narrow range of
Re–Os model ages from 313.2 ± 7.2 Ma to 312.2 ± 4.7 Ma (Table 5).
Five molybdenite samples from the quartz–pyrite–chalcopyrite–
molybdenite vein (stage-3) yielded model ages ranging from
310.4 ± 5.2 Ma to 306.3 ± 4.3 Ma (Table 5), with a well-
constrained isochron age of 307.6 ± 2.5 Ma (MSWD = 0.5; N = 5)
and a weighted mean age of 308.6 ± 2.1 Ma (MSWD = 0.4; N = 5)
(Fig. 10a). All seven molybdenite samples together exhibit a
well-constrained isochron age of 309.1 ± 2.2 Ma (MSWD = 1.3;
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Fig. 6. Cathodoluminescence images of zircon grains with U–Pb (yellow circles) and Lu–Hf (white circles) dating spots, with 206Pb/238U ages and eHf(t) values for monzonite
(a) and granodiorite porphyry (b) from the Kalmakyr deposit.
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N = 7) and a weighted mean age of 310.4 ± 5.2 Ma
(MSWD = 0.8; N = 7), with an initial 187Os/188Os ratio of 0.9 ± 4.9
(Fig. 10b).
Fig. 7. Concordia diagrams of zircon samples from the monzonite (a) and
granodiorite porphyry (b) from the Kalmakyr deposit.
7. Discussion

7.1. Timing of magmatism and related mineralization

In order to determine the relationship between magmatism and
porphyry mineralization and understand the mineralization pro-
cesses, it is important to accurately determine the ages of emplace-
ment of magmatic intrusions and mineralization (Chiaradia et al.,
2013). U–Pb dating of magmatic zircon is currently regarded as
the most reliable proxy for emplacement ages of magmatic intru-
sions due to the high closure temperature (>900 �C; Lee et al.,
1997), and Re–Os dating of molybdenite, with a high internal pre-
cision (<0.2%; Stein et al., 2001), is regarded as the most reliable
method to determine the ages of mineralization.

A number of isotopic ages has been obtained for various rocks
and minerals from the Kalmakyr deposit and the nearby Sari-
Cheku deposit, as summarized in Fig. 11. The wide range of K–Ar
ages reported by Golovanov et al. (2005) on sericite and bulk rock
samples from the Kalmakyr deposit, ranging from 320 to 273 Ma
(Fig. 11), reflects multiple magmatic activities, different closing
temperatures, and variable degrees of disturbance of the K–Ar sys-
tem related to uplift of the Middle Tien Shan. These ages cannot be
used to accurately determine the ages of magmatism and mineral-
ization. Previous U–Pb geochronological studies of ore-related
intrusions in the Kalmakyr deposit (Seltmann et al., 2011) yielded
older ages for granodiorite porphyry (315 ± 1 Ma) than those for
monzonite (308 ± 1 Ma and 308 ± 4 Ma), which is contradictory
with the observation that the granodiorite porphyry crosscuts
the monzonite (Fig. 3b). Dolgopolova et al. (2016) reported zircon
U–Pb ages of 315 ± 2 Ma and 422 ± 4 Ma for altered quartz syenite
and granosyenite porphyry at Kalmakyr, respectively, but the rela-
tionship between these intrusions and copper porphyry mineral-
ization are not clear. As for the Sari-Cheku deposit, the Re–Os
molybdenite age (317.6 ± 2.5 Ma; Xue et al., 2013) is older than
the U–Pb age of the ore-bearing stock (306 ± 3 Ma; Seltmann
et al., 2011), again creating inconsistency.

The U–Pb isotopic data of a large number of magmatic zircon
grains from the ore-related intrusions in the Kalmakyr deposit
obtained in this study using LA-ICP-MS yielded well defined con-
cordia ages for the monzonite (327.2 ± 5.6 Ma; Fig. 7a) and gran-
odiorite porphyry (313.6 ± 2.8 Ma; Fig. 7b). Thus, the granodiorite
porphyry is 13.6 Ma younger than the monzonite, which is consis-
tent with geological observations. Combining previous SHRIMP



Table 3
LA-ICP-MS analytical results of zircon trace elements (in ppm), EuN/EuN

* , Ce4+/Ce3+, and Ce/Nd ratios of magmatic rocks in the Kalmakyr deposit.

Spot La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th U Hf EuN/
EuN

*
Ce4+/
Ce3+

Ce/
Nd

Apparent age
(Ma)

Am-47 (ore-hosting monzonite)
1 <0.08 8.46 0.02 0.91 2.14 0.40 10.26 3.47 40.84 15.00 68.69 15.53 162.45 33.71 154.98 337.67 9671 0.26 427 9.3 343
2 0.59 13.82 1.20 8.80 10.68 3.47 32.04 10.02 99.41 32.60 142.85 30.45 303.33 61.69 361.01 626.62 9619 0.57 699 1.6 302
3 0.02 10.46 0.09 1.29 2.81 0.41 13.86 4.39 51.81 19.31 90.97 21.00 225.27 46.88 292.66 612.90 10607 0.20 529 8.1 339
4 0.18 11.77 0.42 4.47 7.28 1.63 28.67 9.30 98.17 33.99 148.32 31.63 314.43 63.01 478.04 544.22 9475 0.35 595 2.6 340
5 0.12 12.16 0.48 5.20 8.92 1.56 34.17 11.02 114.68 40.45 176.40 36.90 358.51 69.65 394.04 593.35 9319 – – 2.3 Disconcordant
6 0.24 15.77 0.69 7.99 10.03 2.35 41.12 13.89 147.82 51.62 219.65 46.87 450.37 88.69 649.44 855.08 8744 0.35 798 2.0 340
7 0.17 17.09 0.32 2.88 3.37 0.99 16.19 5.48 62.13 24.12 118.30 27.40 294.35 62.95 346.81 874.92 12308 0.41 865 5.9 334
8 0.14 12.41 0.49 5.97 8.31 1.60 33.01 10.39 111.96 40.00 172.57 37.09 363.89 71.64 394.09 628.94 9557 0.30 628 2.1 335
9 0.50 15.87 0.77 7.67 11.49 3.63 44.63 14.32 141.87 46.22 185.41 37.78 361.24 69.01 334.39 540.17 11595 – – 2.1 Disconcordant
10 <0.00 13.67 0.03 1.10 2.23 0.29 13.09 4.49 50.97 20.37 95.81 22.08 236.03 49.08 344.08 729.24 11105 0.16 692 12.4 332
11 0.07 12.96 0.45 5.16 9.42 1.85 42.05 13.18 138.62 48.09 206.82 43.79 428.73 84.46 562.72 762.70 8999 0.28 656 2.5 333
12 0.01 12.25 0.23 4.29 7.58 1.01 34.15 10.85 115.49 40.51 178.67 37.61 372.39 72.60 393.24 607.74 9868 0.19 620 2.9 320
13 0.07 10.82 0.28 4.27 7.58 1.32 35.52 10.29 110.88 38.13 160.52 34.40 340.03 66.06 358.98 513.20 8281 0.25 547 2.5 343
14 0.01 21.20 0.13 2.38 4.16 0.72 20.54 7.46 93.52 36.82 190.57 45.19 493.75 108.95 507.83 1557.41 9714 0.24 1074 8.9 345
15 <0.05 12.51 0.34 3.86 7.54 1.37 32.49 11.17 127.20 46.08 201.91 42.46 428.92 83.09 582.42 801.10 10059 0.27 633 3.2 319
16 0.21 11.49 0.56 6.03 6.42 1.82 20.42 6.53 66.43 21.73 97.27 20.90 214.34 43.73 205.78 462.05 9549 0.49 581 1.9 303
17 0.06 11.69 0.23 2.39 3.74 0.88 17.48 5.63 64.30 23.64 110.32 25.00 259.80 55.39 312.83 641.28 9055 0.33 591 4.9 322
18 <0.00 7.66 <0.042 1.12 2.53 0.39 9.02 3.36 40.91 15.48 73.52 16.61 179.61 38.06 149.38 374.91 8896 0.25 387 6.8 347
19 0.05 8.48 0.19 2.31 5.01 0.79 18.99 6.07 66.27 23.68 102.03 22.03 220.61 44.05 192.14 355.25 9211 0.25 429 3.7 333
20 0.67 20.87 1.91 16.64 20.05 6.91 60.85 20.24 180.68 54.70 218.18 43.70 409.95 79.29 455.52 631.46 11770 – – 1.3 Disconcordant
21 0.19 12.17 0.28 3.84 6.41 1.14 29.91 9.62 106.17 38.41 166.58 36.51 361.13 72.83 465.25 729.56 8836 0.25 616 3.2 328
22 0.08 9.82 0.28 3.81 5.32 1.43 24.08 7.72 81.58 28.05 121.07 24.93 250.32 49.31 261.33 418.51 9032 0.39 496 2.6 320
23 0.33 12.42 0.60 5.55 7.27 2.16 23.30 7.18 74.17 23.99 103.11 22.54 231.37 48.29 332.11 590.25 9954 0.51 628 2.2 304
24 0.48 13.03 0.81 6.87 7.89 2.53 25.36 8.11 85.68 28.61 125.40 27.37 287.13 59.65 369.68 700.37 8754 0.55 659 1.9 332
25 0.50 15.33 1.23 10.38 12.65 3.85 41.30 13.16 126.79 41.13 169.04 34.78 338.12 66.04 471.97 597.32 9450 0.52 776 1.5 311
26 0.02 9.43 0.15 1.65 2.62 0.60 13.60 4.34 50.97 20.10 95.89 22.39 236.01 50.75 195.88 508.25 9011 0.31 477 5.7 327
27 0.10 11.10 0.35 4.54 5.74 1.29 22.60 7.15 73.63 26.15 114.91 24.43 246.18 49.20 236.56 447.42 9689 0.35 561 2.4 332
whole-

rock
10.80 22.70 3.05 13.90 3.06 0.69 2.60 0.48 2.41 0.47 1.27 0.22 1.49 0.22 13.00 3.58

Am-54 (ore-bearing granodiorite porphyry)
1 0.19 18.20 0.16 1.84 2.01 0.88 6.23 2.33 25.81 10.87 56.28 14.26 165.63 39.71 175.87 530.11 11104 0.76 668 9.9 314
2 <0.00 21.34 0.01 0.21 0.58 0.65 6.52 2.07 29.07 11.68 64.09 16.01 192.96 47.05 333.61 811.61 11590 1.02 783 101.6 318
3 <0.00 26.55 <0.00 0.34 1.09 0.78 10.11 3.62 44.55 20.54 101.99 25.39 299.88 71.44 322.55 811.81 11203 0.72 975 78.1 313
4 <0.00 16.94 0.04 0.39 1.37 0.55 8.07 2.81 37.85 16.49 91.88 22.95 264.26 63.31 203.54 758.32 11625 0.51 621 43.4 318
5 <0.07 24.56 0.06 0.39 1.06 0.60 7.01 2.39 36.42 13.60 75.64 18.67 217.86 54.42 380.79 966.98 12226 0.67 902 63.0 317
6 <0.00 25.79 0.05 1.06 2.11 0.64 9.17 3.32 42.40 19.01 94.36 23.27 260.63 61.21 318.52 741.27 11568 0.45 947 24.3 309
7 0.44 44.07 0.28 2.01 2.75 1.64 14.52 5.42 67.26 29.18 150.07 36.43 410.22 94.29 702.78 1065.78 10016 0.79 1621 21.9 312
8 0.02 19.35 0.04 0.39 0.68 0.55 8.17 3.46 44.71 19.07 96.07 24.21 290.13 68.29 233.49 778.48 11231 0.71 710 49.6 317
9 0.26 23.93 0.61 4.72 4.33 2.27 11.14 3.21 36.45 13.70 67.49 17.19 197.31 47.22 375.17 887.19 11087 1.00 879 5.1 315
10 <0.00 24.86 0.07 <0.28 1.61 0.73 7.94 3.08 38.82 17.13 88.74 22.14 258.89 62.48 419.92 1031.24 11465 0.63 913 – 318
11 0.07 18.15 0.04 <0.27 0.99 0.67 6.37 1.94 27.95 12.49 71.26 17.89 210.53 52.73 248.45 757.43 12013 0.82 666 – 317
12 <0.00 24.11 0.06 0.45 2.04 0.65 11.28 3.50 51.12 22.68 118.97 28.99 356.84 82.11 270.54 920.34 12333 0.41 885 53.6 313
13 <0.00 24.26 0.02 0.47 1.17 0.69 9.56 3.19 43.52 19.67 97.75 24.83 277.90 67.65 224.14 622.01 11558 0.63 891 51.6 313
14 0.03 22.16 0.02 0.60 1.07 0.52 7.98 2.62 33.76 14.05 79.87 20.05 224.06 51.66 215.15 519.76 11539 0.54 814 36.9 317
15 0.43 25.65 0.11 1.66 2.12 0.88 7.71 3.29 40.34 17.58 101.26 25.20 298.52 72.78 290.44 823.18 11485 – – 15.5 Disconcordant
16 <0.00 18.04 0.03 0.46 0.60 0.38 7.22 2.17 31.47 12.54 64.26 16.48 187.94 43.74 147.47 421.17 11608 0.56 662 39.2 308
17 0.24 29.09 0.64 4.73 6.48 2.92 13.57 4.10 43.14 17.75 93.15 23.08 270.00 67.23 488.39 1065.78 11362 0.95 1069 6.2 310
18 0.05 17.49 0.11 1.10 1.25 0.76 6.77 2.46 27.64 12.14 66.21 16.20 213.31 52.20 166.33 501.04 10800 0.80 642 15.9 317
19 0.07 17.89 0.08 0.35 0.92 0.48 6.32 2.81 29.53 13.85 72.14 18.84 215.90 52.31 258.11 823.73 11630 0.61 656 51.1 312
20 0.01 21.15 0.01 0.62 1.40 0.59 8.79 3.34 44.11 18.20 103.60 25.77 298.00 70.41 273.10 862.99 11596 0.51 776 34.1 313
21 0.38 27.90 0.21 1.68 2.62 0.77 8.70 3.62 44.10 17.00 89.39 20.93 242.26 53.30 197.34 479.12 10843 0.49 1025 16.6 315
22 <0.00 21.19 0.01 0.35 1.17 0.59 7.56 2.51 35.75 16.65 87.63 21.61 259.30 63.40 309.44 843.71 11063 0.61 778 60.5 314
23 5.03 37.63 0.88 3.80 1.82 0.70 11.08 3.20 41.03 17.91 90.78 22.97 257.36 60.36 303.09 678.73 11106 0.48 1384 9.9 315
24 0.74 32.73 2.11 12.81 11.82 5.43 26.91 7.33 66.91 23.60 113.17 27.48 317.15 74.65 278.31 653.85 10258 0.93 1203 2.6 313
25 0.07 23.88 0.05 0.58 1.07 0.65 7.67 2.85 40.75 18.32 97.38 24.58 283.57 71.54 267.87 725.51 11521 0.69 877 41.2 312
26 0.08 28.23 0.23 2.43 3.51 1.51 13.81 3.63 44.66 19.60 97.33 23.71 267.37 62.42 337.91 787.84 9660 0.66 1037 11.6 311
27 0.04 21.53 <0.00 0.69 0.69 0.57 7.21 2.62 35.90 14.89 87.85 23.75 277.46 68.73 209.24 596.56 11653 0.78 790 31.2 306
28 0.01 23.07 0.02 0.84 0.74 0.54 7.23 2.71 35.20 16.50 86.59 23.06 291.96 74.35 227.67 692.09 10579 0.71 847 27.5 304
29 0.06 21.72 0.01 0.21 1.36 0.67 5.89 2.64 33.19 14.86 81.68 21.02 250.09 62.19 258.22 646.94 11502 0.72 797 103.4 312
30 0.03 26.59 0.03 1.08 1.22 0.57 8.15 2.69 35.30 14.64 80.86 21.36 237.90 60.16 329.39 756.86 11737 0.55 977 24.6 316
whole-

rock
14.20 31.30 4.15 18.40 4.02 0.74 3.08 0.52 2.73 0.51 1.23 0.22 1.58 0.21 14.00 4.08

Note: EuN/EuN
* = EuN/(SmN*GdN)1/2, where the subscript N stands for chondrite-normalized ratios; Ce4+/Ce3+ ratios are calculated following the procedure of Ballard et al.

(2002); Apparent age represent 206Pb/238U age; – Unavailable data of calculations.

X.-B. Zhao et al. / Ore Geology Reviews 86 (2017) 807–824 817
U–Pb age data by Seltmann et al. (2011) and our new results, we
can divide the felsic magmatism spatially associated with mineral-
ization at Kalmakyr into two episodes, i.e., 330–324 Ma and
316–304 Ma (Fig. 11). The first episode of ore-related magmatism
during 330–324 Ma had also been detected by SHRIMP U–Pb dat-
ing in Seltmann et al. (2011) from the Almalyk district, i.e., Sample
406801 from the Kara-Kiya granite (two of five analyzed zircon
grains gave ages of 326.3 ± 4.7 Ma and 330.4 ± 4.7 Ma, respec-
tively), and unpublished zircon LA-ICP-MS U–Pb age data of
326.1 ± 3.4 Ma (MSWD = 0.08, N = 16) for quartz monzonite from



Fig. 8. Chondrite-normalized REE patterns of monzonite (a) and granodiorite porphyry (b) from the Kalmakyr deposit. Chondrite values are from Sun and McDonough (1989).

Table 4
In-situ Lu–Hf isotope analysis results of zircon of magmatic rocks from the Kalmakyr deposit.

Spot Agea(Ma) 176Yb/177Hf 2r 176Lu/177Hf 2r 176Hf/177Hf 2r eHf(0) eHf(t) TDM(Ma) TDMC (Ma) fLu/Hf

Sample 47 (ore-hosting monzonite)
AM-47-01 343 0.013722 0.000041 0.000573 0.000002 0.282610 0.000022 �5.7 1.7 900 1243 �0.98
AM-47-02 302 0.024702 0.000239 0.001019 0.000008 0.282758 0.000022 �0.5 5.9 701 940 �0.97
AM-47-03 339 0.045937 0.000550 0.001797 0.000016 0.282885 0.000027 4.0 11.0 532 641 �0.95
AM-47-04 340 0.026504 0.000902 0.001047 0.000036 0.282729 0.000020 �1.5 5.7 743 983 �0.97
AM-47-05 337 0.022163 0.000088 0.000893 0.000003 0.282696 0.000021 �2.7 4.5 786 1057 �0.97
AM-47-06 340 0.030535 0.000239 0.001218 0.000009 0.282695 0.000022 �2.7 4.5 794 1062 �0.96
AM-47-07 334 0.020112 0.000179 0.000851 0.000007 0.282786 0.000022 0.5 7.6 659 855 �0.97
AM-47-08 335 0.037060 0.000381 0.001449 0.000015 0.282693 0.000027 �2.8 4.2 802 1073 �0.96
AM-47-09 287 0.015368 0.000108 0.000645 0.000004 0.282669 0.000021 �3.6 2.5 819 1145 �0.98
AM-47-10 332 0.030585 0.000503 0.001227 0.000020 0.282791 0.000024 0.7 7.7 658 850 �0.96
AM-47-11 333 0.023342 0.000158 0.000933 0.000006 0.282707 0.000021 �2.3 4.8 772 1035 �0.97
AM-47-12 320 0.035375 0.000169 0.001389 0.000008 0.282780 0.000027 0.3 7.0 677 884 �0.96
AM-47-13 343 0.040706 0.000082 0.001786 0.000002 0.282703 0.000020 �2.4 4.7 795 1051 �0.95
AM-47-14 345 0.024237 0.000753 0.000940 0.000028 0.282641 0.000028 �4.6 2.7 865 1177 �0.97
AM-47-15 319 0.021515 0.000117 0.000839 0.000005 0.282683 0.000031 �3.1 3.7 803 1096 �0.97

Sample Am-54 (ore-bearing granodiorite porphyry)
AM-54-01 314 0.016354 0.000052 0.000573 0.000002 0.282636 0.000022 �4.8 2.0 863 1202 �0.98
AM-54-02 318 0.016506 0.000180 0.001019 0.000008 0.282694 0.000018 �2.8 4.0 792 1075 �0.97
AM-54-03 313 0.025336 0.000101 0.001797 0.000016 0.282661 0.000022 �3.9 2.6 856 1162 �0.95
AM-54-04 318 0.017162 0.000032 0.001047 0.000036 0.282663 0.000018 �3.9 2.9 836 1145 �0.97
AM-54-05 317 0.018218 0.000041 0.000893 0.000003 0.282648 0.000021 �4.4 2.4 854 1178 �0.97
AM-54-06 309 0.018232 0.000209 0.001218 0.000009 0.282656 0.000022 �4.1 2.4 850 1168 �0.96
AM-54-07 312 0.025327 0.000189 0.000851 0.000007 0.282746 0.000026 �0.9 5.7 715 959 �0.97
AM-54-08 317 0.015598 0.000095 0.001449 0.000015 0.282585 0.000017 �6.6 0.0 956 1327 �0.96
AM-54-09 315 0.017657 0.000060 0.000645 0.000004 0.282647 0.000018 �4.4 2.4 850 1178 �0.98
AM-54-10 318 0.018938 0.000136 0.001227 0.000020 0.282545 0.000050 �8.0 �1.3 1007 1413 �0.96
AM-54-11 317 0.012579 0.000064 0.000933 0.000006 0.282530 0.000027 �8.6 �1.8 1021 1443 �0.97
AM-54-12 313 0.012165 0.000077 0.001389 0.000008 0.282672 0.000021 �3.5 3.1 831 1132 �0.96
AM-54-13 313 0.021030 0.000070 0.001786 0.000002 0.282663 0.000023 �3.9 2.7 853 1158 �0.95
AM-54-14 317 0.014518 0.000065 0.000940 0.000028 0.282608 0.000022 �5.8 1.0 911 1268 �0.97
AM-54-15 316 0.017384 0.000106 0.000839 0.000005 0.282669 0.000021 �3.6 3.1 823 1130 �0.97

a Apparent age represent 206Pb/238U age. eHf(t) = 10,000 � ({[(176Hf/177Hf)S � (176Lu/177Hf)S � (ekt � 1)]/[(176Hf/177Hf)CHUR, 0 � (176Lu/177Hf)CHUR � ((ekt � 1)] � 1}. TDM = 1/
k � ln{1 + [(176Hf/177Hf)S �(176Hf/177Hf)DM]/[(176Hf/177Hf)S � (176Hf/177Hf)DM]}. TCDM = TDM � (TDM � t) � [(fcc � fs)/(fcc � fDM)]. fLu/Hf = (176Lu/177Hf)S/(176Lu/177Hf)CHUR � 1, where
k = 1.867 � 10�11/a (Söderlund et al., 2004); (176Lu/177Hf)S and (176Hf/177Hf)S are the measured values of the samples; (176Lu/177Hf)CHUR = 0.0332 and (176Hf/177Hf)CHUR,

0 = 0.282772 (Blichert-Toft and Albarède, 1997); (176Lu/177Hf)DM = 0.0384 and (176Hf/177Hf)DM = 0.28325 (Griffin et al., 2000); (176Lu/177Hf)mean crust = 0.015; fcc = [(176Lu/177Hf)
mean crust/(176Lu/177Hf)CHUR] � 1; fs = fLu/Hf; fDM = [(176Lu/177Hf)DM/(176Lu/177Hf)CHUR] � 1; t = crystallization time of zircon.
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the Kalmakyr deposit (Zhang Z.C., personal communication). The
second episode of ore-related magmatism during 316–304 Ma
from the Almalyk district has been certified by voluminous previ-
ous SHRIMP determination (Seltmann et al., 2011, 2014a,b;
Dolgopolova et al., 2016).

Our newly obtained molybdenite Re–Os model ages
(313.2 ± 7.2 Ma to 306.3 ± 4.3 Ma; Table 5) are significantly
younger than the U–Pb age of the monzonite (327.2 ± 5.6 Ma;
ore-hosting), and are relatively close to that of granodiorite por-
phyry (313.6 ± 2.8 Ma; ore-bearing). The Re–Os molybdenite
model ages of two samples from the stage-1 quartz–molybdenite
veinlets (313.2–312.2 Ma; Table 5) are notably similar to that of
granodiorite porphyry, whereas the Re–Os model ages of five
molybdenite samples from the stage-3 quartz–pyrite–chalcopyr
ite–molybdenite veinlets (310.4–306.3 Ma) are 3–7 Ma younger
than that of granodiorite porphyry. The Re–Os isochron age of
the stage-3 molybdenite (307.6 ± 2.5 Ma, Fig. 10a), similar to the
weighted mean model age (308.6 ± 2.1 Ma, Fig. 10a), is also
younger than the U–Pb age of the granodiorite porphyry. These
results indicate that molybdenum mineralization occurred right
after the emplacement of the granodiorite porphyry, as
represented by the stage-1 molybdenite, but the major phase of



Fig. 9. a) eHf(t) versus U–Pb ages, b) histogram of eHf(t) values, and c) histogram of Hf crustal model ages (TCDM) of zircons from ore-related intrusive rocks of the Kalmakyr
deposit. Depleted mantle evolution is calculated by using eHf(t) = 16.9 at t = 0 Ma and eHf(t) = 6.4 at t = 3.0 Ga. CHUR: chondrite uniform reservoir.

Table 5
Re–Os data for molybdenite samples of the Kalmakyr deposit.

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

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

Am-1 0.00306 135 1 85 1 439.3 4.1 309.3 5.0
Am-2 0.00324 98 1 62 1 319.5 3.2 310.4 5.2
AM-3 0.00928 899 18 565 11 2955 24 313.2 7.2
Am-9 0.00318 676 5 425 3 2175 19 306.3 4.3
Am-10 0.00296 774 6 487 4 2514 22 309.2 4.4
Am-11 0.00305 670 6 421 4 2197 21 312.2 4.7
Am-12 0.00301 865 8 544 5 2802 31 308.6 5.0

Fig. 10. a) Re–Os isochron and model age diagram showing data for stage-3 molybdenite samples, b) Re–Os isochron and model age diagram showing data for both stage-1
and stage-3 molybdenite samples.
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mineralization, i.e., stage-3 veinlets, which account for 90% of the
gold contained at Kalmakyr deposit (Golovanov et al., 2005), took
place after significant cooling of the intrusion. However, we cannot
rule out the possibility that another pulse of magmatic intrusion
was emplaced simultaneously with the major phase of mineraliza-
tion, as revealed by the age overlap of U–Pb dating of monzonite
(308 ± 1 Ma and 308 ± 4 Ma; Seltmann et al. (2011)) and our Re–
Os weighted mean model age of the stage-3 veinlets
(308.6 ± 2.1 Ma) (Fig. 10a). In either case, the geochronological
data indicate that the Kalmakyr deposit was formed from a long-
lived magmatic hydrothermal mineralization system.
7.2. Sources and redox conditions of monzonite versus granodiorite
porphyry

Previous studies have indicated that the ore-related magmatic
rocks in the Almalyk district have typical subduction-related
geochemical feature (Golovanov et al., 2005), and form part of
the Devono-Carboniferous Beltau–Kurama magmatic arc related
to the northward subduction of the Turkestan Ocean beneath the
Middle Tien Shan (Seltmann et al., 2011; Turamuratov et al.,
2011). Magmas forming the arc may have been derived from the
upper mantle above the subduction zone, the lower crust, or both



Fig. 11. Summary of geochronological data from the Kalmakyr deposit, Almalyk district. Error bars are 2r. Grey dashed line represents preliminary Re–Os molybdenite age of
315 Ma in Seltmann et al. (2014b).
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(Yakubchuk et al., 2002). In order to better understand the miner-
alization processes at Kalmakyr, it is worth examining the contri-
butions from the mantle and the crust for the ore-hosting
monzonite and the ore-bearing granodiorite porphyry. Also, it is
known that oxidized magmas are relatively favorable for porphyry
copper mineralization than reduced ones (Ballard et al., 2002;
Hoskin and Schaltegger, 2003; Peytcheva et al., 2009; Sun et al.,
2015), and so it is of interest to compare the monzonite and gran-
odiorite porphyry in terms of redox conditions. Useful information
on both magmatic sources and redox conditions may be derived
from Lu–Hf isotopes and REE compositions of zircon and Re–Os
isotopes of molybdenite, as discussed below.

Zircon grains from Kalmakyr monzonite and granodiorite por-
phyry exhibit generally similar chondrite-normalized REE patterns
(Fig. 8), e.g., inclination to the left, positive Ce anomalies, and neg-
ative Eu anomalies, indicating that these rocks may have been
derived from similar magmatic sources and may have experienced
similar fractionation processes, as is also suggested by previous
bulk-rock geochemical studies (Golovanov et al., 2005). However,
subtle differences in REE patterns can be observed between mon-
zonite and granodiorite porphyry (Fig. 8), especially in Ce and Eu
anomalies. Previous experimental studies have shown that the Ce
anomaly is directly related to the oxidation state of the magmas
(Burnham and Berry, 2012; Trail et al., 2011, 2012). In the present
study, the monzonite has an average EuN/EuN

⁄ value of 0.33, and an
average Ce4+/Ce3 value of 624, whereas the granodiorite porphyry
has an average EuN/EuN

⁄ value of 0.68, and an average Ce4+/Ce3
value of 890 (Table 3). As compared to La and Pr, the concentra-
tions of Nd in zircon can be more accurately and precisely deter-
mined (Chelle-Michou et al., 2014); we therefore use the Ce/Nd
ratio as a proxy for Ce anomaly to further investigate the redox
conditions of ore-related magmas at Kalmakyr deposit. The zircon
Ce/Nd values range from 1.3 to 12.4 (average 3.9) for the mon-
zonite and from 2.6 to 103.4 (average 36.8) for the granodiorite
porphyry (Table 3). These REE signatures suggest that the magma
for the granodiorite porphyry is more oxidized than that for the
monzonite.

The significant overlap in eHf (t) values between monzonite and
granodiorite porphyry, mainly in the range of +1 to +6 (Fig. 9 a and
b), and in TCDM ages, mainly from 1400 to 800 Ma (Fig. 9c), also indi-
cates that these rocks were derived from similar magmatic sources,
mainly in juvenile lower crust with variable crust contamination
(Kinny and Maas, 2003). However, slight differences are also
observed between the two intrusions. The monzonite has higher
eHf(t) values (+1.7 to +11) and younger TCDM ages (1243 to 641 Ma)
than the granodiorite porphyry (eHf(t) = �1.8 to +5.7; TCDM
ages = 1443 to 959 Ma) (Table 4). These differences suggest that
there was a greater mantle contribution in the monzonite than in
the granodiorite porphyry, and that a greater crustal components
with elevated crustal model ages and decreased eHf(t) values was
involved in the formation of the granodiorite magma.

A mantle contribution for the parental magmas of the Kalmakyr
deposit is also supported by rhenium concentrations of molybden-
ite in this study. Mineral deposits involving mantle components



X.-B. Zhao et al. / Ore Geology Reviews 86 (2017) 807–824 821
generally have higher rhenium concentrations than those derived
from the crust (Stein et al., 2001). It was proposed that rhenium
contents in molybdenite decrease from hundreds of ppm for man-
tle sources, through tens of ppm for mixed mantle and crustal
sources, to several ppm for crustal sources (Mao et al., 1999). The
rhenium concentrations of molybdenite from the Kalmakyr deposit
range from 98 to 899 ppm (Table 5), with an average of 590 ppm,
suggesting a major mantle contribution for rhenium and by infer-
ence the ore metals.

7.3. A model for the ore-forming processes of the Kalmakyr porphyry
deposit

The new geochronological and geochemical data obtained in
this study, together with the regional database on late Paleozoic
magmatism and metallogeny in the Tien Shan (Biske et al., 2013;
Konopelko et al., 2009; Seltmann et al., 2011), can be used to place
the Kalmakyr deposit in the regional geodynamic framework. Con-
tinued northward subduction of the Turkestan Ocean beneath the
Middle Tien Shan led to voluminous Carboniferous to Permian
subduction-related magmatism, forming the Beltau–Kurama mag-
matic arc (Chernyshev et al., 2011; Golovanov et al., 2005;
Seltmann et al., 2011). This belt hosts major porphyry Cu–Au–Mo
and epithermal Au deposits around the Kurama range (Fig. 2), gen-
erally considered as a southern active continental margin of the
Kazakhstan continent (Yakubchuk et al., 2002). The final closure
Fig. 12. Cartoons showing the evolution of felsic magmas and associated porphyry Cu–
mafic melts from the upper mantle and the subduction zone below into a thickened juv
324 Ma); monzonite was emplaced at �327 Ma with no major mineralization, partly du
was emplaced at �314 Ma (magmatic activity may have lasted from 316 to 304 Ma), foll
thermal convection of groundwater (marked by circled 2), and probably metal-rich fl
remobilized ore elements dispersed in the monzonite and granodiorite porphyry, and p
of the Turkestan Ocean is believed to have commenced in the Late
Carboniferous (�320 Ma) and continued into the Early Permian
(295–290 Ma) (Biske and Seltmann, 2010). Our zircon U–Pb ages
of the ore-related intrusive rocks (327–314 Ma) and molybdenite
Re–Os age (313–306 Ma) indicate that in the Kalmakyr deposit
the parental magmas were emplaced in a late Carboniferous
mature magmatic arc setting in relation to the latest subduction
process of the Turkestan Ocean.

Althoughour agedata indicate that themonzonitepredatedmin-
eralization by at least 16 m.y., and thus its emplacement is not
directly related to the formation of the Kalmakyr deposit, it is nota-
ble that the majority of the orebodies are hosted by monzonite
(Fig. 2). The monzonite and granodiorite porphyry belong to the
same intrusive complex,whichappears tobe controlledby the inter-
section between NW-trending deep-seated faults and the EW-
trending Kalmakyr fault (Fig. 2). Furthermore, the overall similarity
in geochemistry between monzonite and granodiorite porphyry, as
discussed above, suggests that the rocks were rooted in a common
source region. The evolution of this integrated magmatic–hy-
drothermal system is postulated below and portrayed in Fig. 12.

A magma chamber was developed in the mid-lower crust
underneath the Kalmakyr deposit from 330 to 324 Ma, with the
magma being sourced from the lower crust and the upper mantle
(Fig. 12a), where partial melting may have been facilitated by vola-
tiles from the subduction zone below. At about 327 Ma, some
magma from this magma chamber intruded into the Devonian vol-
Au mineralization at Kalmakyr deposit. a) injection of volatile-rich and metal-rich
enile crust triggered partial melting and development of a magma chamber (330–
e to its relatively reducing conditions. b) granodiorite porphyry (but more evolved)
owed by mineralization (represented by stage-1 molybdenite, marked by circled 1),
uid flow the magma chamber (marked by circled 3); these late fluids may have
recipitated them in the mineralization zones.
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canic and carbonates rocks at the Kalmakyr area, forming the mon-
zonite (Fig. 12a). At this time, the magma was relatively reducing,
as discussed above, and probably relatively volatile-poor, and so no
major mineralization took place. As compatible elements, Cu and
Au may have been dispersed in trace magmatic sulfides before
fluid saturation (partly due to relatively reducing conditions),
whereas as an incompatible element, molybdenum may not have
been enriched in the magma.

By about 314 Ma, with more and more volatiles supplied from
the subduction zone, a second batch of magma intruded the Kal-
makyr area forming the granodiorite intrusion (Fig. 12b). The
increased contents of volatiles, and elevated oxygen fugacity (pos-
sibly due to incorporation of subduction zone-derived volatiles),
favors partitioning of copper and gold into the magmatic fluids fol-
lowing the emplacement of the granodiorite porphyry (Jugo, 2009;
Lee et al., 2012). In addition to the Ce and Eu anomalies dirvtr
red above, the increase in oxygen fugacity in the ore-forming flu-
ids associated with the granodiorite porphyry is also reflected by
the development of abundant anhydrite veinlets in the mineralized
zones and magnetite and hematite associated with quartz–sericite
alteration (Golovanov et al., 2005; Mathur et al., 2000; Sun et al.,
2013, 2015). Molybdeum and copper sulfides and gold were pre-
cipitated due to temperature drop and fluid-rock interaction (alter-
ations) which resulted in decrease in oxygen fugacity.

The Re–Os model ages of stage-3 molybdenite suggest that min-
eralization event at Kalmakyr may have lasted for up to 7 m.y. after
emplacement of the granodiorite porphyry. It might be possible
that in the late stage of mineralization, the mineralizing fluids
were not magmatic fluids derived from the granodiorite intrusion,
but rather groundwater driven by thermal convection related to
the heat anomaly caused by the intrusion (Fig. 12b). The ground-
water may have remobilized ore elements dispersed in the mon-
zonite, as well as the granodiorite porphyry, and precipitated
them in the mineralization zones (Fig. 12b). Alternatively, mag-
matic fluids may have been released directly from the magma
chamber after emplacement of the granodiorite porphyry, adding
more ore metals to the mineralization zones. In the latter case,
the granodiorite porphyry does not represent the parent magma
of the mineralizing fluids; rather, the granodiorite porphyry and
the mineralizing fluids were brothers from the same parent, i.e.,
the deeply seated magma chamber. In summary, our geochrono-
logical data of zircon and molybdenite indicate that the Kalmakyr
deposit formed from a long-lived magmatic-hydrothermal system.
This system was favorably located in a structural framework con-
nected with fertile magmatic sources above the subduction zone,
and was furnished with volatiles from the subducting plate and
metals from the upper mantle.

8. Conclusions

(1) The Kalmakyr porphyry deposit is spatially associated with
middle to late Carboniferous subduction-related monzonite
and granodiorite porphyry intrusions. The Copper–gold–m
olybdenum mineralization occurs as stockworks, veinlets
and disseminations of chalcopyrite, pyrite and molybdenite,
mainly in the phyllic and K-silicate alteration zones devel-
oped in the monzonite, close to the granodiorite porphyry.

(2) U–Pb ages of zircon grains from ore-hosting monzonite and
ore-bearing granodiorite porphyry are 327.2 ± 5.6 Ma and
313.6 ± 2.8 Ma, respectively, whereas molybdenite from
stockwork and veinlet ores shows Re–Os model ages from
313.2 to 306.3 Ma. These data indicate that the mineraliza-
tion post-dated the monzonite by 14 m.y., starting right after
the emplacement of the granodiorite porphyry, and lasting
for some 7 m.y.
(3) The ore-related magmas in the Kalmakyr deposit were
derived from partial melting of a thickened lower crust with
input of mantle components and variable crust contamina-
tion, resulting in zircon eHf(t) values mainly in the range of
+1 to +6. The high rhenium concentrations (98–899 ppm)
of molybdenite also indicate its major mantle contribution
and by inference ore metals.

(4) When monzonite was emplaced, the oxygen fugacity and
volatile contents in the magma chamber were relatively
low; ore metals might disperse in the intrusive rock and
no major mineralization took place. By the time granodiorite
porphyry was emplaced, the oxygen fugacity and volatile
contents in the magma chamber were increased, favoring
copper and gold enrichment in the magmatic fluids. Follow-
ing the mineralization associated with magmatic fluids
released from the granodiorite porphyry, groundwater con-
vection may have remobilized ore metals previously dis-
persed in the monzonite and contributed to mineralization.
Prolonged hydrothermal activities may have also been con-
tributed by fluids, directly derived from the magma cham-
ber. The Kalmakyr deposit formed from a long-lived
magmatic-hydrothermal system connected with fertile
magmatic sources in relation to the subduction of the Turke-
stan Ocean beneath the Middle Tien Shan.
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