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A B S T R A C T

A number of significant gold deposits in the Kassan region in west Kyrgyzstan are associated with the Andagul
granitic intrusion. These gold deposits share similarities with the class of “intrusion-related gold deposits”,
implying that the gold mineralization may be genetically related to the intrusion. In order to evaluate this
potential relationship, it is important to study the petrogenesis of the intrusion. This paper examines the sources
and physiochemical conditions of magma generation and crystallization of the Andagul intrusion and their
implications for gold mineralization, through an integrated study involving zircon geochronology, mineral
chemistry, whole-rock chemistry and isotopic geochemistry. The Andagul intrusion consists mainly of grano-
diorite, which is characterized by metaluminous and median-K calc-alkaline compositions, high LREE and LILE,
low HFSE, right-inclined REE pattern with a flat HREE pattern, and insignificant Eu anomalies ((Eu/
Eu∗)N= 0.79–0.85). These geochemical characteristics, together with relatively low positive εNd(t) values
(+2.1–+4.3), moderately low (87Sr/86Sr)i ratios (0.7049–0.7059), relatively low initial Pb isotopic ratios
((206Pb/204Pb)t= 17.76–18.51, (207Pb/204Pb)t= 15.56–15.62, and (208Pb/204Pb)t= 37.89–38.33), juvenile
εHf(t) (+2.29–+4.80) but relatively old model ages (T2DM(Hf)= 1026–1175Ma, T2DM(Nd)= 728–907Ma)
indicate that the magma was mainly sourced from partial melting of juvenile basaltic lower crust with the
involvement of a small proportion (ca. 5%–10%) of Precambrian basement rocks. The high Zr saturation tem-
peratures (807 °C to 825 °C), relatively high Mg# values (43–52) and presence of mafic enclaves, and develop-
ment of acicular apatite and oscillatory plagioclase and titanite, suggest that the magmatism was related to
injection of hot mantle material. The magma generation and intrusion took place during 299–310Ma based on
LA-ICPMS zircon U-Pb dating, suggesting a post-collisional setting. Remelting of sulfide accumulate residual
with high Au/Cu ratios in the juvenile lower crust, formed in the pre-collisional plate subduction-related
magmatic arc stage, is proposed to account for the Au mineralization in the Kassan region. The high water
contents (4.0–5.2 wt% H2O) and weakly oxidized or slightly reduced redox state (ΔFMQ=−0.33 ∼ +0.49)
deduced from mineral composition and zircon Ce anomaly are favorable for the transport and enrichment of gold
in the magmatic fluids. These geochemical characteristics suggest that the Andagul granodiorite and related
granitic rocks in the Kassan region have the potential to provide ore-forming materials and fluids for gold
mineralization.

1. Introduction

The Tian Shan metallogenic belt is well known for its endowment
with voluminous giant and world-class gold deposits, which forms the
world famous “Central Asian Gold Belt” (Fig. 1b) (Goldfarb et al., 2014;
Xue et al., 2014; Yakubchuk et al., 2005). It is especially noteworthy
that many of these gold deposits exhibit close temporal and spatial

relationship with Hercynian post-collisional intrusions, such as Mur-
untau (Morelli et al., 2007), Kumtor (Mao et al., 2004), Zarmitan
(Abzalov, 2007), Jilau (Abzalov, 2007), Jerooy (Jenchuraeva and
Oakes, 2001) and Unkurtash (Nikonorov et al., 2007), although it re-
mains controversial whether or not gold and ore fluids were sourced
from the igneous rocks (Abzalov, 2007; Cole et al., 2000; Morelli et al.,
2007; Wall et al., 2004; Thompson and Newberry, 2000). In the last two
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decades, the intrusion-related gold system has been treated as a sepa-
rate group from orogenic deposits with the following peculiar char-
acteristics: (1) tectonically located in a continental setting well inboard
of convergent plate boundaries with tungsten and/or tin deposits (Lang
and Baker, 2001; Baker and Lang, 2001); (2) a specific tectonic setting
close to lithospheric boundaries and above previously metasomatized
subcontinental lithospheric mantle (Mair et al., 2011; Groves et al.,
2016); (3) a late- to post-collisional timing during transitional tectonic
regimes (Mair et al., 2011; Fielding et al., 2018); (4) a spatial asso-
ciation with intrusions of intermediate to felsic compositions that lie
near the boundary between ilmenite and magnetite series (Blevin,
2004; Bierlein, 2005); (5) zoning around a causative pluton, from
sheeted gold veins in the intrusion cupola, to adjacent skarns, and to
distal base metal-rich veins (Hart, 2007); and (6) pluton-proximal gold
mineralization that may be associated with elevated Bi, Te, while W
aureole-hosted mineralization may have an As or Sb tenor, and distal
mineralization that may be related to elevated Ag-Sb-Pb-Zn con-
centrations (Nevolko et al., 2018). Considering the potential genetic
link between the gold mineralization and granitic intrusions, it is of
vital importance to decipher the sources, emplacement history, and
physiochemical conditions of crystallization for the gold-related intru-
sions. Even though considerable geochronology and geochemistry re-
search has been conducted on the Hercynian granites in the Tian Shan
(Dolgopolova et al., 2017; Gou et al., 2012; Konopelko et al., 2007;
Solomovich, 2007), few of them focus on the gold-related intrusions
and discuss the factors that facilitate gold mineralization.

The Kassan region, located in the western part (Chatkal range) of
the Kyrgyz Tian Shan, is endowed with dozens of gold deposits or oc-
currences (Fig. 1c; Nikitin, 1997; Nikonorov et al., 2007), including
Unkurtash (125t Au), Ishtamberdy (110t Au), Andagul (21t Au), Kar-
atube (5t Au), Terek (21t Au), Saraysay-Tillyaberdy (17t Au), Terekkan
(8t Au), and Karatube (5t Au). These deposits are characterized by a
wide range of mineralization styles and metal associations that vary in

concentric zones outward from the Andagul granitic intrusion, in-
cluding intrusion-hosted Au (W) deposits, skarn Au-Bi deposits, meta-
morphic rock hosted Au-Bi deposits to distal Sb-Au-Ag-Hg-As deposits.
This spatial distribution pattern of gold mineralization styles resembles
typical magmatic-hydrothermal mineralization systems documented
elsewhere (Hart, 2007; Sillitoe and Bonham, 1990; Thompson and
Newberry, 2000), implying that the gold mineralization in the Kassan
region may be genetically related to the Andagul intrusion. The Un-
kurtash gold deposit, which is characterized by occurrence of sheeted
quartz vein arrays, and the Karatube skarn deposit that is hosted by or
occurs immediately adjacent to the granite intrusions and its meta-
morphic aureole, are particularly similar to intrusion-related gold de-
posits (Lang and Baker, 2001; Hart, 2007). Thus, the research on pet-
rogenesis of the Andagul intrusion is a pivotal component in
deciphering the genesis of gold mineralization in the Kassan region,
with potential impact for selection and validation of exploration
models.

In this contribution, we present a systematic geochemical dataset,
including mineral chemistry, zircon LA-ICPMS geochronology, whole-
rock geochemistry and Sr-Nd-Pb-Hf isotopic data, on the Andagul in-
trusion. These data are used to investigate the magma source(s), mag-
matic processes and physico-chemical conditions including water con-
tent and redox state, which are important parameters that decide
whether or not an intrusion is fertile (Hart, 2007; Sillitoe and Bonham,
1990; Thompson and Newberry, 2000). The significance of the study
results for intrusion-related gold mineralization in the Tian Shan me-
tallogenic belt in general is discussed.

2. Geological setting

2.1. Tectonic framework

The 2500 km long E-W trending Tian Shan in the southern margin of

Fig. 1. (a) Principal tectonic zones and lineaments of Tian Shan orogenic belt showing the areas of granitoid magmatism from 320 to 270Ma (Seltmann et al., 2011)
and location of the major Au deposits (Goldfarb et al., 2014; Porter, 2006; Xue et al., 2014; Yakubchuk et al., 2005), (b) sketch tectonic map of the Kyrgyz Tian Shan
showing the locations of the Kassan Au cluster and (c) distribution of the gold deposits around the Andagul granodiorite in Kassan Au cluster.
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the Central Asian Orogenic Belt (CAOB) (Fig. 1a) has been subdivided
into North-, Middle- and South Tian Shan by the Nikolaev Line and the
Turkestan Ocean suture-Atbashi-Inylchek Faults (Fig. 1b). These fault
zones represent Paleozoic sutures of the Terskey and Turkestan Oceans,
respectively (Biske et al., 2013; Seltmann et al., 2011).

The North Tian Shan (NTS) is a collage of several Precambrian
microcontinental fragments and lower Paleozoic continental arcs,
amalgamated and stitched by granite intrusions during the Cambrian
and Ordovician (Alexeiev et al., 2016; Windley et al., 2007), and is
tectonically regarded as the deformed margin of the Paleo-Kazakhstan
continent. The Middle Tian Shan (MTS) west of the Talas-Fergana fault
is composed of the late Paleozoic Beltau-Kurama volcano-plutonic arc
formed on Precambrian basement, early Paleozoic shallow and deep
marine sedimentary sequences and middle Paleozoic arc-related mag-
matic rocks as a result of the northward subduction of the Turkestan
Ocean (Fig. 1b) (Loury et al., 2016; Seltmann et al., 2011). The South
Tian Shan (STS) is a Late Paleozoic accretionary complex and comprises
a pile of folded tectonic nappes and thrust structures formed due to
convergence and collision of the Kazakhstan continent in the north with
the Karakum-Tarim continents in the south (Fig. 1b) (Alexeiev et al.,
2017).

The Chatkal-Kurama terrane of the Middle Tian Shan, where the
study area is located, was formed on the northern margin of the
Turkestan Ocean during the Middle and Late Paleozoic in response to
northward subduction of the Turkestan Ocean (Seltmann et al., 2014;
Yakubchuk et al., 2005). It is characterized by two discrete short lived
subduction-related volcano-plutonic series of Silurian-Early Devonian
and Late Carboniferous ages, separated by Middle Devonian to Early
Carboniferous carbonate sequences (Alexeiev et al., 2016; Konopelko
et al., 2017). The first impulse of arc magmatism from Silurian to
Middle Devonian formed andesite, dacite, rhyolites and tuffs stitched by
alkali-calcic granites and leucogranites with ages ranging from 420 to
390Ma (Alexeiev et al., 2016; Biske et al., 2013; Konopelko et al., 2017;
Seltmann et al., 2011). The subduction resumed in the Pennsylvanian
and resulted in a thick (up to 5–6 km) sequence of andesitic volcanic
and volcanogenic-terrigenous strata in the Chatkal-Kurama area of the
MTS, later intruded by Andean-type intrusions (Biske et al., 2013;
Burtman, 2015). Dating of volcanic complexes and intrusions in the
Chatkal-Kurama region yielded ages in the range of 320–280Ma
(Fig. 1b), suggesting that subduction-related Carboniferous magmatism
was, possibly without interruption, followed by the emplacement of
post-collisional complexes (Konopelko et al., 2017; Seltmann et al.,
2011).

2.2. Late Paleozoic magmatism and mineralizations

The Late Paleozoic (320–270Ma) granitoid intrusions, extensively
distributed in the Tian Shan (Fig. 1b), have been broadly subdivided
into subduction-related and post-collisional categories (Dolgopolova
et al., 2017; Seltmann et al., 2011). The subduction-related intrusions
are clustered in the Chatkal-Kurama segment of the Middle Tian Shan
(Fig. 1b), and are represented by calc-alkaline volcanic arc magmas that
formed due to the resume of northward subduction of the oceanic crust
of the Turkestan Ocean (Dolgopolova et al., 2017; Käßner et al., 2017;
Seltmann et al., 2011). This episode of magmatism is closely associated
with formation of the giant Almalyk porphyry Cu-Au cluster (e.g. Kal-
makyr, Dalnee, Sarycheku, Kyzata, Kyzylalma, Kochbulak, Kauldy de-
posits) in the Kurama arc (Fig. 1b)(Dolgopolova et al., 2017; Käßner
et al., 2017; Seltmann et al., 2011).

In contrast to the subduction-related intrusions, which are restricted
to the Chatkal-Kurama region, the post-collisional magmatism affected
the whole region across terrane boundaries (Fig. 1b) and comprises
compositionally diverse magmatic series (Konopelko et al., 2007;
Seltmann et al., 2011). The eastern part of the STS is characterized by
widely developed A-type, locally rapakivi-textured, granites and related
greisen-type Sn-W mineralization, whereas the western STS and most

part of the MTS (including the Chatkal-Kurama range) are featured with
potassium alkali-calcic granites and minor calc-alkaline rocks
(Konopelko et al., 2007; Solomovich, 2007). In a few cases post-colli-
sional granitoids are associated with mafic and/or silica undersaturated
alkaline rocks and peraluminous S-type granites (Seltmann et al.,
2011).

Metallogeny of the post-collisional intrusions is characterized by the
development of intrusion-related Au deposits, Au skarns, orogenic Au
deposits and greisen-type Sn-W deposits (Seltmann et al., 2011). The
gold deposits associated with the post-collisional granites in this region
include some of the largest economic gold accumulations in the world,
e.g. Muruntau, Kumtor, Zarmitan and Amantaitau (Fig. 1b) (Goldfarb
et al., 2014; Xue et al., 2014; Yakubchuk et al., 2005). Most of these
gold deposits are associated with calc-alkaline I-type granites or gran-
odiorites, located within the intrusions or their contact metamorphic
aureoles, and yield isotopic ages of mineralization similar to the host
magmatism (Abzalov, 2007; Cole et al., 2000; Morelli et al., 2007;
Thompson and Newberry, 2000; Wall et al., 2004).

3. Geology of the Kassan region and the Andagul intrusion

3.1. Geology of the Kassan region

The Kassan region is geographically located in the southeast of the
Chatkal range in the western Kyrgyzstan Tian Shan (Fig. 1b), and re-
presents the westernmost segment of the Middle Tian Shan micro-
continent juxtaposed to the South Tian Shan thrust-and-fold belt along
the South Tian Shan Suture zone (Mühlberg et al., 2016). The Kassan
region in the Chatkal range is mainly made of metamorphic rocks and
Paleozoic volcanic and sedimentary sequences intruded by Carboni-
ferous and Early Permian granites and granodiorites (Fig. 2) (Bakirov
et al., 2003; Nikitin, 1997).

The metamorphic rocks of the Chatkal Range consist of the tecto-
nically lower Shaldyr, Tereksai and Semyzsay units and the upper
Ishtamberdy unit (Fig. 2), which were initially assumed to register a
Neo- to Meso-Proterozoic continental basement (Alexeiev et al., 2016;
Bakirov et al., 2003) and recently reinterpreted as a Paleozoic protolith
superimposed by Late Carboniferous eclogite metamorphic event
(Loury et al., 2016; Mühlberg et al., 2016). The Shaldyr, Tereksai and
Semyzsay units are exposed as an antiform consisting of schist, para-
gneiss, marble, amphibolitie facies volcanic and volcano-sedimentary
rocks in the western part of the Kassan region (Fig. 2). These three units
are bounded by low- to medium-grade metamorphosed sandstones and
schists of the Ishtamberdy unit, which is overlain by adjacent un-
metamorphosed Paleozoic rocks with fault contacts (Bakirov et al.,
2003).

The lower Paleozoic sequences consist of carbonaceous slate, an-
desitic basalt and tuff of the Early Silurian age and andesite, tra-
chyandesitic tuff, breccias and conglomerate of the Early Devonian age.
Passive margin formations of Middle to Late Devonian ages occupy a
significant part of the area with thick sandstone, siltstone, marl, lime-
stone, dolomite, gypsum, and slate. Recurrent volcanic rocks are
documented elsewhere with Pennsylvanian arc-related volcanic and
siliciclastic rocks developed in the Chatkal Region beyond Fig. 2
(Alexeiev et al., 2016; Mühlberg et al., 2016). The youngest formations
are Late Carboniferous to Early Permian sedimentary and volcanic
rocks that are scattered in the southeast of the area with dominantly
volcanic breccia, andesite and tuff interbedded with conglomerate and
sandstone (Fig. 2).

The above metamorphic and sedimentary rocks are intruded by two
undeformed intrusions, named Zeksay and Andagul, respectively
(Fig. 2). The Zeksay intrusion was previously assumed to be of Neo-
proterozoic age, but later on, multigrain 207Pb/206Pb ages of 464 ± 8
and 420 ± 20Ma were obtained with the evaporation method (Ba-
kirov et al., 2003). Recently, zircon dating of coarse-grained K-feldspar-
biotite granite and diorite from the Zeksay intrusion yielded Early
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Carboniferous ages of 322 ± 2Ma and 329 ± 3Ma (Alexeiev et al.,
2016), corresponding to the early phase of arc magmatism. The An-
dagul granodiorite, however, has not been well constrained with geo-
chronology and geochemistry.

Multiple faults are developed in the region and cut the above de-
scribed geological units. All the geologic boundaries exhibit fault con-
tact with each other with significant displacement (Fig. 2c). These
faults can be roughly grouped into two arrays trending northwest-
southeast and northeast-southwest, respectively. The two fault arrays
crosscut each other, suggesting roughly contemporaneous activity
possibly linked to a northward compression against the relatively rigid
Zeksay complex. The intersection nodes of these two arrays of faults
appear to have controlled the Andagul intrusion and gold mineraliza-
tion in the region (Fig. 2) (Kudrin et al., 1990).

3.2. Gold mineralization and its relationship with the Andagul intrusion

The Kassan region is impregnated with numerous gold deposits and
occurrences that are either hosted by or adjacent to the Andagul
granodiorite (Fig. 1c), including granitoid hosted Au deposits (Un-
kurtash, Sarytube), skarn Au-(As-Bi) deposit (Karatube), metamorphic
sedimentary rocks hosted Au-(As-Bi) deposit (Ishtamberdy) and distal
Sb-Au-Ag-Hg-As deposit (Terekkan, Terek, Artyk-Bulak).

The Unkurtash Au deposit located in the east of the Kassan region is
hosted by the Andagul granodiorite (Fig. 3b). The Unkurtash deposit
has geological characteristics typical of the intrusion-related gold de-
posits (Hart, 2007; Lang and Baker, 2001), including (1) intrusion-
hosted, sheeted arrays of quartz veins (Fig. 3c–d), (2) comparatively
restricted hydrothermal alteration confined to narrow envelop along
the veins (Fig. 3e), (3) CH4-bearing carbonic hydrothermal fluids, (4)
metal assemblage that combines gold with W, As, Mo, Te and low
concentrations of Cu, Pb, Zn, (5) a low sulfide content (less than 5%)
with a reduced ore mineral assemblage that comprises arsenopyrite,
pyrrhotite and pyrite and lacks magnetite or hematite and (6) a con-
tinental setting well inboard of convergent plate boundaries (Fig. 1b).

Re-Os dating with molybdenite from the Unkurtash gold deposits yields
an age of 307.6 ± 1.5Ma for the gold mineralization.

The Karatube skarn Au-(As-Bi) deposit occurs in the contact zone
between the Andagul intrusion and adjacent limestone, shale and
gypsum formations (Fig. 3b) (Nikonorov et al., 2007). The intrusion and
country rocks are intensively altered to a thick zone (up to 40m) of
skarns and hornfels with pervasively developed chlorite, actinolite,
diopside superimposed on garnet and pyroxene (Fig. 3f). Gold miner-
alization is confined to the skarn zones and shows close association with
skarn minerals and metallic minerals (Fig. 3g) including pyrite, chal-
copyrite, arsenopyrite, magnetite, hematite and tennantite.

The large Ishtamberdy Au-As deposit located about 0.5 km from the
Andagul intrusion (Fig. 3a), is hosted by schist and amphibolite-schist
of the Semyzsay unit. The host rocks form an asymmetric anticline with
marble in the core and quartz-feldspar-biotite and amphibolite schist on
the flanks (Nikonorov et al., 2007). Orebodies of the Ishtamberdy de-
posit are mainly controlled by interbedding fracture zones and dela-
mination zones of the anticline and to a lesser extent by high angle fault
zones crosscutting the south flank of the anticline. The orebodies are
morphologically divided into saddle-shaped bodies in the core, steeply
dipping tabular concordant bodies and steeply dipping intersecting
bodies in fault zones. Individual orebodies consist of auriferous quartz-
sulfide veins and veinlets that are parallel or sub-parallel to the frac-
tures and deformed beddings (Fig. 3h). The main ore minerals include
pyrite, arsenopyrite, gold and minor antimonite, chalcopyrite, spha-
lerite, pyrrhotite, tetrahedrite, hematite, galena and scheelite
(Nikonorov et al., 2007). Locally gold mineralization is developed in
skarn (Fig. 3a), which may represent a distal skarn developed in frac-
tures linked to the Andagul intrusion (Xue et al., 2014).

The Terekkan Au-Sb deposit is situated in the east of the Kassan
region, together with the Tereksay Sb and Artyk-Bulak Hg-Au-Ag de-
posits and several other medium to small deposits with Sb-Ag-Hg as-
semblage (Fig. 1c). The gold mineralization of the Terekkan Au-Sb
deposit is confined within the crystalline schist of the Semyzsay unit
that underwent hydrothermal alteration (Nikonorov et al., 2007). The

Fig. 2. Geological characteristics of the Andagul granodiorite and gold deposits in the Kassan region (Nikitin, 1997).
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gold mineralization is characterized by quartz veins accompanied by
beresitization along steep faults. The orebodies are steeply dipping
(mainly to NE) or subhorizontal. The main metallic minerals include
gold, pyrite, arsenopyrite, antimonite, pyrrhotite, with minor chalco-
pyrite, sphalerite and magnetite.

Even though diverse mineralization characteristics are developed in
the Kassan region, gold deposits are associated with the Andagul in-
trusion (Fig. 1c). The gradual change of metal associations and mi-
neralization characteristics of these deposits outward from the Andagul
intrusion (Fig. 1c) may be ascribed to the decreasing temperature away
from the intrusion, resembling typical intrusion-related gold systems
established elsewhere (Hart 2007; Lang and Baker 2001; Thompson and
Newberry 2000).

3.3. Petrography of the Andagul granodiorite

The Andagul intrusion is generally outcropped as an east–west
striking, wedge-like body with an exposed area of about 10 km2

(Fig. 1c). The elongation of the intrusion coincides with the structure
fabric of the surrounding metamorphic and sedimentary rocks (Fig. 2).
Detailed field survey reflects that the lithology of the Andagul intrusion
is dominated by granodiorite with rare quartz diorite along its margins.

The Andagul granodiorite is characterized by light grayish brown
color, massive structure and typical medium-grained granitic texture

(Fig. 4b). It is composed of plagioclase (c. 55 vol%), quartz (c. 15 vol%),
K-feldspar (c. 10 vol%), and amphibole (c. 10 vol%) with abundant
biotite (c. 5 vol%) and minor accessory minerals (less than 5 vol%).
Plagioclase often forms large, euhedral crystals of 0.5 to 3mm length
with well-developed polysynthetic twin and rhythmic zonation (Fig. 4g
and h). Abundant apatite, K-feldspar and magnetite inclusions are
common in the plagioclase (Fig. 4g and h). K-feldspar grains are com-
monly euhedral to subhedral whilst quartz grains and ragged plates of
green-brown biotite occur as interstitial phases (Fig. 4d and g). Biotite
is a common mineral in the Andagul granodiorite and varies in mor-
phology from euhedral tabular to subhedral blade-shaped crystals
(Fig. 4d and e) with weak chloritization (Fig. 4e). Amphibole occurs as
euhedral to subhedral crystals and is 0.05–1.0 mm in length with
abundant mineral inclusions such as apatite and magnetite (Fig. 4d–f).

Apatite occurs ubiquitously as euhedral and laths inclusions within
amphibole, plagioclase, zircon and as groundmass intergranular grains
(Fig. 4e–i). Inclusions of acicular apatite length to width ratios of 10:1
in the plagioclase are also common (Fig. 4h). Titanite crystals are ty-
pically in euhedral rhombus form with well-preserved oscillatory zon-
ings (Fig. 4i). Magnetite is common in the Andagul granodiorite and
some is included in amphibole as rounded grains (Fig. 4f and i). Rutile,
monazite and scheelite are also present (Fig. 4f and i).

The Andagul granodiorite contains a small quantity (less than 3% in
volume) darker colored diorite enclaves with plagioclase crystals

Fig. 3. Location of the gold deposits (Ishtamberdy, Unkurtash, Sarytube, Karatube) relative to the Andagul granodiorite in the western part (a) and eastern part (b)
showing a closely spatial relationship. The dashed lines outline the deposit area relatively to the Andagul granodiorite in a and b. The red shadow areas roughly
represent the location of the Andagul granodiorite, whereas the light blue shadow outline the skarn alteration area in Karatube deposit area (b) and little in the
Ishtamberdy area (a). (c)–(e) show typical gold mineralization in the Unkurtash gold deposits: (c). quartz veins developed along the faults that crosscutting the
granodiorite; (d). sheeted arrays quartz veins in the granodiorite are typical ore features; (e). gold mineralization developed in the quartz veins and narrow enveloped
alteration along the veins. (f)–(g) show typical skarn mineralization in the Karatube gold deposits: (f). early formed garnets are overprinted with chlorite, epidote and
calcite; (g). gold and sulfide precipitated with the formation of chlorite and epidote and then are crosscut by the quartz-calcite veins. (h). typical quartz vein ores in
the schist from the Ishtamberdy deposit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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straddling the boundaries (Fig. 4c). The Andagul granodiorite shows
clearly intrusive contacts with its country rocks with sharp and chilled
margins. The country rocks vary from metamorphic schists, amphibo-
lite, genesis and marble mainly in the west to sandstone, siltstone,
gypsum, marl, limestone in the east (Fig. 2), with the development of
thick skarn alteration zones locally (Fig. 3f–g). Xenoliths of sedimentary
rocks are common and show variable reaction with the Andagul gran-
odiorite.

4. Sampling and analytical techniques

Representative fresh granodiorite of the Andagul intrusion were
sampled both in outcrops in the west part of the intrusion (Fig. 4a;
sample UN-16 to 21) and in a prospecting adit near the Unkurtash
deposit in the east part of the intrusion (sample UN-67 to 74; Fig. 1c).
The samples show fairly uniform lithology and mineral composition.
Thin sections from these samples were examined for petrography and
for assuring the freshness of the samples for geochemical studies.

4.1. Mineral chemistry

The major element compositions of plagioclase, K-feldspar, horn-
blende, biotite and magnetite were analyzed with Electron Micro-Probe

Analyzer (EMPA) at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences (Wuhan), with
a JEOL JXA-8100 EPMA equipped with four wavelength-dispersive
spectrometers (WDS). An accelerating voltage of 15 kV, a beam current
of 20 nA and a 10 µm spot size were used to analyze the minerals.
Results are given in Tables 1–4.

4.2. LA-ICP-MS U-Pb dating and REE distribution in zircon

Zircons for LA-ICP-MS (Laser Ablation Inductively Coupled Plasma
Mass Spectrometry) U-Pb dating were extracted using conventional
heavy liquid and magnetite separation techniques and then handpicked
under a binocular microscope. Internal morphology was examined with
transmitted and reflected light microscopes as well as cath-
odoluminescence (CL) images prior to in situ U-Pb and Hf isotopic
analyses.

Simultaneous in situ measurement of U-Pb ages and trace elements
of zircons with LA-ICP-MS were conducted using a Finnigan Neptune
inductively coupled plasma mass spectrometry that connected to a
NewWave UP-213 laser ablation at the Institute of Mineral Resources,
Chinese Academy of Geological Sciences (CAGS). All analyses were
carried out using a beam spot size of ca. 35 μm and a laser frequency of
10 HZ and energy density about 2.5 J/cm2. Helium was applied as a

Fig. 4. a. Outcrop photograph of the Andagul granodiorite in the western part of the Kassan region; b. fresh granodiorite samples with massive texture and grey color;
c. diorite enclaves show crenulated contact with granodiorite host and contain heterogeneous scattered plagioclase xenocrysts; d and e. thin sections photo-
micrographs of a representative granodiorite sample; f. amphibole with magnetite and apatite inclusions; g. Plagioclase with well-developed polysynthetic twin and
rhythmic zonation, note the red dots represent EPMA analyze location (Sample 18–3); h. Inclusions of acicular apatite in the plagioclase mantle; i. Euhedral shape
titanite with well-preserved core-mantle-rim zonings (Am, amphibole; Ap, apatite; Bi, biotite; Chl, chlorite; Kfs, K-feldspar; Mt, magnetite; Pl, plagioclase; Qtz, quartz;
Tnt, titanite). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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carrier gas to efficiently transport the aerosol materials. Zircon 91,500
and GJ-1 was used as an external standard to correct for instrumental
mass discrimination and elemental fractionation with every 5 analyses.
207Pb/206Pb and 206Pb/238U ratios were calculated using the
ICPMSDataCal program and then corrected using the Harvard zircon
91,500 as external standard. The U, Th and Pb concentrations were
calibrated using 29Si as an internal standard and NIST SRM 610 as an

external standard. Raw data reduction was performed off-line using
Isoplot/ver.4.1.5 (Ludwig, 2003). Individual analyses for U-Pb isotopes
and REE are presented with 1σ errors in Tables 5 and 6 and un-
certainties in age results are quoted at the 95% confidence level.

4.3. Zircon Hf isotope

Zircon in situ Hf isotope (Table 7) analyses was measured in pre-
viously U-Pb dated zircons, using a Neptune multi-collector ICP-MS
equipped with a New Wave UP213 laser-ablation microprobe at In-
stitute of Mineral Resources, CAGS. The isobaric interference of 176Lu
on 176Hf was corrected using a recommended 176Lu/175Lu ratio of
0.02669 to calculate 176Lu/177Hf. In order to correct the isobaric in-
terferences of 176Yb on 176Hf, the 176Yb/172Yb value of 0.5886 and
mean βYb value obtained during Hf analysis on the same spot. During
the course of this study, zircons GJ-1 was used as the reference stan-
dards with a laser repetition rate of 10 HZ at 100mJ and the laser beam
diameters of 40 μm. The εHf(t) value was calculated by assuming
chondritic ratios of 176Lu/177Hf (0.282772) and 176Hf/177Hf (0.0332).
The single model ages (TDM) were calculated using the measur-
ed 176Lu/177Hf ratios of zircon, based on the assumption that the de-
pleted mantle reservoir is 0.28325 at present and 176Lu/177Hf ratio are
0.0384 (Griffin et al., 2002). The two-stage model age (TDM2) was
calculated for the source rocks of magma using mean 176Lu/177Hf value
of 0.015 for the average continental crust (Griffin et al., 2002).

4.4. Whole-rock chemistry and Sr-Nd-Pb isotopes study

Fresh granodiorite samples for elemental and isotopic analyses were
first trimmed and chipped and then powdered in an agate mill to about
200 mesh for analyzing. The major elements were analyzed using X-ray
Fluorescence (XRF) at the Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing. The analytical precision and accuracy for
most major elements measured are generally better than 5%. FeO was
analyzed by the titration method with standard deviation less than 10
percent. Analyses of trace element, including rare earth elements, were
undertaken at the National Research Center of Geoanalysis, CAGS,

Table 1
The average values of Plagioclase and K-feldspar in the Andagul granodiorite (wt%).

18-2-1 18-2-2 18-2-3 18-2-4 18-3-1 18-3-2 18-3-3 18-3-4 18-3-5 18-3-6 18-3-7 18-3-8 69-2-1

Plagioclase, 18-2 Plagioclase, 18-3

Core Rim1 Rim2 Rim3 Rim3 Rim2 Rim1 Core Rim1′ Rim2′ Rim3′

SiO2 55.11 59.45 56.67 65.08 60.75 58.85 61.45 58.36 61.03 58.38 61.33 66.01 65.59
TiO2 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.02 0.01
Al2O3 28.70 25.72 27.32 22.33 25.19 26.26 24.59 26.59 24.96 26.35 24.37 18.27 18.57
Fe2O3 0.25 0.25 0.26 0.18 0.08 0.17 0.12 0.20 0.09 0.15 0.19 0.11 0.12
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.01 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.02 0.02 0.00
MgO 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
CaO 11.13 7.83 9.95 3.97 6.93 8.40 6.43 8.54 6.62 8.44 6.12 0.02 0.06
Na2O 4.85 6.59 5.43 8.78 7.40 6.44 7.56 6.40 7.14 6.17 7.69 1.22 1.59
K2O 0.15 0.27 0.20 0.41 0.17 0.19 0.42 0.30 0.35 0.20 0.19 15.01 14.16
Total 100.20 100.12 99.85 100.77 100.52 100.33 100.58 100.39 100.20 99.71 99.91 100.68 100.11
Si 4.96 5.30 5.10 5.70 5.38 5.24 5.44 5.21 5.40 5.22 5.45 6.03 6.00
Al 3.04 2.70 2.90 2.30 2.63 2.76 2.56 2.79 2.60 2.78 2.55 1.97 2.00
Fe3+ 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.07 0.75 0.96 0.37 0.66 0.80 0.61 0.82 0.63 0.81 0.58 0.00 0.01
Na 0.85 1.14 0.95 1.49 1.27 1.11 1.30 1.11 1.23 1.07 1.33 0.22 0.28
K 0.02 0.03 0.02 0.05 0.02 0.02 0.05 0.03 0.04 0.02 0.02 1.75 1.65
Ab 44 59 49 78 65 58 66 57 65 56 69 11 15
An 55 39 50 20 34 41 31 42 33 43 30 0 0
Or 1 2 1 2 1 1 2 2 2 1 1 89 85

Table 2
Representative electron microprobe analysis data (wt.%) of biotite in the
Andagul granodiorite.

Sample No. 18-3-9 18-4-1 69-1-1 69-2-2 18-5-2 18-5-3

SiO2 36.85 37.30 37.18 37.24 37.04 37.67
TiO2 3.87 4.32 5.03 4.76 4.20 4.58
Al2O3 13.87 13.96 13.89 14.05 13.52 13.89
FeO 22.06 16.62 22.46 21.05 19.36 18.00
MnO 0.50 0.48 0.33 0.33 0.44 0.46
MgO 9.57 12.76 8.68 10.31 11.42 12.33
CaO 0.00 0.00 0.03 0.00 0.00 0.00
Na2O 0.09 0.16 0.11 0.08 0.09 0.13
K2O 9.06 9.14 8.93 8.93 9.03 9.21
F 0.19 0.68 0.03 0.13 0.38 0.38
Cl 0.08 0.08 0.11 0.11 0.08 0.09
Number of ions on the basis of 22 oxygens

Si 5.65 5.61 5.66 5.62 5.64 5.63
AlⅣ 2.35 2.39 2.34 2.38 2.36 2.37
AlVI 0.16 0.09 0.15 0.12 0.07 0.07
Ti 0.45 0.49 0.58 0.54 0.48 0.51
Fe3+ 0.51 0.61 0.62 0.58 0.55 0.57
Fe2+ 2.32 1.48 2.24 2.07 1.92 1.68
Mn 0.06 0.06 0.04 0.04 0.06 0.06
Mg 2.19 2.86 1.97 2.32 2.59 2.75
Ca 0.00 0.00 0.01 0.00 0.00 0.00
Na 0.03 0.05 0.03 0.02 0.03 0.04
K 1.77 1.75 1.73 1.72 1.75 1.76
Total 15.49 15.39 15.38 15.42 15.45 15.43
Fe2+/(Mg+Fe) 0.46 0.30 0.46 0.42 0.38 0.34
T (°C) 710 747 741 740 732 748
Si 5.65 5.61 5.66 5.62 5.64 5.63
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Beijing, using an ICP-MS (X-series). Rhodium was used as an internal
standard to monitor signal drift during counting. The analytical error is
generally less than 5% for trace elements. The geochemical data are
presented in Table 8.

The concentrations and isotopic ratios of Sm, Nd, Rb, Sr, U, Th and
Pb were determined using a VG354 thermal ionization mass spectro-
meter at the Modern Analysis Center, Nanjing University. The mass
fractionation corrections for Sr and Nd isotopic ratios are based on

Table 3
Representative electron microprobe analysis data (wt%) of amphibole in the
Andagul granodiorite.

Spot 18-1-1 69-1-2 69-2-3 69-3-1 18-5-6

SiO2 49.19 47.48 47.49 45.96 50.82
TiO2 0.94 1.11 1.12 1.39 0.68
Al2O3 5.47 6.64 6.80 7.87 4.76
Cr2O3 0.00 0.00 0.00 0.00 0.00
FeO 12.19 16.09 16.66 16.49 11.86
MnO 0.79 0.76 0.79 0.70 0.81
MgO 15.59 12.77 12.54 11.96 15.93
CaO 11.00 10.39 10.56 10.85 11.15
Na2O 1.07 1.39 1.34 1.43 1.07
K2O 0.47 0.64 0.67 0.74 0.38
F – – – – –
Cl – – – – –
Total 96.71 97.27 97.96 97.39 97.45
Number of ions on the basis of 13 cations

T Si 7.07 6.91 6.89 6.75 7.24
AlIV 0.93 1.09 1.11 1.25 0.76
Ti 0.00 0.00 0.00 0.00 0.00

C AlVI 0.00 0.05 0.05 0.12 0.03
Cr 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.96 1.04 1.04 0.86 0.82
Ti 0.10 0.12 0.12 0.15 0.07
Mg 3.34 2.77 2.71 2.62 3.38
Fe2+ 0.50 0.92 0.99 1.16 0.60
Mn 0.10 0.09 0.10 0.09 0.10

B Fe2+ 0.00 0.00 0.00 0.00 0.00
Ca 1.69 1.62 1.64 1.71 1.70
Na 0.15 0.19 0.18 0.15 0.15

A Na 0 0.01 0.02 0.12 0.00
K 0 0.12 0.12 0.14 0.07

Mg/(Mg+Fe2+) 0.87 0.75 0.73 0.69 0.85
Al#(AlVI/Altot) 0.00 0.05 0.04 0.08 0.04
T (°C) 765 771 774 810 738
aP (Kbar) 1.22 1.25 1.23
aCalculated depth (km) 4.51 4.63 4.56
bP (Kbar) 0.73 0.99 1.02 1.36 0.61
bCalculated depth (km) 2.7 3.7 3.8 5.0 2.3
H2Omelt (wt%) 4.0 4.7 4.8 5.2 4.1

Note: ①aP is calculated from the equation of Anderson and smith, (1995). Only
three data fulfill the requirement of the equation.
②
bP is calculated from thermo-barometric equations of Ridolfi et al. (2010).

③Depth is calculated assuming average density of 2.7 g/cm3 for the upper crust.

Table 4
Electron microprobe analysis data (wt%) of magnetite in the Andagul grano-
diorite.

Sample No. 69-2-4 18-2-5

FeO 31.12 31.18
Fe2O3 69.17 69.30
Na2O 0.02 –
K2O – –
MnO 0.04 0.07
MgO – –
CaO 0.03 –
Al2O3 0.06 0.13
TiO2 0.10 0.20
SiO2 0.08 0.04
Total 100.60 100.92
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86Sr/88Sr= 0.1194 and 146Nd/144Nd= 0.7219, respectively. The
87Sr/86Sr ratio of the standard NBS 987 and 143Nd/144Nd ratio of the
standard La Jolla were 0.710233 ± 6 (2σ) and 0.511863 ± 6 (2σ),
respectively (Table 9). Overall blank contributions are less than 1 ng for
Sr and less than 60 pg for Nd. Pb was separated and purified using a
conventional AG50 1-×8 anion-exchange technique with diluted HBr
as eluant. Pb isotope analyses were performed on a Finnigan MAT
Triton TI thermal ionizing mass spectrometer (TIMS). The 208Pb/204Pb,
207Pb/204Pb and 206Pb/204Pb ratios of the NBS-981 standard were
36.715 ± 9 (1σ), 15.487 ± 11 (1σ) and 16.941 ± 8 (1σ), respec-
tively (Table 9).

5. Analytical results

5.1. Mineralogy and mineral chemistry

The analyzed plagioclase in the Andagul granodiorite show a range
of SiO2 contents from 58.36 to 61.45 wt%, Al2O3 contents from 24.37 to
26.59 wt%, CaO contents from 6.12 to 8.54 wt%, K2O contents from
0.17 to 0.42 wt%, Fe2O3 contents from 0.08 to 0.20 wt%. The calculated
An (anorthite) contents in plagioclase varies from An20 to An55, be-
longing to oligoclase and andesine (Table 1). Petrographic observation
reveals that the plagioclase is commonly featured with well-developed
polysynthetic twin and rhythmic zonation. Line profile analyses of two
plagioclase grains show that An contents decrease from 42 to 55% in
the core, to 31–39% in the thick inner mantle (rim 1), increase to
41–50% in the outer mantle (rim2) and then decrease to 20–34%
(rim3), displaying significant compositional oscillatory (Fig. 5a and b).
The contents of CaO, Al2O3 and Fe2O3 correlate positively with An
whereas the contents of SiO2, K2O, Na2O show a reverse trend (Table 1).

The analytical results show that K-feldspars contain little CaO
(0.02%-0.06%). They have high contents of Or (orthoclase, 85–89 wt
%), minor Ab (albite, 11–15wt%) and negligible An component
(Table 1).

The analyzed biotite are all primary biotite without significant al-
teration or re-equilibration using the discrimination diagram of 10 *
TiO2 - (FeO+MnO)-MgO (Fig. 5c) (Nachit et al., 2005). All the ana-
lyzed biotite has less than 0.55 Ti atoms per formula unit normalized to
22O atoms and Fe2+/(Mg+ Fe) ratios are all clustered in a small range
(0.30–0.46), pertaining to fresh magmatic biotite (Li et al., 2017). All
the biotites analyzed are classified as Mg-biotite and ferrobiotite with
Mg/(Mg+Fe) ratios (atomic) ranging from 0.77 to 1.37 (Fig. 5d). Most
of the analyzed grains are enriched in F rand Cl (Fig. 5e) with F/
(F+Cl) ratios of 0.55 to 0.89 except one with 0.19 (Table 2).

The analyzed hornblende grains are commonly poor in F and Cl
contents (Table 3) and are characterized by enrichment of magnesium
with Mg2+/(Fe2++Mg2+) ratios ranging from 0.69 to 0.87 (Fig. 5f)
(Leake et al., 1997). The Al2O3 contents are less than 8wt%.

Magnetite is nearly pure Fe3O4 with less than 2% of ulv spinel
(Fe2TiO4) component (Table 4).

5.2. Zircon U-Pb ages

Zircons grains recovered from the Andagul granodiorite are eu-
hedral to subeuhedral and display long prismatic crystals (150–300 μm)
with an aspect ratio of 2:1 to 4:1 (Fig. 6a). They are transparent or
yellowish in transmitted light with apparent oscillatory zoning on CL
images (Fig. 6a). All the 17 analyses on zircon grains yield concordant
or near-concordant 206Pb/238U ages between 299 and 310Ma (Table 5)
with a mean of 306.9 ± 2.3Ma (2σ, MSWD=0.35, n=17) (Fig. 6a).

5.3. Zircon trace elements

The 17 trace element analyses for LA-ICPMS zircon grains display
similar total REE abundances, from 217 to 624 ppm (Table 6). Their
chondrite-normalized patterns (Fig. 6b) are characterized by steeplyTa

bl
e
6

LA
-I
C
P-
M
S
an

al
yt
ic
al

re
su
lt
s
of

tr
ac
e
el
em

en
ts

(i
n
pp

m
)
in

zi
rc
on

s
of

th
e
A
nd

ag
ul

gr
an

od
io
ri
te
.

Sp
ot

La
C
e

Pr
N
d

Sm
Eu

G
d

Tb
D
y

H
o

Er
Tm

Y
b

Lu
Y

Th
U

Ti
H
f

a E
u N

/E
u N

*
a C

e/
C
e*

b
T(

o C
)

c l
og

fO
2

c F
M
Q

U
N
-6
7-
1

0.
51

19
.8
3

0.
13

1.
34

3.
45

0.
97

10
.3
8

3.
70

50
.2
3

20
.9
6

10
5.
36

26
.0
3

28
3.
41

65
.0
5

68
7.
21

16
0.
52

55
4.
39

4.
78

90
07

.1
7

0.
50

3.
24

71
1

−
16

.8
3

0.
01

U
N
-6
7-
2

0.
01

21
.1
5

0.
02

0.
79

2.
56

0.
58

7.
35

3.
25

41
.8
9

17
.5
8

93
.6
5

23
.4
9

26
1.
91

60
.6
7

59
1.
89

20
1.
05

56
1.
86

2.
56

84
27

.6
0

0.
41

7.
76

66
0

−
18

.0
2

0.
22

U
N
-6
7-
3

0.
06

20
.3
1

0.
18

2.
03

3.
58

0.
67

7.
62

2.
63

33
.9
2

14
.6
6

76
.8
4

18
.8
7

20
8.
79

49
.7
5

48
1.
64

17
4.
35

52
9.
94

2.
16

89
38

.1
3

0.
39

1.
64

64
6

−
18

.4
2

0.
21

U
N
-6
7-
4

0.
01

16
.9
3

0.
04

0.
44

1.
51

0.
56

4.
93

1.
82

23
.0
4

9.
62

50
.7
8

12
.6
6

14
7.
03

32
.2
6

31
1.
50

18
2.
82

53
0.
97

4.
65

90
72

.1
1

0.
62

10
.3
6

70
9

−
17

.1
8

−
0.
28

U
N
-6
7-
5

0.
06

12
.8
2

0.
02

0.
39

1.
66

0.
42

4.
24

1.
59

20
.5
2

8.
84

48
.5
1

12
.6
4

14
0.
00

33
.9
2

30
3.
50

10
0.
47

31
0.
13

4.
37

80
90

.2
0

0.
48

8.
51

70
3

−
17

.2
1

−
0.
17

U
N
-6
7-
6

0.
20

17
.0
2

0.
10

0.
84

2.
42

0.
78

7.
73

2.
83

37
.1
6

15
.6
4

81
.3
0

20
.1
7

22
0.
73

52
.0
0

51
2.
81

12
4.
41

44
2.
05

4.
93

87
96

.8
1

0.
55

5.
10

71
4

−
16

.8
0

−
0.
03

U
N
-6
7-
7

1.
93

22
.9
3

0.
38

1.
95

2.
45

0.
63

6.
39

2.
32

30
.8
3

13
.1
2

66
.7
4

16
.9
0

18
9.
77

44
.6
4

43
1.
00

18
4.
58

57
6.
60

2.
81

90
18

.6
8

0.
49

2.
66

66
7

−
17

.7
4

0.
30

U
N
-6
7-
8

0.
15

17
.8
7

0.
04

0.
51

3.
29

0.
67

8.
36

2.
93

37
.7
3

15
.3
1

78
.1
7

18
.6
9

20
5.
97

46
.5
8

50
2.
26

17
2.
86

58
3.
04

1.
63

89
00

.6
5

0.
39

6.
68

62
5

−
19

.2
7

0.
00

U
N
-6
7-
9

0.
02

14
.9
2

0.
07

0.
85

2.
39

0.
68

5.
69

2.
10

25
.0
0

11
.1
5

55
.1
7

13
.8
5

15
5.
50

36
.9
8

35
3.
49

18
0.
36

44
4.
73

6.
55

75
73

.7
9

0.
56

3.
50

74
0

−
16

.4
4

−
0.
31

U
N
-6
7-
10

0.
01

12
.5
0

0.
01

0.
27

1.
40

0.
36

4.
32

1.
61

21
.2
4

9.
63

50
.7
2

13
.1
2

15
5.
35

36
.7
6

32
1.
95

89
.7
8

32
2.
30

3.
68

89
94

.8
7

0.
44

14
.3
0

68
9

−
17

.6
8

−
0.
25

U
N
-6
7-
11

1.
87

21
.0
6

0.
46

2.
23

2.
99

0.
53

6.
80

2.
47

29
.8
6

13
.3
8

69
.5
7

17
.2
0

19
2.
11

44
.0
7

44
6.
41

15
5.
73

39
8.
77

3.
88

76
58

.6
6

0.
36

1.
64

69
3

−
16

.8
2

0.
49

U
N
-6
7-
12

0.
01

11
.9
8

0.
01

0.
44

1.
60

0.
37

4.
50

1.
46

19
.0
6

8.
33

43
.4
2

10
.9
5

12
4.
46

29
.7
7

27
8.
46

10
9.
96

32
4.
73

4.
76

78
91

.2
0

0.
42

6.
39

71
1

−
17

.1
9

−
0.
33

U
N
-6
7-
13

0.
01

19
.2
7

0.
03

0.
31

1.
92

0.
52

5.
55

2.
00

26
.6
0

11
.2
3

60
.2
6

15
.0
1

16
8.
09

40
.2
6

38
2.
07

20
3.
54

61
6.
75

2.
55

87
37

.8
1

0.
49

16
.2
0

65
9

−
18

.2
9

−
0.
03

U
N
-6
7-
14

0.
09

19
.9
0

0.
06

0.
69

2.
71

0.
81

9.
42

3.
20

39
.1
0

16
.5
9

83
.1
0

19
.9
9

21
9.
55

49
.7
9

55
0.
20

20
0.
55

60
5.
29

4.
08

82
02

.7
7

0.
49

6.
37

69
8

−
17

.1
9

0.
01

U
N
-6
7-
15

0.
07

18
.6
3

0.
02

0.
24

1.
73

0.
41

5.
05

2.
07

25
.8
2

11
.2
5

57
.0
3

14
.4
9

16
4.
58

37
.5
3

37
2.
07

21
3.
43

60
0.
96

3.
13

86
69

.7
8

0.
42

20
.3
8

67
6

−
17

.9
1

−
0.
12

U
N
-6
7-
16

0.
03

17
.8
8

0.
03

0.
42

2.
36

0.
61

7.
05

2.
40

31
.1
4

13
.9
0

71
.8
5

17
.5
2

19
5.
19

45
.3
6

44
5.
94

16
3.
92

48
3.
47

4.
88

84
50

.6
5

0.
45

10
.3
7

71
3

−
16

.8
4

−
0.
05

U
N
-6
7-
17

0.
06

29
.8
6

0.
06

1.
06

3.
51

0.
83

10
.9
5

4.
00

50
.1
6

21
.7
5

11
0.
48

27
.0
9

29
5.
38

68
.3
3

70
5.
48

32
5.
05

85
8.
54

3.
49

94
44

.5
8

0.
41

6.
87

68
4

−
17

.2
8

0.
28

a
N
ot
e:

Eu
N
/E

u N
*=

Eu
N
/(
Sm

N
*G

d N
)1

/2
,a

nd
th
e
C
e/
C
e*

w
as

ca
lc
ul
at
ed

us
in
g
la
tt
ic
e
st
ra
in

m
od

el
.

b
Ti
-i
n-
zi
rc
on

te
m
pe

ra
tu
re
s
ar
e
ca
lc
ul
at
ed

us
in
g
th
e
eq

ua
ti
on

pr
op

os
ed

by
Fe

rr
y
an

d
W
at
so
n
(2
00

7)
.

c
O
xy

ge
n
fu
ga

ci
ty

w
as

ca
lc
ul
at
ed

by
th
e
m
et
ho

ds
of

Sm
yt
he

an
d
Br
en

an
(2
01

6)
.

B. Zu et al. Ore Geology Reviews 101 (2018) 54–73

62



rising slopes REE patterns with (La/Yb)N lower than 0.030, indicating a
significant HREE enrichment relative to LREE. They also exhibit re-
markable positive Ce and negative Eu anomalies (Fig. 6b). The Eu
anomaly values of zircon grains range from 0.33 to 0.62 by a conven-
tional method based on normalized values of Sm and Gd concentra-
tions. The calculation of Ce4+/Ce3+ ratios follows the method proposed
by (Ballard et al., 2002), where the abundance of Ce3+ is determined
from the REE concentrations and whole-rock data on the basis of a
lattice-strain model for mineral-melt partition of elements. The calcu-
lated Ce4+/Ce3+ ratios of the Andagul granodiorite range from 1.64 to
20.38 (Table 6), lower than the calculated Ce4+/Ce3+ ratios of the
porphyry Cu related granodiorite in the Almalyk region with an average
of 53.96.

5.4. Zircon Hf isotopic compositions

The Hf isotope analyses on 15 zircons (Table 7) from Andagul
granodiorite show very low 176Lu/177Hf ratios within the range from
0.00059 to 0.00109. The 176Hf/177Hf ratios fall in a narrow range from
0.28265 to 0.28272 (Fig. 7a) with corresponding εHf(0) values from
−4.25 to −1.86. The initial εHf values (εHf(t)) of these zircons have a
consistent, small calculated values ranging from+2.29 to+4.80
(Fig. 7b) and far away from those of the Early Paleoproterozoic crust of
Northern Tarim (Long et al., 2012). They also display fLu/Hf of -0.98 to
-0.97, and T2DM of 1026 to 1175Ma.

5.5. Whole-rock geochemistry

Major and trace elemental compositions of the Andagul granodiorite
are shown in Table 8. The LOI is less than 1.29 wt% (except one sample
12Un-21 at 2.66 wt%) and shows no apparent correlation with the
major or trace elements (Table 8), suggesting that alteration (if present)
is minor and the analytical results reflect the primary composition of
the granodiorite. The Andagul granodiorite samples have a narrow
range of SiO2 contents from 61.07 to 65.04 wt% and show subalkaline
characteristics, with K2O of 1.66–2.80 wt%, Na2O of 3.62–4.04 wt%
and total alkalis (Na2O+K2O) of 5.28–6.66%. In the TAS (Na2O+K2O
vs. SiO2) (Fig. 8a) and K2O-SiO2 (Fig. 8b) diagrams, all the samples are
plotted into the subalkaline granodiorite and median K calc-alkaline
series field, respectively, reveling an overall medium-K calc-alkaline
character. They also exhibit relatively high contents of Al2O3

(16.10–17.19 wt%) and CaO (4.41–5.41 wt%) and display metalumi-
nous characteristics (Fig. 8c) with low aluminum saturation index of A/
CNK (Al2O3/(CaO+Na2O+K2O) mol.) and A/NK (Al2O3/
(Na2O+K2O) mol.) (Table 8). The samples have moderate concentra-
tions of FeO (2.80–4.60 wt%) and MgO (1.44–2.33 wt%) with high
values of Mg# (Mg# = 100×molar MgO/(MgO+FeO, 43–52),

overlapping with the geochemical classification of the magnesian
granitoids and different from the widely distributed Early-Permian A-
type granites in the STS (Fig. 8d).

The granodiorite samples are also characterized by significant en-
richment in LREEs (LaN=242–265) and relatively flat to concave-up
MREE to HREEs((Dy/Yb)N = (1.01–1.34), (Gd/Yb)N=1.6–1.8) pat-
terns, with strong fractionation between light and heavy REE ((La/
Yb)N=11.1–12.5). They do not show any marked Eu anomalies ((Eu/
Eu*)N=0.79–0.85) (Fig. 9a). On the primitive mantle-normalized
spider diagrams (Fig. 9b), all the samples exhibit consistent trace ele-
mental patterns, with elevated abundances of light REE and large-ion
lithophile elements (LILE; K, Ba, Sr) as well as Th, U and Pb). They are
also characterized by pronounced negative anomalies of high field
strength elements (HFSE) marked by Nb, Ta, Ti, and P (Fig. 9b). The
samples have high Sr/Y ratios (49 to 61), although they also show
elevated Y (27.68–33.42 ppm) and Yb (2.91–3.85 ppm) concentrations
(Table 8). Transition element concentrations are very low with Cr from
12.12 to 30.79 ppm and Co from 14.35 to 30.89 ppm. Cu concentrations
range from 9.23 to 39.00 ppm (except one at 109.86 ppm).

5.6. Sr-Nd-Pb isotopic composition of the granodiorite

The analyzed results of whole-rock Sr-Nd and Pb isotopic compo-
sitions of the Andagul granodiorite are presented in Table 9. The initial
Sr isotopic ratios (87Sr/86Sr)i and εNd(t) values are recalculated at the
age of 307Ma (mean zircon U-Pb ages). The Andagul granodiorite are
characterized by relatively homogenous initial (87Sr/86Sr)i values from
0.7049 to 0.7059, and εNd(t) values varying from+2.1 to+4.3
(Fig. 10a), with corresponding two-stage depleted-mantle Nd model
ages (T2DM) ranging from 728Ma to 907Ma (Table 9). Both (87Sr/86Sr)i
and εNd(t) values show no considerable variation with SiO2 contents,
which allows us to preclude considerable contamination from the upper
crust during magma ascending.

Their whole-rock Pb isotopic compositions are characterized by
high radiogenic Pb isotopic compositions with the present-day isotopic
ratios varying from 18.946 to 19.022 for 206Pb/204Pb, from 15.595 to
15.669 for 207Pb/204Pb and from 38.804 to 38.905 for 208Pb/204Pb,
respectively (Table 9). The initial Pb isotopic isotopic ratios were cal-
culated at 307Ma using the whole-rock Pb isotopic ratios and whole-
rock U, Th and Pb contents (Table 8). The calculated initial Pb isotopic
ratios are (206Pb/204Pb)t= 17.76 to 18.51, (207Pb/204Pb)t= 15.56 to
15.62, and (208Pb/204Pb)t= 37.89 to 38.33 (Table 9). They are pre-
sented in plots of 207Pb/204Pb against 206Pb/204Pb (Fig. 11a) and
208Pb/204Pb against 206Pb/204Pb (Fig. 11b) with references to the
average growth curve of Zartman and Doe (1981), together with data
from different terranes and intrusions (Chiaradia et al., 2006).

Table 7
Zircon Lu–Hf isotope data for the Andagul granodiorite.

No. 176Hf/177Hf ± 1σ 176Yb/177Hf ± 1σ 176Lu/177Hf ± 1σ T(Ma) ∊Hf(0) ∊Hf(t) fLu/Hf TDM1(Ma) TDM2(Ma)

1 0.282676 0.000012 0.019 0.000295 0.000740 0.000010 299 −3.41 3.01 −0.98 812 1124
2 0.282682 0.000013 0.015 0.000125 0.000585 0.000004 301 −3.17 3.33 −0.98 799 1105
3 0.282692 0.000013 0.023 0.000211 0.000912 0.000007 306 −2.81 3.72 −0.97 792 1084
4 0.282652 0.000012 0.023 0.000141 0.000878 0.000005 306 −4.25 2.29 −0.97 848 1175
5 0.282712 0.000011 0.019 0.000289 0.000741 0.000009 306 −2.10 4.47 −0.98 760 1036
6 0.282719 0.000012 0.017 0.000141 0.000653 0.000004 306 −1.88 4.72 −0.98 749 1021
7 0.282696 0.000012 0.019 0.000303 0.000735 0.000010 306 −2.69 3.89 −0.98 783 1074
8 0.282708 0.000011 0.016 0.000274 0.000627 0.000009 308 −2.27 4.36 −0.98 764 1045
9 0.282674 0.000011 0.020 0.000246 0.000797 0.000009 308 −3.46 3.14 −0.98 815 1123
10 0.282685 0.000013 0.028 0.000252 0.001086 0.000007 308 −3.08 3.47 −0.97 806 1102
11 0.282720 0.000012 0.015 0.000088 0.000615 0.000004 309 −1.86 4.80 −0.98 748 1017
12 0.282716 0.000013 0.018 0.000164 0.000712 0.000006 309 −1.98 4.67 −0.98 754 1026
13 0.282713 0.000013 0.021 0.000148 0.000835 0.000004 309 −2.10 4.52 −0.97 762 1036
14 0.282707 0.000012 0.017 0.000346 0.000647 0.000011 309 −2.28 4.38 −0.98 765 1045
15 0.282695 0.000011 0.015 0.000186 0.000586 0.000005 310 −2.71 3.99 −0.98 781 1070
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6. Discussion

6.1. Petrogenesis of the Andagul intrusion

The mineralogical and geochemical characteristics of the Andagul
intrusion, as described above, in particular the development of

abundant plagioclase (ca. 55 vol%) and hydrous minerals (amphibole,
biotite; ca. 15 vol%) (Fig. 4), medium contents of alkalis (Fig. 8a and b)
and magnesian-rich geochemical nature (Fig. 8d), are significantly
different from the widely distributed early Permian A-type granites
(Rapakivi) in the Tian Shan (Konopelko et al., 2007; Solomovich, 2007;
Solomovich and Trifonov, 2014). Lacking of diagnostic peraluminous

Table 8
Major (in wt%), trace and rare earth element (in ppm) compositions of the Andagul granodiorite.

Sample NO. 13Un-16 13Un-17 13Un-18 13Un-20 13Un-21 13Un-22 13Un-68 13Un-69 13Un-70 13Un-71 13Un-72 13Un-73 13Un-74

Major oxides (wt%)
SiO2 63.35 63.71 65.04 63.93 63.05 63.69 61.89 61.74 63.38 61.98 61.07 62.79 64.22
Al2O3 16.81 16.83 16.62 16.64 16.69 16.45 16.92 16.69 17.01 16.97 17.19 17.03 16.1
CaO 4.9 4.79 4.41 4.71 4.78 4.84 5.41 5.02 5.39 5.13 5.2 5.45 4.71
Fe2O3 0.53 0.16 0.83 1 0.71 0.84 0.45 1.26 0.31 1.2 0.42 0.06 1.39
FeO 3.27 3.77 2.8 3.05 3.16 3.13 4.17 4.06 3.84 3.63 4.6 4.38 3.81
K2O 2.61 2.53 2.8 2.55 2.5 2.46 2.21 2.24 1.71 2.29 2.27 1.70 1.66
MgO 1.65 1.61 1.44 1.65 1.65 1.68 2.21 2.28 1.98 2.21 2.33 2.07 1.89
MnO 0.07 0.08 0.08 0.09 0.07 0.08 0.11 0.13 0.1 0.12 0.12 0.11 0.15
Na2O 3.91 3.94 3.86 3.86 4.04 3.92 3.85 3.77 3.88 3.82 3.86 3.87 3.62
P2O5 0.19 0.19 0.18 0.19 0.17 0.18 0.19 0.19 0.18 0.19 0.19 0.18 0.17
TiO2 0.53 0.52 0.48 0.51 0.49 0.49 0.54 0.56 0.53 0.55 0.57 0.55 0.5
LOI 1.29 0.93 1 0.82 2.66 1.27 1.2 1.14 1 1.04 1.19 0.84 0.94
Total 99.11 99.06 99.54 99 99.97 99.03 99.15 99.08 99.31 99.13 99.01 99.03 99.16
TFe2O3 4.16 4.35 3.94 4.39 4.22 4.32 5.08 5.77 4.58 5.23 5.53 4.93 5.62
Mg# 48 43 48 49 48 49 49 50 48 52 48 46 47
A/CNK 0.93 0.94 0.96 0.94 0.92 0.92 0.91 0.94 0.94 0.94 0.94 0.94 0.99
A/NK 1.82 1.83 1.77 1.83 1.78 1.81 1.94 1.93 2.07 1.94 1.95 2.07 2.08
Trace elements (ppm)

Li* 23.06 19.91 28.51 25.35 18.33 17.23 49.80 51.45 45.49 49.92 48.85 45.62 47.94
Be* 3.86 3.38 3.31 3.29 3.36 3.33 4.03 4.15 3.44 4.00 3.60 3.51 4.64
Sc 17.85 15.35 13.39 15.57 15.22 17.06 23.23 22.22 22.36 21.68 23.80 21.90 21.33
Cu* 109.86 17.86 13.03 9.23 26.52 30.96 12.98 39.00 14.48 19.09 10.24 10.18 20.57
Zn* 78.45 99.93 106.27 123.65 64.50 72.67 102.52 119.61 103.31 115.24 108.41 106.96 119.97
Ga 44.71 42.72 42.90 41.72 41.26 41.42 42.67 42.93 41.50 43.12 43.37 42.08 41.08
Tl* 0.72 0.69 0.76 0.71 0.58 0.51 0.44 0.49 0.49 0.49 0.51 0.49 0.54
Bi* 0.42 0.11 0.15 0.17 0.29 0.13 0.03 0.04 0.13 0.03 0.10 0.10 0.05
Cs 8.84 7.84 7.66 7.55 8.96 6.97 10.10 10.94 11.26 10.92 11.77 11.57 13.09
Rb* 172.23 163.32 162.23 160.94 173.89 163.31 171.97 169.40 113.68 172.74 121.79 117.49 131.74
Ba* 3156.80 3149.02 3561.20 3025.54 2868.62 2776.06 3082.33 3091.86 2717.45 3281.29 2724.23 2692.09 2277.30
Th 22.38 22.21 18.95 18.76 19.41 18.60 18.11 14.53 21.48 17.49 22.08 22.79 20.16
U 8.13 4.54 5.09 5.60 5.51 5.90 7.05 5.12 11.29 7.21 8.67 8.09 8.94
Ta* 2.24 2.30 2.89 2.17 1.81 1.90 1.69 1.61 2.07 1.64 2.14 2.12 1.86
Nb 29.38 29.23 33.17 28.39 24.70 25.81 23.95 25.03 25.61 24.03 25.94 25.07 21.62
Sr 1542.61 1688.16 1725.75 1644.57 1632.79 1621.92 1897.35 1926.83 1788.50 1974.02 1823.66 1757.54 1630.88
Zr 313.42 334.72 316.92 301.38 291.39 285.20 305.33 296.32 267.91 290.26 299.18 282.14 254.91
Hf 8.67 9.33 8.75 8.32 7.73 8.15 7.78 7.44 7.69 8.25 7.77 7.16
Pb 34.30 29.49 35.12 32.96 21.79 23.16 22.75 25.31 27.92 25.00 28.43 26.24 25.06
V* 170.25 152.40 130.55 143.56 149.19 149.44 196.70 206.77 190.98 201.72 202.71 194.82 177.23
Cr* 15.89 12.12 15.14 12.23 18.27 16.75 21.71 21.95 22.81 28.61 30.79 23.47 18.27
Co 18.82 16.71 14.35 15.88 16.50 16.52 27.47 30.89 22.37 28.52 24.73 24.01 28.74
Ni* 20.46 11.59 12.87 13.41 26.19 65.29 31.47 33.25 25.34 46.09 13.15 16.35 24.92
La 62.97 68.87 66.13 65.48 66.03 33.23 61.56 54.19 60.94 61.26 62.89 61.40 57.40
Ce 117.70 124.37 120.17 116.67 117.89 113.74 108.62 101.23 106.84 108.39 112.55 109.60 93.83
Pr 13.07 14.38 15.21 13.82 13.47 13.07 12.86 12.42 12.28 12.88 13.17 12.90 10.76
Nd 49.83 53.82 58.68 51.61 49.66 49.13 49.37 47.96 46.27 49.11 49.48 48.63 39.64
Sm 9.02 9.02 10.31 8.81 8.20 8.56 8.75 8.83 8.09 8.72 8.81 8.50 6.92
Eu 2.40 2.30 2.49 2.27 2.16 2.19 2.26 2.20 2.20 2.28 2.29 2.21 1.87
Gd 7.89 7.94 8.64 7.65 7.21 7.48 7.76 7.70 7.22 7.76 7.90 7.62 6.31
Tb 1.15 1.10 1.20 1.06 0.99 1.04 1.13 1.12 1.05 1.13 1.14 1.11 0.93
Dy 6.03 5.77 6.09 5.40 5.24 5.60 6.19 6.11 5.85 6.14 6.19 6.08 5.09
Ho 1.18 1.14 1.18 1.02 1.01 1.11 1.31 1.26 1.24 1.28 1.30 1.26 1.06
Er 3.21 3.08 3.15 2.81 2.85 3.01 3.57 3.42 3.42 3.48 3.61 3.46 3.06
Tm 0.50 0.48 0.47 0.44 0.45 0.47 0.55 0.54 0.55 0.55 0.57 0.56 0.50
Yb 3.31 3.11 3.04 2.91 2.95 3.06 3.60 3.51 3.65 3.52 3.85 3.81 3.36
Lu 0.50 0.48 0.47 0.45 0.46 0.48 0.56 0.55 0.58 0.55 0.61 0.60 0.54
Y 31.60 30.34 30.93 28.49 27.68 29.64 33.42 32.54 31.88 32.48 34.38 32.83 29.08
Total REE 278.76 295.86 297.23 280.41 278.58 270.97 268.09 251.05 260.17 267.05 274.37 267.73 231.25
Eu/Eu* 0.85 0.81 0.79 0.83 0.84 0.82 0.82 0.80 0.86 0.83 0.82 0.82 0.85
(La/Yb)N 13.66 15.91 15.60 16.14 16.06 14.55 12.27 11.06 11.98 12.47 11.70 11.55 12.25
(Dy/Yb)N 1.22 1.24 1.34 1.24 1.19 1.23 1.15 1.16 1.07 1.17 1.08 1.07 1.01
(Gd/Yb)N 1.97 2.12 2.35 2.17 2.02 2.02 1.78 1.81 1.64 1.82 1.70 1.65 1.55
T Zr (°C) 816 825 825 816 810 808 808 810 804 808 809 807 809

Note: Eu/Eu* = 2*EuN /(SmN+GdN) using concentrations normalized to chondrite.
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minerals such as muscovite, cordierite, and garnet (Fig. 4) and rela-
tively low A/CNK ratios (less than 1.0; Fig. 8c) exclude to the Andagul
intrusion from the series S-type granites of supracrustal origin
(Barbarin, 1999). The Andagul granodiorite is best classified as calc-
alkaline I-type series based on their mineralogical and geochemical
characteristics.

Petrogenetic models of calc-alkaline I-type granitoids are diverse,
including (1) crustal fractionation crystallization or assimilation-frac-
tional crystallization (AFC) process of mantle-derived magma (Fowler
et al., 2008); (2) partial melting of a subducted oceanic slab (Martin
et al., 2005; Tarney and Jones, 1994); (3) partial melting of enriched
lithospheric mantle that had been metasomatized by subduction-related
fluids and/or melts (Peng et al., 2013); and (4) Partial melting of an
ancient or juvenile basaltic lower crust (Hou et al., 2013).

In order to produce the I-type granitoids through fractionation of
mantle derived magmas, extreme fractionation would be required and
large amounts of basaltic magma (one order of magnitude more than
the felsic magma) would have been produced. The lacking of coexisting
basaltic rocks in the Kassan region suggests that such a mechanism was
unlikely to be responsible for the generation of the Andagul granitic
magma. The consistent composition of the Andagul granodiorite and
absence of gabbro-diorite-granodiorite suites in the Kassan region also
argues against the fractionation of basaltic magma as a mechanism for
the formation of the intrusion. On the plots of Ta/Sm vs. Ta, the
Andagul granodiorite samples exhibit a well-defined linear trend, sug-
gesting that the partial melting process rather than magmatic fractio-
nation plays an important role in the granitic magma generation
(Fig. 8j).

The Na2O domination over K2O, elevated Sr (> 300 ppm), relatively
high Sr/Y ratios (average of 55.94) and pronounced REE fractionation
of the Andagul granodiorite are reminiscent of adakite rocks (Defant
and Drummond, 1990). However, the high Y (> 27 ppm) and Yb
(> 2.9 ppm) contents together with low Cr, Co and Ni concentrations
(Table 8) are evidently different from typical adakitic rocks of slab-
melting origin (Defant and Drummond, 1990). In terms of their major
element composition, they follow a distinctive calc-alkali enrichment
trend (Fig. 8e) (Fowler et al., 2008), unlike the generally trondhjemitic
adakites (Martin et al., 2005) Thereafter, the possibility of the partial
melting of a subducted oceanic slab is also ruled out.

The enrichment of LILE and marked depletion of Nb, Ta, Ti and P of
the Andagul granodiorite (Fig. 9b) has been recognized as a typical
fingerprint of subduction processes. Moreover, the Andagul grano-
diorite shows similar geochemical patterns with the Carboniferous
subduction-related granites from the Almalyk region (Fig. 9b), sug-
gesting a common source that was metasomatized by slab-derived fluids
or melts during subduction of the Turkestan Ocean (Cheng et al., 2017;
Dolgopolova et al., 2017). However, it seems not necessary to conclude
that these magmatic rocks were produced in a subduction setting since
subduction components may be inherited from the previous metaso-
matized subcontinental mantle lithosphere (SCML) or newly un-
derplated lower crust (Dolgopolova et al., 2017). The positive εHf(t)
values (+2.29 to+4.80) and εNd(t) (+2.1 to+4.3) of the Andagul
intrusion, which are close to depleted mantle values (Fig. 7), rule out
the possibility that the magmas were derived directly from enriched
SCLM, which usually gives a range of εHf(t) and εNd(t) values from −12
to −36 and −7.4 to −15.4, respectively (Hou et al., 2013). Therefore,
the most likely origin of the Andagul granitic magma was generated
through partial melting of newly underplated lower crust, as further
elaborated below.

The relatively low positive εNd(t) and εHf(t) values of the Andagul
granodiorite may indicate that the source rocks are from a weakly de-
pleted mantle, or that the source rocks are from a depleted mantle but
there are also contributions from crustal materials. The presence of
inherited zircon, relatively high (87Sr/86Sr)i ratios and Proterozoic
model ages (T2DM(Hf) = 1026 to 1175Ma, T2DM(Nd) = 728 to 907Ma)
suggest such a scenario as anatexis of ancient basement or analogousTa
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continental rocks may have been involved in the formation of the
Andagul granodiorite magma. The Pb isotopic compositions of the
Andagul granodiorite are consistent (Table 9) and plot away from the
upper crust schists and slightly above the orogen curve (Fig. 11)
(Zartman and Doe, 1981), reflecting a homogeneous reservoir as is a
typical of the continental arc environment where mantle-derived
magmas interact with continental crust rocks (Chiaradia et al., 2006). A
binary modeling with Sr and Nd isotopes between depleted mantle and
ancient basement crust, represented by Bayingou ophiolite and Neo-
proterozoic granitoid gneiss, respectively, reveals that only ca. 5–10%
of basement rocks may have been involved in the formation of the

Andagul granodiorite magma (Fig. 10b). Thus, the dominant (> 90%)
source material for the Andagul magma may still be derived from the
mantle (Fig. 10b).

The geochemical characteristics of the Andagul intrusion as dis-
cussed above resemble to granitic intrusions derived from newly un-
derplated basaltic lower crust or juvenile lower crust as reported else-
where (Hou et al., 2013; Petford and Atherton, 1996). The absence of
marked Eu anomalies and high Sr contents (Fig. 9b) may reflect that
plagioclase removal played an insignificant role in the genesis of the
magma, while the highly fractionated LREE to HREE and typical flat to
concave-up MREE to HREE patterns (Fig. 9a) suggest the involvement

Fig. 5. Electron microprobe profiles (a, b) for plagioclase showing oscillatory zoning of An (Anorthite) component from core to rim; c. discrimination diagram for
biotite (Bt) after Nachit et al. (2005); d. Biotite compositional classification from the Andagul intrusion in the ternary Mg-(Fe2++Mn)-(VI Al+ Fe3++Ti) diagram;
e. Si (a.p.f.u.) versus Mg/(Mg+ Fe2+) diagrams for calcic-amphiboles after Leake et al. (1997); f. Estimate of water contents (wt% H2O) in the initial granitoid melts
for granitoid intrusions from the Andagul, Almalyk region and A-type granite in STS, based on the model of Holtz et al. (2001). The subduction-related granites in
Almalyk region and the A-type granites in the STS are recalculated from the data of Cheng et al. (2017), Konopelko et al. (2007, 2009) and Solomovich (2007).
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of garnet and amphibole as cumulates in the parental magma or re-
sidual phases in the source rocks (Martin et al., 2005; Richards, 2011a).
The breakdown of amphibole may have also played an important role in
dehydration melting, which may have supplied initial water to generate
melt at the initial stage of melting (Rapp and Watson, 1995).

Melting of the basaltic lower crust requires an additional heat from
the mantle, which may be provided by asthenospheric upwelling fol-
lowing thinning of the lithospheric mantle (Petford and Atherton,
1996). The calculated Zr saturation temperature (TZr) of the Andagul
granodiorite (804 °C to 825 °C, to be discussed in more detail below),
which may represent the maximum estimation of magma temperature
due to the presence of inherit zircon (Fu et al., 2008), is consistent with
such a requirement of heat input from the deep mantle. Additionally,
the Mg# values (43–52), which are higher than those of pristine ex-
perimental melts of metabasalts and eclogite lower than 40 regardless
of melting degrees (Rapp and Watson, 1995), also imply the involve-
ment of mantle components. The presence of mafic enclaves (Fig. 4c),
acicular apatite (Fig. 4h) and disequilibrium textures such as oscillatory
plagioclases (Figs. 4g–h, 5a–b) and oscillatory titanite (Fig. 4i) further
suggest an injection of mantle-derived melt (as potential supply for
volatiles and metals) and heat.

The emplacement age of the Andagul granodiorite (299 to 310Ma)
(Fig. 6) was right after the peak metamorphism (ca. 317Ma) and sub-
sequent rapid exhumation time (ca. 312Ma) of the high-pressure

Kassan Metamorphism Complex (Mühlberg et al., 2016), and therefore
indicate a post-collisional setting. Besides, it bridges the carboniferous
arc-related magmatism (330–310Ma) and the Early Permian post-col-
lisional magmatism (295–270Ma), the latter being characterized by
diverse types of voluminous magmatism across different terranes and
commonly interpreted as resulting from slab break-off or delamination
(Konopelko et al., 2018; Solomovich and Trifonov, 2002). Thus, the
Andagul granodiorite is plausibly associated with a tectonic transition
regime during which the stress field transforms from regional com-
pression into post-collisional extension. Partial melting of the juvenile
lower crust with arc magma signatures and a small proportion of
basement rocks was triggered by episodic mantle upwelling.

6.2. Physico-chemical conditions of magma crystallization

The geochemical data documented above are further used to esti-
mate the temperature and pressure conditions of magma crystallization
of the Andagul intrusion. The water and oxygen fugacity of the magma
are also discussed.

6.2.1. Temperature
Zircon in a cooling magma grows over a range of temperature that

begins at zircon saturation and culminates at the solidus and there is an
interval of some 100° to 200 °C between the solidus and the liquidus for

Fig. 6. U-Pb concordia diagrams (a) and chondrite-normalized trace element diagram (b) of zircon samples with LA-ICPMS. The red circle and yellow broken circle
on cathodoluminescence image of representative zircon show U-Pb and Lu-Hf analytical spots, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 7. Hf isotope data of the dated zircons for the Andagul granodiorite samples. (a) Initial 176Hf/177Hf vs. age diagram and (b) εHf(t) vs. age diagram. Evolution lines
of the early Paleoproterozoic crust and Neoarchean basement of the northern Tarim are cited from Long et al. (2012). The data of Permian A-type granite are from
Konopelko et al. (2013).
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most magmatic compositions (Fu et al., 2008). The zircon saturation
temperatures are calculated assuming that the whole rock data reflect
magma compositions following the method of Watson and Harrison
(1983). Using this methods, the Andagul granodiorite zircon data
yielded temperatures of 804° to 825 °C with an average of 814 °C
(Table 8).

The Ti-in-zircon thermometer is calculated following the method of
(Ferry and Watson, 2007) by setting the activity of SiO2 to 1 con-
sidering the widely presence of primary magmatic quartz. The activities
of TiO2 is conservatively estimated to be 0.70 considering the presence
of titanite and magnetite (Fu et al., 2008). The calculated temperatures
are mostly in the range from 586° to 763 °C with an average of 683 °C
(Table 6).

The Ti-in-biotite thermometer is also employed to estimate crys-
tallization temperature of biotite from the Andagul intrusion (Henry,
2005). The calculated temperatures range from 710° to 748 °C with an
average of 736 °C (Table 2).

Amphibole thermo-barometric equations of Ridolfi et al. (2010)
were obtained with different analytical and experimental approaches.
The temperature is correlated with silicon index (R2) and is a little af-
fected by P and Al2O3 variation (Ridolfi et al., 2010). Temperatures
calculated with this method range from 738° to 810 °C with an average
of 772 °C (Table 3).

The Zr saturation temperature (average 814 °C) may represent the
minimum melting temperature of the magma considering the absence
of inherited core (Fig. 6a). The crystallization temperature of zircon

Fig. 8. Principal geochemical classification diagrams for the Andagul granodiorite in the Kassan region: (a) Total alkali vs. silica (TAS) diagram (Middlemost, 1994);
(b) K2O vs. SiO2 diagram; (c) A/NK vs. A/CNK plot; A/CNK=Al2O3/(CaO+Na2O+K2O) molar, A/NK=Al2O3/(Na2O+K2O) molar; (d) FeOT/(FeOT+MgO) vs.
SiO2, wt.% with a field for A-type granites of the world; (e) Na-K-Ca plot (Tarney and Jones, 1994); and (f) Ta/Sm vs. Ta plot. Data sources: The data of Permian
Koshrabad massif that host Zarmitan IRG deposit in the STS followed Konopelko et al. (2011); A-type (Rapakivi) granites in Kyrgyz South Tian Shan are compiled
from Konopelko et al. (2007, 2009), Solomovich (2007) and Solomovich and Trifonov (2002); The Late Carboniferous subduction-related granites in Almalyk are
from Cheng et al. (2017).
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should be lower than this temperature. Based on the petrographic ob-
servations that biotite and zircon occurs with plagioclase and quartz or
in the matrix, and amphibole occurs as large euhedral crystals or as
large phenocrysts (Fig. 4d and e), it is inferred that amphibole crys-
tallized earlier than biotite and zircon, which appears to be consistent
with the calculated crystallization temperatures of the different mi-
nerals. The relatively low temperatures estimated by the Ti-in-zircon
thermometer may be related to the hydrous nature of the parental
magma (> 4wt% H2O, see 6.3.3) (Fu et al., 2008). Therefore, the
calculated average temperatures of 784 °C, 736 °C and 683 °C for am-
phibole, biotite and zircon, respectively, could plausibly record the
crystallization history of the magma.

6.2.2. Pressure
The Al-in-amphibole geobarometry (Anderson and Smith, 1995) has

been widely used to estimate the pressures of crystallization of igneous
hornblende that is associated with the assemblage of quartz, plagio-
clase, orthoclase, biotite, amphibole, titanite, and magnetite, as is the
case for the Andagul intrusion. This barometry is suitable for horn-
blende having 0.4 < Fetot/(Fetot +Mg) less than 0.65 and
0.2 < Fe3+/(Fe3+ + Fe2+), where Mg and Fe are calculated on the
basis of 13 cations. The estimated pressures according to this geo-
barometry range from 1.22 to 1.25 kbar, corresponding to depths of 4.5
to 4.6 km (assuming an average density of 2.7 g/cm3 for the upper
crust).

Pressure estimates were also made utilizing the thermo-barometric
equations of Ridolfi et al. (2010) that originally applied to volcanic and
experimental amphiboles and then successfully extended to the plu-
tonic amphiboles (Turnbull et al., 2010). The prerequisite to using this
barometer is a calc-alkaline magma-derived amphibole that has a
composition of Al# (AlVI/Altot) ≤ 0.21 and Mg2+/
(Fe2++Mg2+)>0.5, which suits the Andagul intrusion. The calculated
pressures range from 0.61 to 1.36 kbar, and the corresponding depths
range from 2.3 to 5.0 km.

6.2.3. Water content
Water content in magma plays a key role in water saturation and

exsolution of magmatic intrusions, and thus is the sine qua non of
magmatic-hydrothermal ore-forming systems (Richards, 2011a). The
order of crystallization of minerals such as hornblende, feldspar, and
magnetite can provide evidence of the initial water content of the melts.
The Andagul granodiorite is featured with strikingly high Sr and Ba
contents (Fig. 9b), absence of marked Eu anomalies (Fig. 9a) and low Y
concentrations. These characteristics suggest that little plagioclase
fractionation (or restite) occurred early in the evolution of the magma,
whereas hornblende was an important early crystallizing phase, which
in turun suggest that the magmas of the Andagul granodiorite were
relatively hydrous (> 4wt% H2O) and experienced fractional crystal-
lization at relatively deep crustal levels (Richards, 2011a).

The water solubility in felsic melts is a function of P, T, X, and water

Fig. 9. Whole rock rare earth element spider diagram (a) and trace element distribution pattern (b). Data of the Zarmitan gold related Koshrabad massif, Early
Permian A-type granites and Carboniferous subduction-related granites in Almalyk are compiled from the same data source as in Fig. 8.

Fig. 10. Diagrams of εNd(t) vs. t (a) and εNd(t) vs. (87Sr/86Sr)i (b) for the Andagul granodiorite. Fields of basement rock (amphibolites and granitic gneiss) of the Altay,
Junggar and Tian Shan are after Long et al. (2011). The depleted mantle and lower crust mixing curves are constructed using the fowling end-member parameters: ①
a basaltic lava sample of Bayingou ophiolite (011B75) from Xu et al. (2006) : εNd(t) = 8.69, (87Sr/86Sr)i = 0.70410, Sr= 127 ppm, Nd=10.7 ppm; ② a Neopro-
terozic (ca. 707Ma) granitoid genesis sample 966,006 from Chen et al. (2000) is recalculated to 307Ma before modelling: εNd(t) = −10.4, (87Sr/86Sr)i = 0.71281,
Sr= 251.2 ppm, Nd=51.61 ppm; ③ upper continental crust (Taylor and Mclennan, 1985): εNd(t) =−10, (87Sr/86Sr)i = 0.72, Sr= 350 ppm, Nd=26 ppm. Symbols
are as in Fig. 8.
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activity, which can be estimated based on the experiment of (Holtz
et al., 2001). Assuming that the Andagul granodiorite magma was
originally derived from the deep lower crust and using the zircon sa-
turation temperatures to represent the initial liquidus temperatures, the
minimum water contents in the initial melts of the Andagul grano-
diorite approximately vary from∼4.0 to 5.5 wt% in the 0.6 GPa to 0.9
GPa range of temperature, which are higher than that in the A-type
granite melts in STS (∼2.5–5wt%) and lower than arc magmas of the
intrusions of the Almalyk complex (∼5.5–7wt%) (Fig. 5g). These es-
timated water contents are consistent with those estimated with an-
other method based on the Al# values of amphibole using the equation
(3) in Ridolfi et al. (2010), which range from 4.0 to 5.2 wt% (Table 3)
with an average of 4.6 wt%. The high water contents in the initial melt
may be caused by the breakdown of amphibole in the lower crust
during the dehydration melting, consistent with the mineral assemblage
and phase diagram results in the preceding discussion (Richards,
2011a).

6.2.4. Oxygen fugacity
The oxygen fugacity of a granitic magma exerts major influence on

metal enrichment in magmatic-hydrothermal systems (Hart et al.,
2004). The Andagul granodiorite characterized by development of ti-
tanite, primary magnetite and rutile and absence of ilmenite, indicating
a relatively oxidizing condition which is also reflected by the Ce va-
lences in zircon as discussed below.

Ce anomaly in zircon has been widely used as a robust proxy for the
oxygen fugacity of magmas (Ballard et al., 2002; Smythe and Brenan,
2016). The Ce4+/Ce3+ ratios of melts were calculated from a lattice
strain model (Ballard et al., 2002), and the oxygen fugacities were es-
timated using the calibration methods of Smythe and Brenan (2016),
which depend on temperature, water content and composition of the
melt. Using the temperature obtained from the Ti-in-zircon thermo-
meter (Ferry and Watson, 2007) and the water content estimated from
the Al# composition of the amphibole (Ridolfi et al., 2010), the oxygen
fugacities (logfO2) estimated from the Ce anomaly of zircon from the
Andagul granodiorite fall in a narrow range from −19.27 to −16.80
(Table 6), corresponding to ΔFMQ = −0.33 ∼ +0.49 (Fig. 12). These
oxygen fugacities are lower than those typical of magmas associated
with porphyry Cu-Au mineralization (higher than ΔFMQ +2; (Sun
et al., 2015) and are comparable with those associated with intrusion-
related Au deposits worldwide (Yang et al., 2006).

6.3. Implication for Au mineralization

Many gold deposits in the Tian Shan are located within Late
Paleozoic granitoid intrusions and their contact metamorphic aureoles
(Abzalov, 2007; Kempe et al., 2016; Wall et al., 2004). Where radio-
metric dates have been obtained, mineralization is found to be broadly
coincident with magmatism (Mao et al., 2004; Morelli et al., 2007;
Yakubchuk et al., 2005). Furthermore, a number of recent geochemical

Fig. 11. 207Pb/204Pb vs 206Pb/204Pb and 208Pb/204Pb vs 206Pb/204Pb diagrams of the Andagul granodiorite. All the isotopic ratios were corrected to 307Ma. Data of
the different terranes and Almalyk intrusions are from Chiaradia et al. (2006). The upper crust (UC), lower crust (LC), orogen (OR) and mantle (M) evolution curves
are from Zartman and Doe (1981). MTS-E: Middle Tian Shan east of the Talas-Fergana fault; NTS-E: North Tian Shan east of the Talas-Fergana fault; STS-E: South Tian
Shan east of the Talas-Fergana fault; STS-W: South Tian Shan west of the Talas-Fergana fault.

Fig. 12. Temperature vs oxygen fugacity diagram for the Andagul granodiorite.
The thick lines show the conditions for the redox buffers HM (hematite and
magnetite), NNO (NiO and Ni), FMQ (quartz, magnetite and fayalite) and IW
(iron-wustite). Data of porphyry Cu-Au, porphyry Mo, porphyry Sn, porphyry
W, intrusion-related gold deposits, I and S type granites are compiled by Yang
et al. (2006).
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and isotopic studies have led to mineralization models that implicate
Late Paleozoic I-type granitoids as the source of metals and/or fluids for
spatially associated gold deposits in the Tian Shan (Cole et al., 2000).
As elaborated above, the concentric gradual change of metal associa-
tions and mineralization characteristics of gold deposits around the
Andagul granodiorite intrusion in Kassan region (Fig. 1c) hint a possible
genetic relationship between the mineralization and the intrusion. The
fact that the zircon U-Pb age of the Andagul granodiorite (ca. 307Ma)
obtained in this study is nearly identical to the molybdenite Re-Os age
(307.6 ± 1.5Ma, our unpublished data) for the intrusion-hosted Un-
kurtash gold deposit strongly supports such a magmatic-hydrothermal
mineralization model.

The Andagul granodiorite is inferred to have formed dominantly
from partial melting of juvenile basaltic lower crust in juxtaposition
with a precursor accretionary margin (Fig. 13), which may provide
significant amount of Au inherited from the previous subduction-re-
lated magmatic systems (Hou et al., 2013; Richards, 2009; Richards,
2011b). A two stage melting model (Solomon, 1990) is introduced here
to explain the Au-rich mineralization in the Kassan region, which
postdates the porphyry Cu-Au mineralization in the nearby Almalyk
region in the Chatkal-Kurama area. The lithosphere mantle and the
juvenile lower continental crust were pregnant with metals from a long-
lived subduction event of the Turkestan Ocean during the Paleozoic.
Melting of the fertile SCLM and basaltic lower crust under oxidizing
conditions during plate subductin leads to the formation of porphyry
Cu-Au deposits in the Almalyk region (Fig. 12). Due to the different
partition coefficients of Cu and Au in the sulfide phase relative to sili-
cate melt, the magma could be enriched in Cu but depleted in Au when
moderate amounts of sulfide are present relative to the volume of sili-
cate melt (R > 105) (Richards, 2009; Richards, 2011b). Thus, the first-
stage melting tends to generate Cu-Au deposits from the fertile source
and leave a relatively Au-rich sulfide residual in cumulate zones due to
density differences (Richards, 2009). Recent studies have suggested
that the subduction fertilized garnet amphibolite or amphibolite lower
continental crust could contain as much 6–16 ppb Au with high Au/Cu
ratios (as much as 8×10-4), thereby having the potential to generate
significant Au-rich ore-forming systems after the subduction (Hou et al.,
2017). Remobilization of this sulfide cumulate residual zone accom-
panying with the remelting of the fertilized juvenile lower crust due to
thermal perturbation or mantle upwelling could provide a source of

metals (especially Au) for the intrusion-related gold deposits in post-
collisional settings (Fig. 13). High initial water in the source rocks fa-
cilitates the remelting of the lower crust. Episodic injection of mantle
component may provide additional volatile and metals for the mixed
magma (Hattori and Keith, 2001).

Redox condition is a controlling factor for the development of in-
trusion-related gold systems (Blevin, 2004; Hart et al., 2004). Crystal-
lization of magnetite in an oxidized melt, or pyrrhotite in a reduced
melt, will sequester Au and have significant effects on the Au budget of
a melt (Rowins, 2000; Yang et al., 2006). It has shown that the Au
partition coefficients (Kd values) between mineral and melt for pyr-
rhotite and magnetite are similar (36 and 14, respectively), but they are
several orders of magnitude smaller than for that for chalcopyrite
(2×104) (Rowins, 2000). In order to retain Au within the melt, it is
important that early crystallization of sulfides be suppressed and the
sulfur remains undersaturated. Oxygen fugacities between NNO and
FMQ are favorable for retaining Au in the melt; higher oxygen fuga-
cities would favor Au partitioning into SO2- bearing fluid phases while
lower fO2 would facilitate Au partitioning into early crystallizing sul-
fides (Blevin, 2004). In addition, experiments indicate that the volatile/
melt partition coefficients of Au in a pyrrhotite saturated magma are as
high as 200, while those for Cu is only 2 (Zajacz et al., 2012). Conse-
quently, volatiles exsolving from mafic to intermediate melts will be
important contributors to the Au and S but not Cu budget of Au-rich
magmatic-hydrothermal ore deposits and relatively low fO2

(<NNO+1) is likely to increase the Au/Cu ratios in hydrothermal
deposits (Zajacz et al., 2012). The weakly oxidized or slightly reduced
redox state near FMQ (ΔFMQ = −0.33 ∼ +0.49) estimated from Ce
anomaly for the Andagul granodiorite suggest that magnetite or sulfide
would not crystallize substantially and therefore the redox conditions
may be considered optimal for the retention of Au in the magma until
volatile saturation occurs (Fig. 12).

7. Conclusions

The metal associations and zonation of gold deposits around the
Andagul granodiorite intrusion in the Kassan region resembles typical
magmatic-hydrothermal systems, suggesting that the gold mineraliza-
tion is genetically related to the granitic intrusion.

Relatively low positive εNd(t) values (+2.1 to+4.3), moderately

Fig. 13. Simplified cartoon showing the partial
melting of the juvenile lower crust and hydrous sul-
fide cumulates leads to the formation of the Andagul
granitoids and associated Au mineralization in a post-
collisional setting. In the previous subduction stage,
the upwelling of subduction metasomatized basaltic
magma pondered in the boundary between SCLM and
lower crust, where they underwent MASH processes,
and lead to the formation of porphyry-related Cu-Au
deposit (e.g. Almalyk region) with high oxygen fu-
gacity state (Richards, 2009). Small amounts of sul-
fide (typically with high Au/Cu ratio) retained in
cumulate zones and remelted with juvenile lower
crust in the scenario of upwelling hot mantle prob-
ably due to tectonic stress transition. The resulting
generated magma is characterized by high water
content and slightly reduced redox state, optimum
for the transport and enrichment of Au in melt.
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low (87Sr/86Sr)i ratios (0.7049 to 0.7059), relatively low initial Pb
isotopic ratios ((206Pb/204Pb)t= 17.76 to 18.51,
(207Pb/204Pb)t= 15.56 to 15.62, and (208Pb/204Pb)t= 37.89 to 38.33),
and juvenile εHf(t) (+2.29 to+4.80) signatures indicate that the
magma of the Andagul intrusion was sourced from partial melting of
the juvenile lower crust and a small proportion of basement rocks
triggered by mantle upwelling in a post-collisional tectonic setting.

Re-melting of the sulfide cumulate residual in the lithospheric
mantle and the juvenile lower crust could plausibly provide significant
amounts of metals for gold mineralization in the Tian Shan orogeny,
following porphyry Cu-Au mineralization during the plate subduction
stage. The high initial water content and weakly oxidized to slightly
reduced redox state (near FMQ) in the source areas provide an optimum
condition for the transport and enrichment of gold in the melt.
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