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Paleozoic magmatic rocks are widespread in the western Middle Tianshan. Their
petrogenesis can provide important insights into the geodynamic evolution of the
southwestern Altaids. Here, we present an integrated study of U-Pb zrcon
geochronology and geochemical and Lu-Hf isotopic compositions for the Late
Paleozoic shoshonitic Chorukhdairon pluton and genetically and spatially related quartz
porphyry in the southern Chatkal-Kurama terrane, western Middle Tianshan. The
Chorukhdairon pluton mainly comprises monzodiorite and quartz monzodiorite (first
phase), quartz monzonite (second and main phase), monzogranite (third phase), and
leucomonzogranite (fourth phase). LA-ICP-MS zircon dating vyielded magma
crystallization ages of 294-291 Ma and 286 Ma for the Chorukhdairon pluton and
quartz porphyry, respectively. All the rocks possess high KO content
(8.29-5.90wt.%) and show an affinity with shoshonite series rocks. They display
similar trace element compositions characterized by the enrichment of large ion
lithophile elements (e.g., Rb, Th, U, and K) and depletion of high-field strength
elements (e.g., Nb, Ta, P, and Ti), compatible with typical arc magmatism. Combined
with zircon Lu-Hf isotopic data, we suggest that the Chorukhdairon pluton was produced
by partial melting of the enriched mantle, followed by fractional crystallization of pyroxenes,
amphibole, plagioclase, biotite, and accessory Fe—Ti oxides, apatite, and zircon. The
quartz porphyries are similar to highly fractionated |-type granitic rocks, and their parental
magma could result from the mixing of different batches of mantle-derived magmas or
magmas derived from the mantle and juvenile lower crust. Considering the continuousness
of the Middle Carboniferous to Early Permian magmatism in the western Middle Tianshan
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Slab Roll-Back in Middle Tianshan

and other regional geological data, we suggest that the Chorukhdairon pluton and related
quartz porphyry probably formed in an oceanic subduction setting. Furthermore, the
temporal and spatial evolution of the Paleozoic magmatism imply that the flat-slab
subduction that was induced by the subduction/accretion of seamounts probably
occurred beneath the Middle Tianshan during the Middle Devonian to Early
Carboniferous, after which the southeastward slab roll-back occurred during the
Middle Carboniferous to Early Permian. The late slab roll-back was responsible for the
southeastward arc magmatism migration and magmatic flare-up in the Chatkal-Kurama
terrane, western Tianshan, and led to the formation of arc-related extensional basins and

significant crustal growth in the southwestern Altaids.

Keywords: shoshonitic magmatism, petrogenesis, flat subduction, slab roll-back, Middle Tianshan

INTRODUCTION

The evolution of the accretionary orogenic belts is characterized
by multiple arc generation and arc-continent (or-arc)
amalgamation (Condie, 2007; Windley et al., 2007; Cawood
et al., 2009; Xiao et al., 2015). Magmatism within arcs records
the thermal evolution of the sub-arc mantle and can be used to
trace the deep dynamic processes, such as slab roll-back, flat-slab

subduction, ridge subduction, slab tearing, slab break-off, and
removal of deep lithosphere beneath arcs by delamination (Guivel
et al., 2006; Ferrari et al., 2007; DeCelles et al., 2009; Windley and
Xiao, 2018; Chapman and Ducea, 2019).

The Altaids or Central Asian Orogenic Belt, which is surrounded
by Siberia, Baltica, Karakum, Tarim, and North China cratons
(Figure 1A), is one of the largest accretionary belts on Earth and
represents the largest site of Phanerozoic juvenile crustal growth in
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FIGURE 1 | (A) Geological sketch map showing the position of the Central Asian Orogenic Belt and (B) Geological and tectonic map of the western Tianshan
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FIGURE 2 | Simplified geological map of the Chatkal-Kurama terrane of the Middle Tianshan and the reported ages for the Paleozoic magmatic rocks. G, granite;

MG, monzogranite; Grd, granodiorite; Drt, diorite; QD, quartz diorite; TnP, tonalite porphyry; Sye, syenite; Q-Sye, quartz syenite; GrSye, granosyenite; M, monzonite;
QM, quartz monzonite; Gb, gabbro; Dbs, diabase; GP, granite porphyry; GrdP, granodiorite porphyry; Bst, basalt; And, andesite; Dac, dacite; Rh, rhyolite; Acid V., acid
volcanic; Qpr, quartz porphyry; QFPr, quartz—feldspar porphyry; mic-G, microgranite-porphyry; DacP, dacite-porphyry; mic-Pegm, micropegmatite; PI-G,

the world (Sengor et al., 1993; Jahn, 2004; Windley et al., 2007; Xiao
et al,, 2015; Tang et al,, 2017). The Altaids comprises a collage of
oceanic-islands, continental-margin arcs, seamounts, accretionary
wedges, ophiolitic mélanges, and microcontinents that
amalgamated to Asia over ~750 million years during the latest
Proterozoic-Early Mesozoic (Sengér et al., 1993; Windley et al.,
2007; Xiao et al., 2015). Its formation was mainly controlled by the
subduction and closure of the Paleo-Asian Ocean and arc-related
basins. The Tianshan orogenic belt is located at the southwestern
margin of the Altaids and recorded the final evolutionary history of
the Altaids (Figure 1). It stretches ~2,500km from central
Uzbekistan to eastern Xinjiang and formed due to the
convergence between the Karakum-Tarim cratons and the
southern accretionary margin of the Siberia Craton and the
Paleo-Kazakhstan continent (Biske and Seltmann, 2010;
Burtman, 2010; Xiao et al, 2013; Alexeiev et al, 2016;
Worthington et al, 2017; Sang et al, 2018). The NW-SE-
trending dextral Talas-Fergana fault (TFF) cuts the western part
of the Tianshan, resulting in a dramatic dextral transcurrent motion
in the Late Paleozoic to Early Mesozoic (Worthington et al., 2017).
Relative to the eastern part of the Tianshan, the studies on
subduction, accretion, and collision processes in the western
Tianshan are relatively less systematical, especially for those
parts in Tajikistan and Uzbekistan. Importantly, the complex

slab dynamic processes in the western Tianshan have not been
well constrained.

The Chatkal-Kurama terrane constitutes the major component
of the western Middle Tianshan arc west to the Talas—Fergana fault
and is characterized by the outcrop of voluminous Paleozoic
volcano-plutonic rocks (Figures 1, 2). The Chatkal-Kurama
terrane records considerable episodes of continental growth and
crustal reworking during the Early to Late Paleozoic, which can
provide insights into the tectonic evolution and slab dynamic
processes related to the subduction and consumption of the
southwestern Paleo-Asian ocean. In this contribution, we present
a detailed U-Pb zircon geochronological, geochemical, and Lu-Hf
isotopic study for the Late Paleozoic Chorukhdairon shoshonitic
rocks and related quartz porphyry in the southern Chatkal-Kurama
terrane, western Middle Tianshan. These data, together with the
previously reported data, are used to discuss the magma sources and
evolution processes, magma generation mechanism, and
geodynamic evolution of the western Tianshan during the Paleozoic.

GEOLOGICAL SETTING

Traditionally, the Tianshan orogenic belt in Kyrgyzstan,
Tajikistan, and Uzbekistan can be divided, from north to
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south, into three parts: North Tianshan (NTS), Middle Tianshan
(MTS), and South Tianshan (STS), which are separated by the
Nikolaev Line (or Terskey fault) and the northern South
Tianshan ophiolite belt (Biske and Seltmann, 2010; Burtman,
2010; Seltmann et al., 2011; Konopelko et al., 2017). The North
Tianshan is traditionally considered as an Early Paleozoic
continental arc, which was built on a Precambrian basement
covered by the Lower Paleozoic deposits and intruded by the
Caledonian granitoids, and predominately formed due to the
Early Paleozoic northward subduction and subsequent closure of
the Terskey Ocean (Konopelko et al., 2017). The South Tianshan
includes the ophiolite mélange separating the Tarim-Karakum
cratons from the Central or Middle Tianshan (Xiao et al., 2013),
which accreted during the subduction and closure of the
Turkestan Ocean from the Early Paleozoic to the Late
Paleozoic (or even Early Mesozoic). The South Tianshan also
contains Paleozoic sedimentary strata, high/ultra-high pressure
and medium-high temperature metamorphic rocks, and
numerous Early and Late Paleozoic magmatic rocks (Seltmann
et al,, 2011; Dolgopolova et al., 2017; Kafiner et al., 2017; Sang
et al., 2017; Worthington et al., 2017; Yang et al., 2020).

In the Middle Tianshan east of the Talas—Fergana fault, the
exposed rocks are dominated by the Precambrian basement rocks
and Early-Late Paleozoic sedimentary strata (Glorie et al., 2011;
Seltmann et al., 2011; Alexeiev et al., 2016; Kroner et al., 2017),
and the Paleozoic magmatic rocks are rarely exposed probably
due to the amagmatic subduction or the arc destruction by
subduction erosion processes (Alexeiev et al., 2016). To the
west of the Talas-Fergana Fault, the Middle Tianshan is
exposed, mainly represented by the Chatkal-Kurama terrane,
which is the eastern part of the Late Paleozoic Kyzylkum-Kurama
volcano-plutonic belt composed of calc-alkaline, subalkaline, and
alkaline magmatic series (Mamadjanov, 2014). The Kyzylkum
part of the belt is currently buried under Meso—Cenozoic deposits
and traced from geophysical data and well drilling. The
Chatkal-Kurama terrane with an outcrop area of > 30,000 km?
includes a system of mountain ranges: Kuraminsky with the
Mogoltau  ridge, Sandalashsky, = Pskemsky, = Ugamsky,
Karzhantau, and the western spurs of the Talas Mountains.
This terrane is bounded by the Talas-Fergana fault to the
north-east, the Dzhebagly fault zone to the north, and the
Karachatyr-Bozbutau zone to the south. The Chatkal-Kurama
terrane contains abundant Early-Late Paleozoic arc-related
magmatic rocks (Seltmann et al., 2011; Alexeiev et al., 2016;
Dolgopolova et al., 2017; Cheng et al., 2018a; Cheng et al., 2018b),
which were generated by the northward subduction of the
Turkestan oceanic slab. On the southern Chatkal Range, the
accreted Karaterek ophiolitic mélange belt is exposed, which
forms a tectonic cover overlying the volcano-terrigenous
deposits of Silurian age and the olistostrome of Middle
Carboniferous age and is overlain by Middle Paleozoic
formations (Ivanov et al., 2002; Burtman, 2006; Alexeiev et al.,
2016).

Within the Chatkal-Kurama terrane, magmatic formations of
the shoshonite-latite series are widely exposed and were
identified and studied earlier by Mamadjanov and Tajibaev
(1987), Mamadjanov (1995), and Mamadjanov (2004). The

Slab Roll-Back in Middle Tianshan

shoshonite-latite series is the most fully developed series in
the Chorukhdairon volcano-tectonic belt of the northeastern
Mogoltau Mountains, where it is represented by the volcanic
rocks of shoshonite, latite, quartz-latite composition, forming
stratiform strata and vent facies. The small intrusions of
monzonite porphyries and shoshonite dykes of the subvolcanic
facies are also exposed and genetically related to shoshonites. The
volcanic formations of the shoshonite-latite series within the
Tajik part of the Chatkal-Kurama terrane are also developed as
part of the Adrasman and Tashkesken-Samgar volcanic
depressions. The basaltic rocks of the shoshonite series are
identified in the Shurabsai Formation. In the Chatkal-Kurama
terrane, monzonitic intrusions that are genetically related to the
shoshonite-latite series composed the Chorukhdairon, Babaiob,
Dzhulbarssotkan, and other plutons. The shoshonite-latite series
and associated monzonitic intrusions were mainly formed at the
late stage of the development of the Chatkal-Kurama terrane,
following the powerful manifestation of the products of mid-
Carboniferous calc-alkaline magmatism.

GEOLOGY AND PETROGRAPHY

The Chorukhdairon pluton lies in the Tajik part of the
Chatkal-Kurama zone and was recognized as a part of the
Chorukhdairon volcano-intrusive complex of Permian age
(Baratov, 1976). It occupies the northeastern part of the
Mogoltau Mountains and is spatially coexisted with the
shoshonite-latite series of the Shurabsai suite and the potassic
volcanic or subvolcanic rocks of the Kizilnura suite (Figure 3).
Structurally, the pluton is confined to a monogenic
volcanotectonic trough. The Chorukhdairon pluton shows an
irregular shape, somewhat elongated in the southeastern
direction, with an exposed area of ~15km® The
Chorukhdairon pluton includes monzodiorite and quartz
monzodiorite (early phase), quartz monzonite (second and
main phase), monzogranite (third phase), and
leucomonzogranite (fourth and final phase) (Figures 3, 4).
The monzodiorites of the early phase of the southwestern part
of the Chorukhdairon massif cut through the shoshonites and
latites of the Shurabsai Formation with comagmatic formations,
as well as older gabbro and granodiorites of the Middle
Carboniferous Karamazar complex. In turn, the monzonitic
rocks are intruded by dike-like bodies of potassic quartz
porphyries of the Kizilnura Formation. The latter circumstance
was documented by drilling wells and mine workings, since the
surface is not observed and overlapped by Quaternary deposits.
Dykes that are genetically related to monzonitoids include
monzodiorite  porphyrite, = quartz  syenite  porphyry,
monzonitoid aplite, and lamprophyre (Mamadjanov, 2004).
Monzodiorite and quartz monzodiorite of the first phase form
the northeastern and southwestern parts of the intrusion
(Figure 3). The surrounding rocks for them are effusive and
subvolcanic rocks of the shoshonite-latite series, and uralite
gabbro. Monzodiorites are represented by augite-hypersthene
varieties. Monzodiorites are fine-grained, massive, and dark gray,
with an ideal monzonitic texture. They are mainly composed of

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 893751


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Khalimov et al.

Slab Roll-Back in Middle Tianshan

69°40°20"

N

®

1:25 000
0 250 500 750 1000m
| ————]

[40023'40"

400231207

Chorukhdayron pluton, Leucomonzogranite
Pr - IV phase
Py - Chorukhdayron pluton, Monzogranite.

Il phase

Chorukhdayron pluton, Quartz monzonites,
P - monzogranodiorites. Il phase

T 7] Chorukhdayron pluton, Monzodiorites,
P T T | quartzmonzodiorites. | phase

o]

Shurabsai suite, Chorukhdairon startata,

E Shoshonite

Shurabsai suite, Pyazlysai strata, Shoshonite

Shurabsai suite, Tagaaylinsky subvolcano.

Pish Quartz latite.

Pish Shurabsai suite, Aynabulak strata, Latite.
Pish

Pish

155M13,
0, |
Yu-58
40223{007 40023'00" |
69240207 69040/407 6994100" |
Q Quaternary deposits. pebbles, sandy loam, G
loam
Kizilnura suite, Samgar strata. Potassium G K; lex, Gi diorite
Pikz rhyolite (quartz porphyry, Tutlibulak dyke) : - AISMAZALEAPISK SIANCHICHS

G

4002320" |

Karamazar complex, Gabbro

m Scarns

m Faults: A - Andygenskiy, E - Effusivniy, T-Tyaboguz
Strike-slip fault

III Samples

Chorukhdairon town

FIGURE 3 | Geological map of the Chorukhdairon pluton (modified after Zaprometov et al. (1973)).

andesine-labradorite (~49.3 vol.%), orthoclase (~21.3 vol.%),
quartz (~5.3 vol.%), augite and hypersthene (~19.0 vol.%), and
biotite (~1.8 vol.%) (Figure 5A). Quartz monzodiorites are fine-
to medium-grained in texture and dark gray in color, consisting
of andesine-labradorite (~39.4 vol.%), orthoclase (~27.3 vol.%),
quartz  (~11.5vol%), amphibole (~17.6vol.%), biotite
(~1.0vol.%), and augite (~0.6vol%) (Figure 5B). The
minerals are mostly subhedral and prismatic. The main
accessory minerals of the first phase rocks (3.0-3.3 vol.%) are
apatite, zircon, and magnetite.

Quartz monzonites of the second phase compose a body elongated
in the northwest direction in the central part of the pluton (Figure 3).
They break through the monzonitoids of the first phase. The western

part of this phase is less eroded than the eastern part. The quartz
monzonites represent the rocks of the main phase and are
interconnected by gradual transitions. Quartz monzonites are
medium-grained, light gray to pinkish, and weakly porphyritic
rocks. They are characterized by the monzonitic and subhedral
granular texture and mainly consist of andesine-labradorite
(25.3-30.0 vol.%), orthoclase (40.1-44.0 vol.%), quartz
(7.1-23.8 vol.%), augite (0-3.2vol%), amphibole (2.6-3.4 vol.%),
and biotite (3.5-4.3 vol.%) (Figures 5C,D). The accessory minerals
(0.9-1.9vol.%) in the rocks of the main phase are represented by
apatite, zircon, magnetite, fluorite, and sphene.

Monzogranites of the third phase are exposed in the
southeastern part of the Chorukhdairon pluton, where they
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FIGURE 4 | Outcrop photographs of the Chorukhdairon pluton.

Quartz porphyry

compose a large stock-like body (Figure 3). In the central part of the
pluton, among the monzonitic rocks, there are also small outcrops of
monzogranites. Monzogranites are light gray or pinkish, fine to
medium-grained porphyritic rocks with a subhedral granular
texture. The porphyry nature of monzogranites is due to the
presence of large (up to 10mm) idiomorphic crystals of
feldspars, occupying from 10-15% to 25% of the volume. The
average mineral composition of monzogranites is as follows:
14.6 vol.% andesine, 52.7vol.% orthoclase, 27.4vol.% quartz,
3.5vol% biotite, and 1.0vol% amphibole (Figure 5E). The
accessory minerals in monzogranites include magnetite, apatite,
zircon, and sphene. Aplites associated with monzogranites of the
third phase occur among the related potassium granites, up to 1.0 m

thick. Monzogranite-aplites are characterized by the aplite structure
and consist of albite (5.0-6.0 vol.%), orthoclase (55-57 vol.%), quartz
(30-32 vol.%), and a small amount of hornblende (0.5-1.0 vol.%).
Of the accessory minerals (1.5-2.0 vol.%), magnetite, apatite, sphene,
and zircon are found in aplites.

Leucomonzogranites of the fourth phase are composed of
stock and dyke-like bodies in the central part of the
Chorukhdairon pluton (Figure 3). Leucomonzogranites are
fine-grained, pinkish aplite-like rocks with a fine-grained,
anhedral to euhedral granular texture. They consist of
andesine  (~13.0vol.%), orthoclase (~52.8vol.%), quartz
(~30.7 vol.%), and biotite (~2.8 vol.%). The accessory minerals
are represented by magnetite, zircon, and sphene.
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quartz porphyry

FIGURE 5 | Microphotographs of representative magmatic rocks from the Chorukhdairon pluton.

15CH11

Within the Chorukhdairon monzonitoid massives, dykes are
poorly developed and are represented by monzodiorite-
porphyrites, quartz syenite-porphyries, and monzonite-aplite
veins. Biotite-augite lamprophyres form a single dyke and
complete the shoshonite-latite-monzonitic magmatism of the
zone. A clear pattern is observed in the distribution of dykes,
expressed in the spatial confinement of individual groups of dyke
rocks to the formations of certain phases of the intrusion
(Mamadjanov, 1995).

To the eastern part of the Chorukhdairon pluton, along the
Khujand-Tashkent highway, the outcrops of subalkaline potassic
rhyolites—quartz porphyry that represent the subvolcanic facies of the
Kyzylnurinskaya suite are exposed among Quaternary deposits. The
outcrop of quartz porphyry is structurally confined to the Tutlybulak
fault zone. The Tutlybulak fault is filled with quartz porphyry, with a
length of about 6 km and a thickness of up to 200 m. This fault is
exposed to the north of the study area and was recorded in the

Chorukhdairon area by boreholes. The outcrop of quartz porphyry is
characterized by the rocky relief and red coloration against the
background of gray proluvial deposits (Figure 4F) (Mamadjanov,
2004). The outcrop area of quartz porphyry is small and measures
150-180 x 50-70 m. The quartz porphyry mainly comprises feldspar
(55-50 vol.%) and quartz (25-30 vol.%), with minor mica (10 vol.%)
and hornblende (5 vol.%).

ANALYTICAL METHODS
Zircon U-Pb Dating

The cathodoluminescence (CL) images of zircons were obtained
at the Beijing Geoanalysis Co. Ltd. using JEOL IT-500 SEM
equipped with a Delmic CL system. Instrument working
conditions are as follows: acceleration voltage of 10 kv; work
distance of 16.7 mm; probe current of 63 nA; dwell time of 12 ys.
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Zircon U-Pb dating was conducted using LA-ICP-MS at
Beijing Geoanalysis Co., Ltd., Beijing, China. The NWR193UC
model laser ablation system (Elemental Scientific Lasers LLC,
United States) was coupled to an Agilent 7900 ICPMS (Agilent,
United States). Detailed tuning parameters can be seen in
Thompson et al. (2018). Zircon was mounted in epoxy discs,
polished to expose the grains, cleaned ultrasonically in ultrapure
water, and then cleaned again prior to the analysis using AR grade
methanol. Pre-ablation was conducted for each spot analysis
using five laser shots (~0.3 um in depth) to remove potential
surface contamination. The analysis was performed using a
30 um diameter spot at 6 Hz and a fluence of 4.5J/cm®. The
iolite software package was used for data reduction (Paton et al.,
2010). Zircon GJ-1 and 91500 were used as primary and
secondary reference materials, respectively. 91500, GJ-1, and
Plesovice were analyzed twice once every 10 analyses of the
sample. Typically, 45s of the sample signals were acquired
after 25s of gas background measurement. The exponential
function was used to calibrate the downhole fractionation
(Paton et al., 2010). NIST 610 and °'Zr were used to calibrate
the trace element concentrations as an external reference material
and internal standard element, respectively.

Major and Trace Element Analysis
Thirteen samples from the Chorukhdairon pluton were analyzed
for major and trace element composition. The major elements for
seven samples (Yu-20, Yu-214, Yu-221, Yu-230, Yu-79, Yu-84,
and Yu-58) were determined using the classical silicate method of
analysis in the laboratory of physical and mechanical methods of
analysis of the former Institute of Geology of the Academy of
Sciences of the Republic of Tajikistan, now known as the Institute
of Geology, Seismic Construction and Seismology of the National
Academy of Sciences of Tajikistan. Their trace elements were
analyzed using an inductively coupled plasma mass spectrometer
(ICP-MS) at the Key Laboratory of Continental Collision and
Plateau Uplift, ITPCAS. A measure of 50 mg of whole-rock
powder were dissolved using HF + HNO; for trace element
determination. The sample pretreatment procedure for trace
element analyses is similar to that described by Qi et al. (2000).
Also, six samples (15CH10, 15CH12a, 15CHI12b, 15CH11,
15CHO09, and 15SM13) were analyzed in Beijing Geoanalysis
Technology Co. Ltd. Their major elements were analyzed
using X-ray fluorescence (XRF-1800; SHIMADZU) on fused
glasses. Loss on ignition was measured after heating to 1,000°C
for 3 h in a muffle furnace. The precision of the XRF analyses is
within #2% for the oxides greater than 0.5 wt.% and within +5%
for the oxides greater than 0.1 wt.%. Trace elements were
determined by inductively coupled plasma mass spectrometry
(7500; Agilent) after acid digestion of samples in Teflon bombs.
The sample powders (about 40 mg) were dissolved in Teflon
bombs using a HF + HNO; mixture for 48 h at about 190°C. The
solution was evaporated to incipient dryness, dissolved by
concentrated HNO;, and evaporated at 150°C to dispel the
fluorides. The samples were diluted to about 80 g for analysis
after re-dissolving in 30% HNO; overnight. An internal standard
solution containing the element Rh was used to monitor the
signal drift during analysis. Analytical results for USGS standards
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indicated that the uncertainties for most elements were
within 5%.

Zircon Lu-Hf Isotope Analysis

The zircon Lu-Hf isotopic composition analyses were carried out
in Beijing GeoAnalysis Co., Ltd. (Beijing, China) using a RESO
193 nm laser-ablation system (produced by Australian Scientific
Instruments, Canberra, Australia) and a Neptune Plus
MC-ICP-MS (produced by Thermo Fisher Instruments,
United States). During the experiment, helium was used as the
carrier gas for the ablation material, and the laser beam spot
diameter was 40 pm. The internationally accepted standard
zircon PleSovice was used as the reference material in this test
(Sldma et al., 2008). Detailed analytical procedures are described
in Wu et al. (2006). The Y®Hf/*””Hf value of the standard zircon
Plesovice tested in this experiment was 0.282485 + 0.000006 (20),
which is consistent with the value of the predecessor (Sldma et al.,
2008) within the error range. In the calculation of the ey (¥)
values, the '"°Hf/"”"Hf and '"°Lu/'”’Hf ratios of present-day
chondrite and the depleted mantle were (0.0332, 0.282772)
and (0.0384, 0.28325), respectively (Blichert-Toft and
Albarede, 1997; Griffin et al., 2000). The two-stage Hf model
ages (Tpy,) were calculated by adopting 76Lu/7Hf = 0.015 for
the average continental crust (Griffin et al., 2002).

RESULTS
Zircon U-Pb Age

Geochronological U-Pb zircon data are summarized in
Supplementary Table SA1 and shown in Figures 6, 7. Zircon
grains from samples 15CH09 and 15CHI2b from the
Chorukhdairon pluton and sample 15SM13 from the quartz
porphyry of the Kizilnura suite have been subjected to
LA-ICP-MS dating in order to reveal the crystallization ages
of the magmas. Zircon crystals are colorless, euhedral to
subhedral, and ovoid and tabular in shape. The zircon grains
are typically 70-250 pum long, with variable concentrations of Th
(465-8,061 ppm) and U (758-9,160 ppm), and high Th/U values
of 0.32-1.0. The majority of the zircons show well-developed
oscillatory zoning with the lack of clear core-rim structures.
For sample 15CH09, one zircon grain gave an older **°Pb/***U
age of 315 + 6 Ma, and twenty-five analyses gave the *°°Pb/***U
ages ranging from 303 to 285 Ma, with a weighted mean age of
294 + 2Ma (MSWD = 4.3, n = 25) (Figure 7A). One zircon
analysis from sample 15CH12b yielded an older ***Pb/***U age of
330 + 6 Ma, and twenty-six analyses gave *°°Pb/>**U ages ranging
from 283 to 301 Ma, with a weighted mean age of 291 + 2 Ma
(MSWD = 4.6, n = 26) (Figure 7B), which is identical to that of
the zircons from sample 15CHO09 within the error. For sample
15SM 13, two analyses gave older *°°Pb/>*®U ages (312 + 7 Ma and
308 + 5Ma), and five analyses yielded younger **°Pb/***U ages
varying between 273 and 249 Ma, which could reflect zircon
inheritance and Pb loss, respectively. Eighteen analyses from
158M13 yielded °°Pb/>**U ages ranging from 293 to 278 Ma,
with a weighted mean age of 286 + 2 Ma (MSWD = 4.6, n = 18)
(Figure 7C). The weighted mean ages of 294 + 2 Ma, 291 + 2 Ma,
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and 286 + 2 Ma are interpreted here as the magma crystallization
ages of rocks.

The aforementioned obtained ages indicate that both the
Chorukhdairon pluton and the quartz porphyry were formed
in the Early Permian, but the quartz porphyry was emplaced
slightly later than the Chorukhdairon pluton, which is consistent
with the observed geological relationships in the field.

Major and Trace Elements

Our data, together with those reported by Konopelko et al. (2017)
for two samples are used to shape the geochemical variation of the
Chorukhdairon pluton (Supplementary Table SA2). Based on
the TAS classification diagram (Figure 8A), the compositions of
the rocks from the Chorukhdairon pluton characterize the field of
subalkaline series, and the rocks plot further in the fields of
monzodiorite, monzonite, quartz monzonite, and granite.

The SiO, contents of the samples from the Chorukhdairon
pluton and quartz porphyry range from 56.63 to 77.11 wt.%.
They are distinguished by high alkalinity, with K,O + Na,O
contents ranging from 6.65 to 9.26 wt.%. They have high K,O
contents and most of them plot in the shoshonite series field on
the K,O versus SiO, diagram (Figure 8B). On the K,O versus Na,O
diagram, all the samples were plotted in the shoshonitic field
(Figure 8C). The rocks are all metaluminous, with A/CNK of
0.80-0.98, except the late phase leucomonzogranite (A/CNK =
1.07) (Figure 8D). On the K,O + Na,O-CaO versus SiO,
diagram, the samples occupy the alkali-calcic and calc-alkalic
fields (Figure 8E). On the Fe-number versus SiO, diagram, one
quartz porphyry sample plots in the field of ferroan series, and others
fall into the field of magnesian series (Figure 8F).

For the rocks of the Chorukhdairon pluton, as the SiO,
content increases from the first phase to the fourth phase, the
contents of Al,Os, CaO, Fe,057, MgO, P,0s, and TiO, naturally
decrease (Figure 9), but Na,O contents show no definite variation
trend. The K,O contents and K,O/Na,O ratios in the rocks
increase first and then decrease with increasing SiO, (Figures
8B, 9D). The maximum K,O contents (up to 5.90 wt.%) are noted
in the quartz monzonites of the main (second) phase (Figure 8B).

The samples from the Chorukhdairon pluton and quartz
porphyry are characterized by high concentrations of trace
elements (e.g., Rb = 57.8-324 ppm; Ba = 327-1,700 ppm; Zr =
80-482 ppm) (Supplementary Table SA2). All the samples show
similar primitive mantle-normalized trace element patterns
characterized by the enrichment of the large ion lithophile
elements (LILE, e.g., Rb, Th, U, and K) relative to the high
field strength elements (HFSE, e.g, Nb, Ta, P, and Ti)
(Figure 10). They exhibit moderately to strongly fractionated
REE patterns, with (La/Yb)y ratios of 8.3-20.1. The
monzodiorites and quartz monzodiorites of the first phase
show weak Eu anomalies, with Eu/Eu* = 0.84-1.00. The
quartz ~ monzonite, = monzogranite,  leucomonzogranite,
monzogranitic aplite, and quartz porphyry samples exhibit
moderate to strong negative Eu anomalies, with Eu/Eu*
ranging from 0.22 to 0.77.

Zircon Lu-Hf Isotopes

In situ zircon Lu-Hf isotopic data are listed in Supplementary
Table SA3 and plotted in Figure 11. For all samples, the initial e;5¢
(t) and Tpy(Hf) values are calculated based on their magma
crystallization ages. Twenty spot analyses were obtained for the
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zircons from the sample 15CH09 (Chorukhadiron pluton
monzogranite), yielding ey (t) values of -0.6 to +1.8, with
Tpm(Hf) values of 0.85-0.94 Ga. Eighteen spot analyses from
the sample 15CH12b (Chorukhadiron pluton quartz monzonite)
give ey (t) values ranging from —0.3 to + 2.2, and Tpy(Hf) values
ranging from 0.80 to 0.94 Ga, which are similar to those of zircons
from sample 15CHO9. Sixteen zircons were analyzed for sample
15SM13 (quartz porphyry), which yielded a large range of ey (t)
values (-0.6 to +6.5) and Tpy(Hf) (0.69-0.94 Ga). In Figure 11,
basically, all analyzed data in this study are located far away from
the depleted mantle evolution curve.

DISCUSSION

Petrogenesis

Different hypotheses have been suggested for the origin of
potassic magmas worldwide, including 1) partial melting of
crustal rocks (Pe-Piper et al., 2009; Campbell et al., 2014), 2)
fractional crystallization from mantle-derived basaltic magmas
with or without crustal assimilation (Turner et al, 1996;
Beermann et al, 2017; Schaarschmidt et al., 2021), and 3)
mixing of magma between basic mantle-derived and crustal
felsic magmas (Padilha et al, 2019). Consequently, the
formation of potassic rocks is a subject of debate, with one
significant question, whether such rocks require significant
inputs of mantle components. For the mantle-derived LILE-
and LREE-enriched shoshonite rocks, they were commonly
suggested to form at a late stage of subduction, with
geochemical features characteristic of ocean-continent
magmatic active zones (LREE enrichment and negative
anomalies for Ta, Nb, and Ti) originating from a mantle
wedge enriched in incompatible elements due to the previous
stage of subduction (Nabatian et al., 2016; Schaarschmidt et al.,
2021).

The highly K,O-enriched characteristics of the four phases of
the Chorukhdairon pluton indicate that they are shoshonitic
rocks. Their trace elemental composition, as shown in
Figure 12A, also supports their affinity with shoshonite series
rocks. The absence of negative correlation between Nb/La and
SiO, (Figure 12B), combined with the irregular variation of
Na,O contents among the different phases of the
Chorukhdairon pluton, suggesting that magma mixing with
crustal melts or contamination by crustal materials were not
significant during their formation. Their much more depleted
zircon Lu-Hf isotopic compositions than those of the Early
Permian continental crust-derived rocks such as the granites
of the Kyrgysh Complex (Konopelko et al., 2013) (Figure 11),
also support this inference.

The data for four-phase rocks of the Chorukhdairon pluton
generally follow a coherent evolutionary tendency in the Harker
diagram (Figure 9), and the mafic varieties (monzodiorites) of
the Chorukhdairon pluton are characterized by relatively low
SiO; contents and high contents of MgO (3.54-3.79 wt.%). These,
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combined with their comagmatic nature with the mantle-derived
shoshonite series basaltic rocks of the Shurabsai Formation
(Mamadjanov, 2004, 2014), indicate that the parental magma
of the Chorukhdairon pluton was derived from an enriched
mantle source.

The monzodiorites, which are the most mafic varieties of the
Chorukhdairon  pluton, show shoshonitic geochemical

characteristics, suggesting that the high potassic signals of the
Chorukhdairon pluton were inherited from their enriched mantle
source. The relatively low Mg# values (47-50) and Cr
(29.5-47.6 ppm) and Ni (15.9-20.0 ppm) contents of the
monzodiorites (Supplementary Table SA2), further imply that
they were not solidified from primary mantle-derived magmas,
but from the evolved melts that experienced significant magma
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differentiation. =~ From  monzodiorite,  through  quartz
monzodiorite and quartz monzonite, to monzogranite,
leucomonzogranite and related monzogranitic aplite, CaO,
Fe,0;", MgO, and P,Os and TiO, contents gradually decrease
with increasing SiO, contents (Figure 9), consistent with the
fractional crystallization of pyroxenes, apatite and accessory
Fe-Ti oxides. With magma evolution, Dy/Yb, Al,Os, and Eu/
Eu* generally decrease (Figures 9A, 12CD), indicative of
fractional crystallization of amphibole and plagioclase. The
clear positive correlation between Rb/Sr and Sr (Figure 12E)
and very low Eu/Eu* ratios in the felsic varieties of the
Chorukhdairon  pluton suggest that the plagioclase
fractionation was very strong. With SiO, increasing, K,O, Rb
and Zr increase at first and then decrease (Figures 8B, 12F,G),
consistent with the fractional crystallization of biotite and zircon
at the late stage of magma evolution. The generally increasing
trend of the incompatible elements (e.g., La), and the relatively

limited variation of zircon Hf isotopes of the quartz monzonites
also support the inference that the fractional crystallization
mainly controlled the compositional variation of the different
phases of the Chorukhdairon pluton.

The quartz porphyries possess high SiO, contents
(72.17-73.68 wt.%) and (K,O + Na,0)/CaO and FeO'/MgO
ratios, with low A/CNK (~0.95), similar to highly fractionated
I-type granites (Figures 12H,I). They roughly follow the
evolution trend of the Chorukhdairon pluton (Figures 8A,B,
9). This, in combination with their low TiO, (0.07-0.08 wt.%),
P,0Os5 (~0.04 wt.%), Mg# (19-34), and Eu/Eu* (0.22-0.25) values,
suggests the important fractional crystallization of mafic
minerals, plagioclase, and accessory minerals in their genesis.
Like those from the granodiorite porphyry (314 Ma) of the
Kalmakyr porphyry Cu-Au deposit in the Chatkal-Kurama
terrane (Zhao et al, 2017) (Figure 11), zircons from the
quartz porphyry also show a large range of Hf isotopic
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compositions, with eyf (f) values ranging from -0.6 to +6.5,
indicative of the involvement of at least two components in their
generation. Considering their relatively juvenile Hf signals and
higher zircon saturation temperatures (~770°C), we suggest that

their parental magma could be the product of mixing of different
batches of mantle-derived magmas or magmas derived from the
mantle and juvenile lower crust.

Tectonic Setting of Magma Generation
Shoshonitic magmatism was commonly considered to form in an
oceanic subduction (continental arc or oceanic arc) or post-
collisional setting (Stern et al, 1988; Turner et al, 1996;
Nabatian et al., 2016; Padilha et al., 2019; Casetta et al., 2021;
Schaarschmidt et al., 2021). In addition, some researchers also
link the generation of shoshonitic rocks to continental subduction
(Campbell et al.,, 2014).

In the history of geological and geodynamic development of
the Chatkal-Kurama, Late Paleozoic (C,-P) stage occupies a
special place. In the Late Paleozoic, the zone was distinguished
by strong magmatic and metallogenic processes. The evolution of
Late Paleozoic magmatism proceeded naturally at the early stages
of development. Calc-alkaline rocks appeared first, and later,
subalkaline and alkaline igneous rocks occurred, which is the
characteristic of active continental margins (Mamadjanov, 2014).
A characteristic feature of Late Paleozoic magmatism in the
studied zone is the formation of polyfacial, complexly
constructed volcano-plutonic associations, accompanied by the
industrial and unique deposits of gold, silver, iron, copper, base
metals, molybdenum, and tungsten. (Mamadjanov, 2014). Based
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on the changes in the magma series, some researchers suggested
that the Late Paleozoic igneous formations in the
Chatkal-Kurama zone are associated with oceanic subduction
(Middle Carboniferous to late stage of the Late Carboniferous),
late subduction-collisional (end of the Late Carboniferous to
Early Permian), and post-collisional (Middle Permian) stages
during the geological development of the continental-marginal
Kyzylkum-Kurama volcanic belt (Mamadjanov, 2014;
Dolgopolova et al., 2017).

From the Middle Carboniferous, on the southern (in modern
coordinates) margin of the Kazakhstan paleocontinent, active
subduction processes restarted. As a result of the subduction of
the Turkestan oceanic crust, the extensive magmatic activity
began under the southern margin of the Kazakhstan
paleocontinent, leading to the generation of the 340-335 Ma
gabbroic and granodioritic rocks in the Almalyk Cu-Au
orefield and its adjacent area (Cheng et al, 2018a; Cheng
et al, 2018b), and subsequent formation of the
Chatkal-Kurama volcano-plutonic belt. From ~340 to 286 Ma,
the magmatism was continuous with a magmatic flare-up at
~310 Ma (Figure 13), suggesting that magmatic rocks generated
during this period could form in a similar tectonic setting. The

rocks of this study are all characterized by the clear enrichment of
LILE (e.g., Cs, Rb, and K) and depletion of HESE (e.g., Nb, Ta, and
Ti), and show Rb and Y + Nb contents similar to those of typical
volcanic arc granites (Pearce et al. (1984), consistent with their
formation in a subduction setting. By reviewing structural
relations and petrochemical, geochronological, biostratigraphic,
and paleomagnetic data on the Altaids, Xiao et al. (2015)
suggested that the South Tianshan (or Turkestan) Ocean could
have not been closed in the Early Permian. Recent studies on field
relations, geochronology, and geochemistry of the accretionary
complex in the Kyrgyz and Chinese South Tianshan (Sang et al.,
2017; Sang et al., 2018; Abuduxun et al., 2021) also implied that
the subduction of the South Tianshan (or Turkestan) oceanic slab
was still active in the Late Carboniferous to Early Permian. Thus,
the shoshonitic rocks and related dykes in this study probably
formed in an oceanic subduction setting.

Implications and Speculations on the

Geodynamics
The accretionary orogenic belt is characterized by long-time
oceanic subduction and accretion processes, accompanied by
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Konopelko et al., 2017; Zhao et al., 2017; Cheng et al., 2018a; Cheng
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complex slab geodynamic processes (e.g., ridge subduction, slab
roll back, flat subduction, and slab break-off) and prolonged

magmatism. The Chatkal-Kurama terrane, which is an important
part of the Middle Tianshan belt that is traditionally considered a
continental magmatic arc built on an ancient basement, was
constructed predominately during the northward subduction of
the Turkestan Ocean, a southern branch of the Paleo-Asian
Ocean, during the Paleozoic. Thus, it is the key area to
understand the Paleozoic slab dynamics that occurred in the
southwest of the Altaids as well as the late evolution history of the
Paleo-Asian Ocean.

Previous studies have reported Early Paleozoic arc-related
magmatic rocks in the Chatkal-Kurama terrane, including
granite, granodiorite and granodioritic, and syenitic porphyries,
which possess magma crystallization ages ranging from ~450 to
~420Ma and some of which show shoshonitic geochemical
characteristics (Alexeiev et al., 2016; Dolgopolova et al., 2017).

In the Early Devonian, typical arc magmatic products in the
Chatkal-Kurama terrane were mainly monzonite, granite,
microgranite-porphyry, and micropegmatite (Seltmann et al,
2011; Dolgopolova et al, 2017). They were emplaced at
416-397 Ma, and mostly display a shoshonitic affinity.
However, after that, the Chatkal-Kurama terrane experienced
a period (over 50 Ma) of magmatic quiescence (Figure 13). Thus,
an issue arises, what was the driven force that caused a magmatic
lull by that time. Considering that the major ocean (Turkestan
Ocean in this case) was not closed, this episode of lull in
magmatism in other orogenic belts is often linked to the flat
(low-angle (<10°) or sub-horizontal) subduction of the oceanic
slab (Haschke et al., 2002; Zhang et al.,, 2017; Yan et al., 2020),
which would result in weakening or termination of arc magma
activity because of the gradual disappearance of the hot mantle

that of Figure 2.
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FIGURE 15 | Schematic cartoon illustrating the Paleozoic tectonic
evolution of the Chatkal-Kurama terrane in the Middle Tianshan. (A) Pre-Late
Silurian. Normal subduction of the Turkestan oceanic slab; (B) Late Silurian to
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occurrence of magmatic quiescence; (D) Middle Carboniferous to Early
Permian. Slab roll-back and the resulted arc magmatism migration, magmatic
flare-up and extensional tectonics in the Chatkal-Kurama terrane.

wedge due to the flattening of subducted slab. Previous
researchers have demonstrated that flat subduction can be
induced by the relative buoyancy of subducted oceanic
plateaus/seamounts/aseismic  ridges, overthrusting of the
overriding plate, or slab suction forces (van Hunen et al,
2004; Yan et al, 2020). We noticed that Late Silurian to
Middle Devonian OIB-type rocks and related limestone have
been reported in the Kyrgyz South Tianshan accretionary
complexes, which indicated the accretion of one or several
seamount chains of the Turkestan (or South Tianshan) Ocean
to the Middle Tianshan during Late Silurian to Devonian
(Safonova et al, 2016; Sang et al, 2020). Such a seamount
chain accretion is consistent with the expected results during

Slab Roll-Back in Middle Tianshan

(or after) the flat subduction caused by the subduction of
seamount-bearing thick and buoyant oceanic crust. In fact, the
exhumation of subducted seamounts, which have been
transformed to blueschist-and eclogite-facies (OIB-/E-MORB-
type mafic) rocks that formed through high-pressure
metamorphism at ~344 Ma, have been discovered in the South
Tianshan of the Akeyazi area (Gao and Klemd, 2003). From
425 Ma to 397 Ma, magmatism propagated toward the interior of
the Chatkal-Kurama terrane (Figure 14A), coinciding with the
proceeding of flat subduction.

In the Middle Devonian, the Chatkal-Kurama terrane
underwent uplift and erosion (Dolgopolova et al, 2017
Konopelko et al, 2017), also consistent with the resulted
compressional regime in the overriding plate following the
occurrence of flat subduction (Espurt et al., 2008; Yan et al,
2020). Unlike the situation in the Late Silurian-Early
Carboniferous at which time the granitoids generally show
high HREE contents (Alexeiev et al., 2016; Dolgopolova et al.,
2017; Konopelko et al., 2017), from 338 Ma after the restarting of
arc magmatism following the end of magmatic quiescence, the
HREE-depleted ore-bearing porphyries and related porphyry
Cu-Au deposits successively occurred, such as those in the
Almalyk orefield in the southwestern Chatkal-Kurama terrane
(Cheng et al., 2018a). The occurrence of these types of rocks and
related deposits are consistent with the existence of a thicker
crust, which might result from the former flat subduction-
induced compression (Yan et al, 2020). Thus, the flat-slab
subduction that was induced by the subduction/accretion of
seamounts probably occurred beneath the Middle Tianshan
during the Middle Devonian to Early Carboniferous.

The occurrence of ~340 Ma arc-related gabbros in the Akcha
and Beleuti areas of the Chatkal-Kurama terrane indicates the
subduction of the Turkestan oceanic slab resumed. Following
that, continuous arc magmatism occurred with a peak at ~310 Ma
(Figure 13). As shown in Figure 14B, the arc magmatism shows a
rough migration toward the southeast of the Chatkal-Kurama
terrane, resulting in the generation of the 294-286 Ma
shoshonitic intrusive magmatism and rhyolitic magmatism
along the southeastern margin of the Chatkal-Kurama terrane.
We suggest that this magmatic migration indicates the slab roll-
back following the end of flat subduction, which could cause
retreating of the subduction zone and significant extension of the
overlying lithosphere (Kusky et al., 2014). As shown in Figures
12H,I, some rocks of the Chorukhdairon pluton [e.g., quartz
monzonites with high zircon saturation temperatures (up to
~860°C)] share an affinity with A-type granitoids, which agrees
with the extension related to the slab roll-back. Our conclusion on
the slab roll-back model and generation of A-type granitoids in
syn-subduction extensional environment is consistent with the
interpretation for the Permian A-type granitoids of the Chinese
South Tianshan (Abuduxun et al, 2022). In addition, the
occurrence of 320-299 Ma mafic to felsic dykes in the
Chatkal-Kurama terrane (Dolgopolova et al., 2017; Cheng et al.,
2018a) also supports the view of slab roll-back-induced extension
of the upper plate. As documented by Burtman (2015), in the
Tianshan, Permian volcanic and volcanogenic sediments overlying
the Late Carboniferous and older rocks often fill graben structures,
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which is typical for the Chatkal-Kurama area of the Western
Tianshan (with a high thickness of this type of deposit, up to 4 km),
consistent with the development of arc-related extensional basin in
the Chatkal-Kurama terrane. Other studies also suggested that the
Permian shoshonitic volcanic rocks in some parts of the
Chatakal-Kurama terrane formed within volcanic troughs and
volcanotectonic depressions (Mamadjanov, 2004; Mamadjanov,
2014), and alkaline-basaltic volcanic rocks of trachybasalt-
leucite-trachyte composition within the Ugam-Daubob graben
(Mamadjanov, 2013). The widespread Permian potassium
alkaline magmatism in the Chatkal-Kurama terrane is also in
line with the occurrence of extensional zones (Mamadjanov,
2014; Burtman, 2015). Similar extensional faulted basins were
also identified to occur in Chinese Central Tianshan-Yili arc and
the South Tianshan belt during the Early Permian (Liu et al., 2013; Li
et al., 2015). Therefore, the southeastward slab roll-back could occur
beneath the Middle Tianshan during the Middle Carboniferous to
the Early Permian, which was responsible for the southeastward
magmatism migration and magmatic flare-up, with formation of
some extensional arc-related basins including forearc and intra-arc
basins in the Chatkal-Kurama terrane (Figure 15).

Overall, the Early Permian Chorukhdairon intrusive rocks and
quartz porphyry and other Paleozoic magmatic rocks in the
Chatkal-Kurama terrane recorded geodynamic processes from
flat subduction to slab roll-back at the southwestern Altaids.

CONCLUSION

The Chorukhdairon pluton is mainly composed of four phases:
monzodiorite and quartz monzodiorite (first phase), quartz
monzonite (second and main phase), monzogranite (third
phase) and leucomonzogranite (final phase). The
monzogranite-quartz monzonite of the Chorukhdairon pluton
and quartz porphyry were emplaced at 294-291 Ma and 286 Ma,
respectively. The Chorukhdairon pluton was produced by the
partial melting of enriched mantle, followed by the fractional
crystallization of pyroxenes, amphibole, plagioclase, biotite and
accessory Fe-Ti oxides, apatite, and zircon. The quartz porphyry
was generated by mixing the different batches of mantle-derived
magmas or magmas derived from the mantle and juvenile lower
crust, followed by strong fractional crystallization. The
Chorukhdairon pluton and related quartz porphyry probably
formed in an oceanic subduction setting. Furthermore, the
flat-slab subduction probably occurred beneath the Middle
Tianshan during the Middle Devonian to Early Carboniferous.
Following the end of the flat subduction, southeastward slab
roll-back occurred during the Middle Carboniferous to the
Early Permian. The late slab roll-back led to the southeastward
arc magmatism migration and magmatic flare-up in the
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