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AB STRACT

The Irtysh shear zone is one of the largest strike-slip systems within the Central Asian Orogenic Belt, recording the
accretionary-collisional processes between the peri-Siberian and Kazakhstan-Junggar orogenic systems. This study
focuses mainly on amphibolites from the Irtysh Complex, the best-preserved exposure of the shear zone in north-
western China. Their protoliths and metamorphic ages/conditions are investigated to constrain the tectonic affinity of
this complex and to explore the above-mentioned tectonic processes. Three types of amphibolites are identified geo-
chemically. The geochemical compositions of type I suggest that their protoliths represent N-MORB (normal mid-
ocean ridge basalt)-type basalts that could be produced by ca. 10% partial melting of depleted spinel lherzolites. Type II
amphibolites are characterized by enriched-MORB-type trace-element signatures. Their protoliths were possibly
generated by !5% partial melting of a similar mantle source. Type III amphibolites show typical arc affinity and have a
more depleted mantle source. We infer that ankaramites from the Dulate arc of East Junggar, part of the Kazakhstan-
Junggar orogenic system, possibly served as their protoliths. The available data suggest that the Irtysh Complex
probably represents an accretionary complex built along the southern Chinese Altai (part of the peri-Siberian orogenic
system), incorporating crustal relicts from both the Ob-Zaisan Ocean and the Dulate arc. Metamorphic investigation
shows that the amphibolite facies metamorphism occurred at ca. 284 Ma, recording a high geothermal gradient (307–
457C/km) along the Irtysh shear zone. Data compilation suggests that East Junggar probably collidedwithChineseAltai
between ca. 313 and 299 Ma, which was followed by an episode of high- to ultrahigh-temperature metamorphism
possibly related to syn-/postcollisional extension in the early Permian.

Online enhancements: appendix figure and tables.
Introduction

Accretionary orogens formalong convergentmargins
and are characterized by relatively long-lived arc mag-
matism as well as incorporation of continental/oce-
anic fragments (e.g., Matsuda and Uyeda 1971; Maru-
yama 1997; Cawood et al. 2009). Such orogens have
formed since the early Proterozoic or even the Ar-
chean and are of great importance in understanding
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crustal growth and differentiation (Jahn 2004; Con-
die 2007; Condie and Kröner 2008; Cawood et al.
2009). The Central Asian Orogenic Belt (CAOB),
bordered by the Siberian continent to the north and
the Tarim–NorthChina continent to the south (fig. 1
inset), represents the largest Phanerozoic accretion-
ary orogenic belt and thus serves an ideal example
in exploring the mechanism of accretionary orogen-
esis (Şengör et al. 1993; Windley et al. 2007; Xiao
et al. 2009, 2010). Previous studies have revealed
that this huge orogenic collage consists mainly of di-
verse magmatic arcs, fore-/backarc basins, accretion-
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ary prisms, ophiolites, and minor microcontinents,
whichwerebrought together throughmultipleepisodes
of subduction-accretion of the Paleo-Asian Ocean
from the latestMesoproterozoic to the late Paleozoic
(Zonenshain et al. 1990; Şengör et al. 1993; Khain
et al. 2003; Jahn 2004;Windley et al. 2007; Xiao et al.
2010, 2015, 2018;Wilhemet al. 2012; Eizenhöfer and
Zhao 2018; Han and Zhao 2018). The consumption
of diverse branches of this giant ocean formed a
number of suture zones in the CAOB (e.g., Demoux
et al. 2009; Jian et al. 2014; Xiao et al. 2014; Han and
Zhao 2018). In the late Paleozoic, the final collision
between the Tarim–North China and Siberian con-
tinents reactivated these suture zones and caused in-
tense strike-slip faulting and/or thrusting, giving rise
to numerous strike-slip shear zones (Buslov et al.
2001, 2004; Laurent-Charvet et al. 2003; Briggs et al.
2007; Li et al. 2015a, 2015b, 2016a, 2016b, 2017).
Distinguishing among various subduction-accretion
processes and subsequent collision-induced defor-
This content downloaded from 147.008
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mation along these shear zones is therefore central
to understanding the tectonic evolution and crustal
growth in the CAOB.

The Irtysh shear zone, extending from northeast-
ern Kazakhstan to northwestern China (fig. 1 inset),
is one of the largest strike-slip systems in theCAOB
(Coleman 1989; Zonenshain et al. 1990; Buslov et al.
2001, 2004;Zhang et al. 2012;Xiaoet al. 2014; Li et al.
2017). This tectonic belt is considered to record the
accretionary and collisional processes between the
active margin of the Siberian continent to the north
(e.g., the Altai Orogen; Wang et al. 2006, 2009a;
Yuan et al. 2007; Sun et al. 2008, 2009b; Cai et al.
2010, 2011, 2012; Long et al. 2010; Chen et al. 2014,
2015a, 2015b, 2016a, 2016b; Jiang et al. 2016, 2017)
and the Kazakhstan-Junggar orogenic collage (e.g.,
the Dulate arc of East Junggar) to the south (Do-
bretsov et al. 1995; Buslov et al. 2001, 2004; Z. Zhang
et al. 2008, 2009; Su et al. 2012; C. Zhang et al. 2012).
Some researchers proposed that the peri-Siberian oro-
Figure 1. Simplified geological map showing the architecture of Chinese Altai and adjacent East/West Junggar
(modified after Li et al. 2017). The inset shows that the Central Asian Orogenic Belt, between the Siberian continent
to the north and the Tarim and North China continents to the south, is composed of the peri-Siberian orogenic
system (PSOS) in the north, the Junggar-Kazakhstan-Tianshan orogenic system (JKTOS) in the southwest, and the
Xing’an–South Mongolia orogenic system (XSMOS) in the southeast. EEC p East European continent; TC p Tarim
continent; NCC p North China continent. A color version of this figure is available online.
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genic systemwas still under subduction of an oceanic
plate in the late Carboniferous, generating arc-type
igneous rocks (e.g., Cai et al. 2012), and that its colli-
sion with the Kazakhstan-Junggar orogenic system
took place before the earliest Permian (Zhang et al.
2012;Gao andZhou2013; Li et al. 2015a, 2017).Other
researchers argued that the amalgamation of these
two orogenic systems possibly occurred in the Late
Devonian, followed by postcollision magmatism and
tectonics in the Carboniferous to early Permian (Liu
et al. 2012;Tong et al. 2012;Hong et al. 2017).Wenote
thatmost of these studies were focusedmainly on the
granitoids emplaced along the Irtysh shear zone and
that the geochemistry of these rocks might lead to
uncertainties in tectonic interpretation. Previousfield
investigations revealed the diversity of lithologies
within the Irtysh shear zone, including ophiolitic mé-
langes and various types of metamorphic rocks (e.g.,
amphibolites, schists, and gneisses), all of which are
characterized by strong deformation and high-grade
metamorphism (He et al. 1990; Qu and Zhang 1991;
Laurent-Charvet et al. 2003; Briggs et al. 2007; Xiao
et al. 2009; Wang et al. 2012; Li et al. 2015a, 2017).
Understanding their protolith nature, metamorphic
conditions, and deformation history can providemore
thoroughconstraintson theaccretionaryandcollisional
processes between the peri-Siberian and Kazakhstan-
Junggar orogenic systems (Li et al. 2015a, 2017). In
particular, the IrtyshComplex innorthwesternChina
represents one of the best exposures of the Irtysh
shear zone, therefore possibly providing unique in-
sights into these tectonic processes. Nevertheless,
because of the scarcity of high-quality geochemical
and geochronological data, the origin of the diverse
rock types within this complex has been poorly con-
strained, leading to ambiguities of tectonic interpre-
tation (e.g., Qu and Zhang 1991; O’Hara et al. 1997;
Windley et al. 2002; Xiao et al. 2009).
In this study, we mainly focus on the amphibo-

lites from the IrtyshComplex. Combined zirconU-Pb
dating and mineral/whole-rock geochemical inves-
tigations were conducted to reveal their protoliths
as well as metamorphic ages and conditions. These
new data, together with recent structural analyses
(Li et al. 2015a, 2017), enable us to constrain the
tectonic affinity of the Irtysh Complex and to more
thoroughly decipher the tectonic and metamorphic
evolution of the Irtysh shear zone. These, in turn,
enhance our understanding of orogenic processes
and architecture of the western CAOB.
Geological Setting

The CAOB can be subdivided into the peri-Siberian
orogenic system in the north, the Junggar-Kazakhstan-
Tianshan orogenic system in the southwest, and the
This content downloaded from 147.00
All use subject to University of Chicago Press Term
Xing’an–South Mongolia orogenic system in the
southeast (Wilhem et al. 2012; Xiao et al. 2015; Li
et al. 2017; fig. 1 inset). The formation of these three
systems can be attributed to multiple Neoprotero-
zoic to late Paleozoic subduction-accretion processes
surrounding the southern Siberian continent, the mi-
crocontinents of Kazakhstan-Yili and Central Tian-
shan,andthemicrocontinents (e.g., ErgunaandXing’an)
withinnortheasternChina, respectively (e.g., Filippova
et al. 2001; Khain et al. 2003; Windley et al. 2007;
Wilhem et al. 2012; Eizenhöfer and Zhao 2018; Han
and Zhao 2018; Xiao et al. 2018; Zhou et al. 2018).
TheChara shear zone has beenwidely considered to
represent the suture between the peri-Siberian and
Junggar-Kazakhstan-Tianshan orogenic systems in
northeastern Kazakhstan (Buslov et al. 2001, 2004;
Volkova et al. 2011; Safonova et al. 2012; Safonova
2014). This zone merges with the Irtysh shear zone
in northwesternChina, separatingChinese Altai (i.e.,
part of the peri-Siberian orogenic system) to the north
andWest/East Junggar to the south (Li et al. 2017 and
references therein; fig. 1).
Chinese Altai refers to the segment of the Altai

Orogen inChina (fig. 1 inset), consistingpredominantly
of variably metamorphosed Paleozoic sedimentary-
volcanic rocks and granitoids (e.g., BGMRX 1978;
Windley et al. 2002; Wang et al. 2006, 2009a; Long
et al. 2007; Sun et al. 2008; Xiao et al. 2009; Cai et al.
2011). This segment can be subdivided into four fault-
bounded tectonic domains that extend in a broadly
northwest-to-southeast orientation (Long et al. 2010;
Cai et al. 2012; Li et al. 2015a, 2015b, 2016a, 2016b,
2017). The Northern Altai domain represents the
northernmost tectonic unit of Chinese Altai and is
dominated by the Late Devonian to early Carbonif-
erous metasedimentary sequences (Windley et al.
2002; Li et al. 2017; fig. 1). To the south, the Central
Altai domain is mainly composed of early Paleozoic
metasedimentary sequences, including the Habahe
and Kulumuti Groups, which were suggested to be
originally deposited in a continental arc–related basin
surrounding westernMongolia (Long et al. 2007, 2008,
2010, 2012b; Jiang et al. 2011;Wang et al. 2014b).Most
of this domain was intruded by middle-late Paleozoic
granitoids (fig. 1) and, to amuch lesser extent, mafic-
ultramafic plutonic rocks (Wang et al. 2006, 2009a;
Yuan et al. 2007; Sun et al. 2009b; Cai et al. 2010,
2011, 2012; Y. Tong et al. 2014b). Farther southward,
the Qiongkuer domain is dominated by the Early De-
vonianKangbutiebaoandMiddleDevonianAletai For-
mations, comprising predominantly of greenschist to
amphibolite facies metavolcanic/sedimentary rocks
(Windley et al. 2002;Chai et al. 2009;Cai et al. 2012).
The southernmost tectonic domain (i.e., the Irtysh
shear zone) is represented by the Irtysh Complex,
which mainly crops out west of Fuyun County and
8.204.164 on February 23, 2020 01:07:09 AM
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consists of gneisses, schists,migmatites, amphibolites,
and lesser quartzites and cherts (BGMRX1978;Quand
Zhang 1991; Briggs et al. 2007; Li et al. 2015a, 2017).
This complex underwent sinistral shear deformation
in the late Paleozoic and was unconformably overlain
by undeformed Permian strata (BGMRX 1978; Wind-
ley et al. 2002).

To the south, the Junggar terrane is separated
from the Altai Orogen by the Irtysh fault (fig. 1) and
can be subdivided into West/East Junggar and the
Junggar basin (Zhang et al. 2009 and references
therein). The Junggar basin is covered by ca. 10-km-
thick continental sedimentary sequences with de-
positional ages up to Permian (Coleman 1989; Xiao
et al. 2008). The basement of this basin was inter-
preted to be Precambrian in origin (e.g., Charvet
et al. 2007; Xu et al. 2015) or to represent trapped
Paleozoic oceanic crust (e.g., Xiao et al. 2008; Han
andZhao 2018) or continuations of the adjacentAltai
tectonic units (Li et al. 2000 and references therein).
West Junggar is in fault contact with the Yili block
(not shown) to the south. In a southward direction,
West Junggar successively consists of the Devonian
to Carboniferous Zharma-Saur arc (fig. 1), the Cam-
brian to Ordovician Honguleleng ophiolite belt, the
This content downloaded from 147.008
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Cambrian to Silurian Boshchekul-Chingiz arc, and
the Paleozoic accretionary complex, with intrusion
of Devonian toCarboniferousmagmatic rocks (Chen
et al. 2010;Choulet et al. 2012 and references therein;
Shen et al. 2012, 2015; Li et al. 2017). East Junggar
consists of theDulate arc in the north, theYemaquan
arc in the south, and the Armantai ophiolite belt in
between (Zhang et al. 2008, 2009; Xiao et al. 2009; Su
et al. 2012). Both arcs are dominated by Devonian to
Carboniferous sedimentary and volcanic rocks (Xiao
et al. 2009; Zhang et al. 2009; Li et al. 2017 and ref-
erences therein), while additional minor Ordovician
metasedimentary/volcanic rocks crop out in the
Yemaquan arc as well (Long et al. 2012a).
Sampling and Petrography

Twenty-two amphibolites were collected within
the Irtysh Complex. They occur as either lenticular
blocks or intercalated slivers within the paraschists/
gneisses (fig. 2). Samples C15-23 to C15-27 were
collected from the northern domain of this complex
(fig. 2), and they are characterized by porphyroblastic
textures (fig. 3a). The porphyroblasts are exclusively
garnet, containing lots of amphibole inclusions. The
Figure 2. Geological and structural map of the Irtysh shear zone and surrounding units in the Fuyun area (modified
after Li et al. 2017). M1–4 refers to mylonite zones 1–4. A color version of this figure is available online.
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matrix of these samples is composed predominantly
of brown amphibole, plagioclase, and minor Fe-Ti
oxides. Samples C15-28 to C15-31 were collected
from the same domain, but they are devoid of porphy-
roblasts, consisting mainly of greenish amphibole,
K-feldspar, and, to amuch lesser extent, clinopyroxene
(fig. 3b). Other samples (C15-6–8, 11–12, 14–19, and
21–22)were collected fromthe southerndomainof the
Irtysh Complex (fig. 2). They have finer-grained tex-
tures than the clinopyroxene-bearing ones and have
mineral assemblages dominated by greenish amphi-
bole and plagioclase, with minor quartz and Fe-Ti
oxides (fig. 3c, 3d).
Analytical Methods

Cathodoluminescence Imaging and Zircon U-Pb Dat-
ing. Zircons were first mounted in epoxy resin
and then polished down to about half their thick-
ness. Cathodoluminescence images were obtained
at the State Key Laboratory of Isotope Geochemistry
This content downloaded from 147.00
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(SKLIG), Guangzhou Institute ofGeochemistry (GIG),
Chinese Academy of Sciences (CAS).
In situ zircon dating was carried out on the Ca-

meca IMS 1280 SIMS at the same institute, accord-
ing to the procedures that were described by Li et al.
(2009). The ion beam is ellipsoidal, with a size of
20# 30 mm2. Standard zircon Plešovice was used
to correct the U-Th-Pb isotopic ratios and abso-
lute abundance of our analyses. All the analyses
weremonitored by standard zirconQinghu. Common-
Pb correction was performed with nonradiogenic
204Pb. Data reduction was performed with Isoplot/
Ex, version 3 (Ludwig 2003). The U-Pb dating results
are presented in table S1 (tables S1–S5 are available
online).

Whole-Rock Elemental and Nd Isotope Analyses.
Whole-rock major-element compositions were ob-
tainedwithX-rayfluorescence spectrometry (Rigaku
100e) on fused glass beads at SKLIG, GIG, CAS. For
detailed analytical procedures, refer to Li et al. (2006).
The analytical accuracies are estimated to be between
Figure 3. Petrography of representative amphibolites from Irtysh Complex in Chinese Altai. a, Strongly deformed
garnet amphibolite that shows a porphyroblastic texture. The porphyroblasts are garnet (Grt) that contains lots of
amphibole (Amp) inclusions, while the matrix has a mineral assemblage mainly of Amp, plagioclase (Pl), and minor
Fe-Ti oxides. b, Amphibolite that comprises predominantly Amp, K-feldspar (Kfs), and, to a much lesser extent,
clinopyroxene (Cpx). c, Strongly deformed amphibolite that consists mainly of Amp and Pl, with minor Fe-Ti oxides.
d, Amphibolite with mineral assemblage similar to that in c. All these photomicrographs were obtained under plane-
polarized light. A color version of this figure is available online.
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1% and 5%. Trace elements were measured on a
Quadrupole ICP-MS at the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemis-
try,CAS,Guiyang, according to the analyticalmethod
of Qi et al. (2000). About 50 mg of powder for each
sample was digested in a mixture of 1 mL HF and
0.5mLHNO3within closed beakers in high-pressure
bombs. External calibration was conducted with a
standard solution that contained the single element
Rh. Standards OU-1 and AMH-1 were used as refer-
encematerials. The analytical accuracies are estimated
at better than 5% for elements with concentrations of
more than200ppmand5%–10%for those at less than
200 ppm. The whole-rock major- and trace-element
compositions are presented in table S2.

High-precision whole-rock Nd isotopic composi-
tionswere analyzed at Nanjing FocuMSTechnology,
with procedures similar to those reported by Li et al.
(2006). Rock powderswerefirst decomposed by high-
pressure polytetrafluoroethylene bombs. Then, rare
earth elements (REEs) were separated from the di-
gesting solution by cation columns. Nd fractions
were further purified by columns with LN Spec–
coated Teflon powder. The Nd isotopic compo-
sitions were finally measured on a Nu Plasma II
multicollector ICP-MS. The measured Nd isotopic
compositions were corrected for mass fractionation
by normalizing to 146Nd=144Nd p 0:7219. Interna-
tional isotopic standard JNdi-1 was periodically
analyzed to correct instrumental drift. The USGS
geochemical reference materials BCR-2, BHVO-2,
AVG-2, and RGM-2were treated as quality controls.
The decay constant of 147Sm (l p 6:54#10212=y;
Lugmair and Marti 1977) and chondritic Sm-Nd iso-
topic values (143Nd=144Nd(0)p0:512630 and 147Sm=
144Nd(0)CHUR p 0:1960 [CHUR p chondrite uni-
form reservoir]; Bouvier et al. 2008) were applied to
calculate initial 143Nd/144Nd(t) ratios and εNd(t) values.
The Sm-Nd isotopic compositions are presented in
table S3.

Mineral Chemistry. Mineral compositions were
analyzed on a JEOL JXA-8100 electron microprobe
at SKLIG,GIG,CAS.The accelerating voltage, beam
current, beam diameter, and counting time were
15 kV, 20 nA, 1–2 mm, and 10 s, respectively. The
ZAF correction procedure was applied for data re-
duction, with the analytical uncertainty generally
less than 2%. The mineral compositions are pre-
sented in table S4.
Results

Zircon U-Pb Ages. Zircons from sample C15-23
(garnet amphibolite) are subrounded to rounded and
yield length/width ratios of ca. 1.0–1.5. They are
This content downloaded from 147.008
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generally characterized by low Th (13–113 ppm), U
(183–345 ppm), and Pb (9–18 ppm) contents as well
as depressed Th/U ratios of 0.06–0.33 (table S1).
Importantly, zircons from this sample yield fir-tree
zoning patterns (fig. 4), in contrast to those of mag-
matic origin. The above suggests that these zircons
are metamorphic in origin. Twenty representative
grains were analyzed, and they show quite homoge-
neous and concordant ages (fig. 4), giving a weighted
mean 206Pb/238U age of 283:65 1:9 Ma (MSWD p
0:26).

Whole-Rock Elemental and Nd Isotopic Composi-
tions. Three types of amphibolites can be classi-
fied on the basis of whole-rock geochemistry. Their
initial Nd isotopic compositions were calculated
back to ca. 284 Ma, which represents a minimum
protolith age based on the metamorphic zircon age
(283:65 1:9 Ma; fig. 4).

Type I. Most samples (i.e., C15-6–8, 11, 12, 17–
19, and 21–27) belong to this type; of these, C15-23
was crushed for zircon separation. They have rela-
tively large variations in SiO2 (44.5–50.1 wt%), TiO2

(1.48–3.44 wt%), Al2O3 (11.9–15.4 wt%), Fe2O3
T

(11.0–19.0 wt%), and MgO (5.92–9.90 wt%) con-
tents, with relatively lowMg# (100#MgO=(MgO1
FeOT), molar ratios) values of 44.1–54.1 (table S2).
Samples from this group are characterized by low
Nb/Y ratios of 0.05–0.12 and high FeOT/MgO ratios
of 1.51–2.26 (fig. 5), indicating tholeiitic geochemi-
cal affinity. These rocks mostly show REE patterns
parallel to those of normal mid-ocean ridge basalt
(N-MORB; fig. 6a), with (La/Yb)N (where N repre-
sents chondrite-normalized values) ratios, dEu (2EuN=
Figure 4. U-Pb concordia diagram for zircons from the
garnet amphibolite C15-23. A cathodoluminescence im-
age and a 206Pb/238U age of a representative zircon grain are
shown. A color version of this figure is available online.
.204.164 on February 23, 2020 01:07:09 AM
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(SmN 1GdN)), and dCe (2CeN=(LaN 1 PrN)) varying
from 0.62 to 0.82, from 0.84 to 0.94, and from 1.03 to
1.07, respectively. Samples C15-21 and C15-22 are
characterized by lower heavy REE (HREE) contents
and accordingly possess higher (La/Yb)N ratios of
0.92–1.15. These two samples yield insignificant Eu
anomalies (dEu p 0:99–1:07) and weakly positive Ce
anomalies (dCe p 1:05–1:07). No samples from this
group show Nb-Ta troughs in the primitive mantle–
normalized trace-element diagram (fig. 6b). Eight rep-
resentative samples were analyzed for Nd isotopic
compositions (table S3; fig. 7). They have 147Sm/144Nd
ratios of 0.2051–0.2251, with fSm/Nd varying from
0.05 to 0.15. The calculated 143Nd/144Nd(284Ma) and
εNd(284 Ma) are 0.512621–0.512701 and 6.9–8.5, re-
spectively.
Type II. Only samples C15-14 and C15-15 are

classified into this type. They possess nearly iden-
This content downloaded from 147.00
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tical SiO2 (48.7–48.8 wt%), TiO2 (1.50–1.56 wt%),
Al2O3 (15.8–15.9 wt%), Fe2O3

T (10.8–11.0 wt%), and
MgO (7.91–8.15 wt%) contents (table S2). These two
samples yield higherMg# values (59.1–59.4) andNb/
Y ratios (ca. 0.29) than their type I counterparts (fig.
5a). The high FeOT/MgO ratios (1.22–1.23) suggest
that type II samples also belong to the tholeiitic se-
ries (fig. 5b). As shown in figure 6c, 6d, samples C15-
14 andC15-15 are characterized by light-REE (LREE)
enrichment ((La=Yb)N p 1:90–1:94), and their REEs
and other trace-element contents are comparable to
those of enriched MORB (E-MORB). The Ce and Eu
anomalies are negligible, with dCe of 1.02–1.03 and
dEu of 1.00–1.05. In comparison with type I amphib-
olites, samples C15-14 and C15-15 show lower
147Sm/144Nd ratios (0.1841–0.1849) and fSm/Nd (20.06).
The calculated 143Nd/144Nd(284 Ma) and εNd(284 Ma)
are 0.512596–0.512598 and 6.5 (table S3; fig. 7), re-
spectively.
Type III. Four samples (C15-28 to C15-31) are

included in this type. They have slightly higher SiO2

(51.2–51.4 wt%) but lower TiO2 (0.32–0.42 wt%),
Al2O3 (10.1–11.3 wt%), and Fe2O3

T (10.6–11.3 wt%)
contents than the other two types (table S2). Type III
samples show diagnostically high MgO contents
(10.1–12.6wt%), withMg# values varying from 64.1
to 70.0. In addition, they are characterized by co-
herently high K2O (2.78–3.51 wt%) and low Na2O
(1.27–1.76 wt%) contents and therefore yield high
K2O/Na2O ratios of 1.94–2.42. In contrast to the other
two types, the lower FeOT/MgO ratios of type III sam-
ples suggest their calc-alkaline geochemical affinity
(fig. 5b). In linewith their highMg# values, all type III
samples possess high Cr (407–659 ppm) and Ni (105–
156 ppm) contents. They are characterized by quite
lowREEcontents (^REEs p 18:5–32:5 ppm), showing
varying degrees of REE differentiation ((La=Yb)N p
1:56–3:12) as well as insignificant Ce and Eu anom-
alies (dCe p 0:92–0:95, dEu p 0:98–0:99;fig. 6e). All
these samples display obvious depletion in high-
field-strength elements (HFSEs; e.g., Nb, Zr, Hf, and
Ti; fig. 6f). Two representative samples (C15-28 and
C15-29) were analyzed for Nd isotopic composi-
tion. They yield a homogeneous 147Sm/144Nd ratio
of 0.2073–0.2112, fSm/Nd of 0.06–0.08, 143Nd/144Nd
(284Ma) of 0.512582–0.512585, and εNd(284Ma) of 6.2
(table S3; fig. 7).

Mineral Compositions. Amphibole. Amphiboles
occur as the dominant mineral both within the ma-
trix and within the garnet porphyroblasts of sample
C15-25 (i.e., type I). Those in the former yield high
CaO concentrations (9.40–10.1 wt%). They have
(Ca 1 Na) and Na in the B site varying from 1.70 to
1.79 atoms per formula unit (apfu) and from 0.22
to 0.25 apfu (table S4), respectively, indicating calcic
Figure 5. Nb/Y-versus-Zr=TiO2 # 0:0001 (a; after Win-
chester and Floyd 1977) and SiO2-versus-FeOT/MgO (b) dia-
grams showing geochemical variations of the amphibolites
from the IrtyshComplex,ChineseAltai. The line separating
the tholeiitic and calc-alkaline series is after Miyashiro
(1974). A color version of this figure is available online.
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geochemical affinity (Leake et al. 1997). These am-
phiboles possess relatively high Mg/(Mg 1 Fe21) ra-
tios of 0.63–0.66, with (Na1 K) in the A site ranging
from 0.29 to 0.35 apfu and Si in the T site from 6.29
to 6.45 apfu, and accordingly they can be further
classified as tschermakite (fig. S1, available online)
on the basis of the nomenclature scheme proposed
by Leake et al. (1997). In contrast, amphiboleswithin
the garnet porphyroblasts yield much lower CaO
contents (0.42–0.99 wt%). They are characterized by
low (Ca 1 Na) but high (Mg 1 Fe211 Mn 1 Li) in
the B site (0.10–0.22 and 11.78 apfu, respectively),
therefore belonging to the Mg-Fe-Mn-Li group
(Leake et al. 1997). The high Si (7.64–7.81 apfu) in the
T site and intermediate Mg/(Mg1 Fe21) ratios (0.58–
0.60) further suggest that these amphiboles are
cummingtonite (Leake et al. 1997; fig. S1).

Amphiboles from each of the other seven repre-
sentative samples (i.e., C15-6, 12, 19, and 22 of
type I amphibolites, C15-16 of type II, and C15-28
and 31 of type III) have quite homogeneous com-
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positions, but they show certain differences among
individual samples (fig. S1). All these amphiboles
possess high CaO concentrations (9.40–12.0 wt%;
table S4). Their (Ca 1 Na) and Na in the B site
range from 1.82 to 1.96 apfu and from 0.05 to 0.18
apfu, respectively, suggesting calcic geochemical af-
finity (Leake et al. 1997).As shown infigure S1, these
amphiboles show relatively large variations of Si in
the T site (6.37–7.06 apfu) andMg/(Mg1 Fe21) ratios
(0.49–0.76), compositionally falling in the tscherma-
kite and magnesiohornblende fields.

Feldspar. Plagioclases from six representative
amphibolites were analyzed (table S4). They show
homogeneous compositionswithin each sample but
yield slight differences among individual samples.
The XAn (Ca/(Ca 1 Na 1 K), molar ratios) values of
these plagioclases range from 0.21 to 0.48, suggest-
ing that these grains are oligoclase or andesine. K-
feldspars from samples C15-28 and C15-31 have
similar compositions and, they have XAb values (Na/
(Ca 1 Na 1 K)), molar ratios) varying from 0.12 to
Figure 6. Trace-element compositions of the amphibolites from the Irtysh Complex, Chinese Altai. Data for the
chondrite and primitive mantle are from Sun and McDonough (1989). Data for basalts of the Ashele Formation and
ankaramites of the Beitashan Formation are after Wu et al. (2015) and Zhang et al. (2008), respectively. The symbols
are as in figure 5. OIBp ocean island basalt; N-MORBp normal mid-ocean ridge basalt; E-MORBp enriched MORB.
A color version of this figure is available online.
.204.164 on February 23, 2020 01:07:09 AM
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0.18 and XOr values (K/(Ca 1 Na 1 K), molar ratios)
from 0.82 to 0.88.
Discussion

Effects of Metamorphism and Crustal Contamina-
tion. Petrographic observation suggests that the in-
vestigated samples underwent amphibolite facies
metamorphism (fig. 3). Evaluation of elemental mo-
bility during the metamorphism is required before
applying whole-rock geochemistry to discuss their
source nature and petrogenesis. Zirconium (Zr) is
one of the least mobile elements during metamor-
phism up to amphibolite facies (Polat and Hofmann
2003; Polat et al. 2003) and has been widely applied
to evaluate the effect of metamorphism on other
elements (e.g., Floyd et al. 1996;Chen et al. 2018). As
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shown in figure 8a–8e, the REEs (e.g., La, Sm, and
Nd) and HFSEs (e.g., Nb and Hf) of type I amphib-
olites are well correlated with Zr in binary plots.
Moreover, these samples all yield coherent REE pat-
terns and insignificant Ce anomalies (fig. 6a). Such
geochemical features imply little modification of
REEs andHFSEs during the amphibolite faciesmeta-
morphism, and, accordingly, these elements can be
used to investigate the origin of type I amphibolites.
In contrast, large-ion lithophile elements (LILEs;
e.g., Rb andU; fig. 8f), as well as Na2O, K2O and CaO
(not shown), show poor correlations with Zr, sug-
gesting their strong mobility. Since type II and III
amphibolites underwent a degree of metamorphism
similar to that for type I, as evidenced by the compa-
rable mineral assemblages and calculated pressure-
temperatureconditions(figs.3,9; tableS4),theabove-
mentioned immobile elements are also applicable
to these two groups of samples.
When mantle-derived mafic melts intrude into

the crust or erupt on the Earth’s surface, their geo-
chemical compositions can be variouslymodified as
a result of different degrees of crustal contamination
(e.g., DePaolo 1981; Wilson 1989). Since thorium
(Th) isenrichedwhileniobium(Nb) isdepleted inthe
continental crust (Rudnick and Gao 2003), the lack
of Th enrichment and Nb depletion in type I and II
amphibolites ((Nb=Th)PM p 1:13–2:72 and 2.16–
2.24, respectively, where PM refers to primitive
mantle–normalized values; table S2) argues against
significant crustal contamination during the forma-
tionoftheprotoliths.This is furthersupportedbytheir
depleted Nd isotopic compositions (εNd(284 Ma) p
6:5–8:5; table S3; fig. 7a) and the absence of positive
correlations between εNd(284 Ma) and Mg# values
(fig. 7b). Type III amphibolites possess higher Th and
much lower Nb concentrations, showing obvious
Nb depletion ((Nb=Th)PM p 0:22–0:28). Such a geo-
chemical signature might be attributed to substan-
tial assimilation of continental crust during the for-
mation of the protoliths. However, we note that, in
contrast to the former two types (Mg# p 44:1–59:4;
εNd(284 Ma) p6:5–8:5; tables S2, S3), type III am-
phibolites possess more primitive major-element
compositions (Mg# p 64:1–69:9) and similar Nd iso-
topic compositions (εNd(284 Ma) p 6:2; fig. 7b). This
suggests that assimilation of continental crust played
an insignificant role in forming the protoliths of
type III amphibolites, because crustal contamina-
tion would yield enriched Nd isotopic compositions
and lower the Mg# values. In summary, the distinct
geochemical compositions for these three types are
more likely to be related to their unique petrogenetic
processes and/or to reflect differences in their man-
tle sources.
Figure 7. Nd isotope compositions of the amphibolites
from Irtysh Complex, Chinese Altai. The symbols and
data sources are as in figure 5. A color version of this
figure is available online.
8.204.164 on February 23, 2020 01:07:09 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



250 M . CH EN E T A L .
Protolith Nature of the Amphibolites. Type I Am-
phibolites. Type I amphibolites are characterized
by relatively lowMg# values and Ni and Cr concen-
trations (table S2), suggesting that their protoliths
underwent fractionation of olivine and/or pyroxene.
The minor negative Eu anomalies (fig. 6a) further
imply that plagioclase fractionation possibly also
played a role.

All type I amphibolites showREEpatterns (fig. 6a)
and trace-element ratios (e.g., Zr/Y and Ti/V ratios;
table S2) comparable to those of N-MORB (Sun and
McDonough 1989), suggesting that the protoliths
of these rocks were likely sourced from a MORB-
type asthenospheric mantle. The low Th/Yb, Nb/
Yb, Ba/Th, and Th/Nb ratios (fig. 10), as well as the
depleted Nd isotopic compositions (fig. 7), further
imply that subduction-related components were ab-
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sent in their mantle source. In addition, type I am-
phibolites are characterized by depletion of LREEs
and negligible differentiation of HREEs (fig. 6a), giv-
ing low (La/Yb)N ratios, mostly 0.62–0.92, and (Gd/
Yb)N ratios of 1.03–1.22. This suggests that partial
melting of the source mantle took place at a shallow
depth above the stability field of garnet (e.g., van
Westrenen et al. 2000; Sun and Liang 2013). Trace-
elementmodeling shows that the protoliths of type I
amphibolites couldbeproducedbyabout10%partial
melting of depleted spinel lherzolites (McKenzie and
O’Nions 1991, 1995; Aldanmaz et al. 2000; fig. 11).
Such mantle source and melting degree are compa-
rable to those of N-MORB beneath global mid-ocean
ridges (e.g., Salters and Stracke 2004; Workman and
Hart 2005). In the Hf/3-Th-Ta tectonic discrimina-
tion diagram (fig. 12a), these amphibolites exclu-
Figure 8. Binary plots showing compositional variation of the amphibolites from the Irtysh Complex, Chinese Altai.
The symbols are as in figure 5. A color version of this figure is available online.
.204.164 on February 23, 2020 01:07:09 AM
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sivelyplotwithintheN-MORBarea.Takentogether,
our data suggest that the protoliths of type I amphib-
olitesare likely tobeN-MORB-typebasalts thatwere
generated in amid-ocean ridge setting.
Type II Amphibolites. Type II amphibolites

possess Mg# values, as well as Cr and Ni contents,
slightly higher than those of type I (table S2), sug-
gesting that the protoliths of this type underwent a
lower degree of olivine and/or pyroxene fraction-
ation. The absence of negative Eu anomalies (fig. 6c)
further implies negligible fractionation of plagio-
clase, which can be reflected by the relatively high
Al2O3 contents in these rocks.
The trace-element features of type II amphibolites

are almost identical to those of E-MORB (Sun and
McDonough 1989), showing enrichment of LREEs,
positive Nb anomalies, relatively high Nb/Yb, Th/
Yb, and La/Sm ratios, and low Ba/Th and Th/Nb
ratios (figs. 6c, 6d, 10, 11). In addition, these rocks all
plot within the E-MORB field in the Hf/3-Th-Ta tec-
tonic discrimination diagram (fig. 12a). These data
suggest that the protoliths of type II amphibolites
likely represent E-MORB-type basalts. Furthermore,
the low Ti/Y and Zr/Y ratios suggest their close geo-
chemical affinity to plate margin basalts that could
possibly have formed either in amid-ocean ridge set-
ting or in an active margin–related setting (Pearce
et al. 1977;fig. 12b). Although someprevious studies
proposed that E-MORB-like basaltic rocks could be
generated in an environment away from mid-ocean
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ridges,suchas inbackarcbasinswherespreadingaxes
are located far from the island arcs (e.g., Taylor and
Martinez 2003; Pearce and Stern 2006; Bézos et al.
2009), the basaltic rocks formed in such a setting
generally show certain enrichment of LILEs and de-
pletion of HFSEs due to minor contribution of sub-
duction components to their mantle source, as ex-
emplified by the basaltic rocks from the Okinawa
Trough (Shinjo et al. 1999) and the Mariana Trough
(Gribble et al. 1998). The absence of subduction-
related trace-element signature for type II amphibo-
lites thus rules out the formation of their protoliths
in a backarc basin-related setting but supports amid-
ocean ridge environment. In the latter case, interac-
tion between amid-ocean ridgemagma and amantle
plume (Schilling 1973; Douglass et al. 1999), low-
Figure 9. Metamorphic conditions of representative am-

phibolites from the Irtysh Complex, Chinese Altai. The
subdivision of diverse metamorphic facies is based on
Zheng and Chen (2017). Metamorphic facies: LG p low
grade; GS p greenschist facies; BS p blueschist facies;
PA p plagioclase amphibolite facies; GR p granulite fa-
cies. Minerals: Kyp kyanite; Andp andalusite; Silp sil-
limanite. A color version of this figure is available online.
Figure 10. Nb/Yb-versus-Th/Yb (a; after Pearce 2008)
and Th/Nb-versus-Ba/Nb (b) diagrams showing geochemi-
cal variations of the amphibolites from the Irtysh Com-
plex, Chinese Altai. The symbols and data sources are as
in figures 5 and 7. MORB p mid-ocean ridge basalt; N-
MORB p normal MORB; E-MORB p enriched MORB;
OIBp ocean island basalt. A color version of this figure is
available online.
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degree melting of mantle source similar to that
of N-MORB (Choe et al. 2007; Husen et al. 2016),
or partial melting of a relatively fertile mantle (Niu
et al. 1999; Donnelly et al. 2004; Waters et al. 2011)
could possibly account for the enriched trace-element
characteristics of E-MORB-type basalts. However,
the absence of ocean island basalt (OIB)–type lavas in
the Irtysh shear zone, Chinese Altai, and the north-
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ern margin of East Junggar (Xiao et al. 2009 and ref-
erences therein; Zhang et al. 2009) argues against
plume-ridge interaction to produce the protoliths of
type II amphibolites. Instead, geochemical modeling
indicates that these amphibolites could have been
originally produced by !5% partial melting of a de-
pleted mantle source (i.e., spinel lherzolite; fig. 11).
A higher melting degree would be expected if the
Figure 11. La/Sm-versus-Sm/Yb diagram (after Cai et al. 2010 and references therein) for the amphibolites from the
Irtysh Complex, Chinese Altai. Mantle array is defined by depleted mid-ocean ridge basalt (MORB) mantle (DMM;
McKenzie and O’Nions 1991) and primitive mantle (PM; Sun and McDonough 1989). Melting curves for spinel (Spl)
lherzolite (Ol53 1Opx27 1Cpx17 1 Sp11) and garnet (Grt) lherzolite (Ol60 1Opx20 1Cpx10 1Gt10) with both DMM and
PM compositions are after Aldanmaz et al. (2000). Numbers along lines represent the degree of the partial melting.
The symbols are as in figures 5 and 10. A color version of this figure is available online.
Figure 12. Hf/3-Th-Ta diagram (a; after Wood 1980) and Ti/Y-versus-Zr/Y diagram (b; after Pearce et al. 1977)
showing geochemical variations of the amphibolites from the Irtysh Complex, Chinese Altai. The symbols are as in
figures 5 and 7. N-MORBp normal mid-ocean ridge basalt; E-MORBp enriched MORB. A color version of this figure
is available online.
.204.164 on February 23, 2020 01:07:09 AM
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mantle source was more fertile. Although uncer-
tainties about the fertility of the mantle source, and
accordingly the melting degree, exist for type II am-
phibolites, their εNd(284 Ma) values (ca. 6.5), similar
to those of type I (εNd(284 Ma) p 6:9–8:5; table S3;
fig. 7), support that the precursor magmas of the pro-
tolith for the two types of amphibolites both came
from depleted mantle.
Type III Amphibolites. The elevated Mg# val-

ues, as well as Cr and Ni contents, for type III am-
phibolites (table S2) imply that their protoliths un-
derwent negligible fractionation of olivine and/or
pyroxene and therefore might be approximately in
equilibriumwith their mantle source. In contrast to
the other two types, type III amphibolites are char-
acterized by lower REE and HFSE contents and Sm/
Yb and Zr/Yb ratios (fig. 6e, 6f), implying a more
depleted mantle source that had experienced previ-
ous melt extraction.
Type III amphibolites are characterized by diag-

nosticHFSEdepletion (e.g.,Nb,Zr,Hf, andTi;fig. 6f)
and Nb/La ratios (0.21–0.31) much lower than those
of N-MORB and E-MORB (0.93 and 1.32, respec-
tively; Sun and McDonough 1989). In addition,
these amphibolites all plot above the MORB-OIB
mantle array in the Nb/Yb-versus-Th/Yb diagram
(fig. 10a), indicating enrichment of Th. Such geo-
chemical features suggest that their protoliths were
probably generated in an arc settingwith significant
contribution of slab-derived components. This is
consistentwith their geochemical affinities to island
arc basalts, asmanifested in theHf/3-Th-Ta tectonic
discrimination diagram (fig. 12a). In general, LILEs
(e.g., Ba andPb) aremobile in hydrousfluid,while Th
is more preferentially incorporated in siliceous melt
(e.g., Elliott et al. 1997). Themuch higher Ba/Th and
Th/Nb ratios for type III amphibolites (fig. 10b),
relative toN-MORB (Ba=Th p 52:5; Th=Nb p 0:05)
and E-MORB (Ba=Th p 95; Th=Nb p 0:07; Sun and
McDonough 1989), therefore imply that slab-derived
hydrous fluid and siliceous melt possibly both con-
tributed to their protoliths.
Since type III amphibolites show block-in-matrix

structures in the field (fig. 2), a typical feature of
tectonicmélange (Festaetal.2010;Hajnáetal.2014),
and the Irtysh shear zone does not represent an arc
(Xiao et al. 2009), these amphibolites or their pro-
toliths possibly came fromadjacent geological units as
tectonic blocks. To the north of the Irtysh Complex,
Chinese Altai underwent intense subduction-related
activities in the Devonian, generating voluminous
intermediate-felsic igneous rocks and subordinate
mafic-ultramafic counterparts (e.g.,Wang et al. 2006,
2009a; Yuan et al. 2007; Sun et al. 2009b; Cai et al.
2010, 2012; Liu et al. 2012; Chen et al. 2016a; Jiang
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et al. 2016). Among these, the ca. 388 Ma Ashele ba-
salts in northwestern Chinese Altai have primitive
major-element compositions (Mg# p 61:8–69:7), low
REE concentrations, insignificant differentiation of
REEs, and depletion of HFSEs (Wu et al. 2015;fig. 6e,
6f), therefore being quite similar to type III amphibo-
lites. However, these basalts are distinctive in having
positive P anomalies, which are in sharp contrastwith
the geochemistry of type III amphibolites (fig. 6f),
and have more depleted Nd isotopic compositions
(εNd(284 Ma) p 7:0–9:1; fig. 7b; recalculation from
the data by Wu et al. 2015). As such, the Ashele ba-
salts seemunlikely to serve as theprotoliths of type III
amphibolites. South, but adjacent to the Irtysh shear
zone, is the Dulate arc of East Junggar (fig. 1), where
extensive Devonian to Carboniferous subduction-
related volcanic rocks crop out (Zhang et al. 2008,
2009; Su et al. 2012). We note that the ankaramites
from the middle Devonian Beitashan formation
(Zhang et al. 2008), whichwere thought to represent
immature island arc products by northward sub-
duction of the Junggar Ocean (Zhang et al. 2008 and
references therein), show both positive P anomalies
and other trace-element signatures as well as whole-
rock Nd isotopic compositions almost identical to
those of type III amphibolites (figs. 6e, 6f, 7b). This
implies that the protoliths of these amphibolites
were possibly same as the ankaramites from the
Dulate arc.

Late Paleozoic Accretionary Processes along the
SouthernPeri-SiberianOrogenic System. Asdiscussed
above, the protoliths of amphibolites within the
Irtysh Complex are characterized by diverse origins
and came from different tectonic settings, that is, a
mid-ocean ridge and an island arc. Importantly, their
occurrence as either lenticular blocks or intercalated
sliverswithintheparaschists/gneisses (fig.2) andtheir
close spatial association with cherts, limestones, and
gneissic granitoids (Briggs et al. 2007; Xiao et al. 2009
and references therein; Li et al. 2015a, 2017) support
that the Irtysh Complex probably represents an ac-
cretionary prism. Recent detrital zircon U-Pb-Hf iso-
topic data revealed that the protoliths of the meta-
sedimentary rocks from this complex were likely
sourced fromChineseAltai, notEast Junggar (Li et al.
2015a, 2017). This indicates that the Irtysh Com-
plex was possibly built upon the southern margin of
Chinese Altai, receiving sediments from the eroded
products of this tectonic unit.
Paleogeographic reconstruction suggests that the

Kazakhstan continent and adjacent intraoceanic arcs
of the Junggar terrane were possibly located in the
central part of the Paleo-Asian Ocean in the Early De-
vonian, dividing this giant ocean into four branches
(i.e., the Ob-Zaisan, Uralian, Turkestan, and Junggar-
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Balkhash Oceans; Filippova et al. 2001; Windley et al.
2007; fig. 13a). The voluminous Devonian arc-type
igneous rocks in the Altai Orogen, including the seg-
ment in China (i.e., Chinese Altai), were attributed to
northward subduction of the Ob-Zaisan Ocean along
the southern margin (present coordinates) of the peri-
Siberian orogenic system (fig. 13a; e.g., Wang et al.
2006;Yuanet al. 2007; Sunet al. 2009b;Cai et al. 2010,
2011, 2012; Glorie et al. 2011; Kruk et al. 2011; Liu
et al. 2012; Chen et al. 2016a; Jiang et al. 2016). We
propose that the protoliths of type I and II amphib-
olites probably represent the relicts scraped off from
the crust of this oceanic branch when it subducted
beneath the active margin of Chinese Altai (fig. 13b).
The absence of peridotites (i.e., deeper parts of the
oceanic lithosphere of the Ob-Zaisan Ocean) within
the Irtysh Complex might imply a rugged topography
for the oceanic plate entering the subduction zone
(Hajná et al. 2014), with only the uppermost layer
being plucked. Because the arc activity in East Jung-
gar was predominantly in the Devonian to Car-
boniferous (Xiao et al. 2009; Zhang et al. 2009; Li
et al. 2017 and references therein), the identification
of Ordovician gneissic granitoids within the Irtysh
This content downloaded from 147.008
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Complex, which have ages and geochemistry com-
parable to those of Chinese Altai (Briggs et al. 2007;
Cai et al. 2011), implies that some lithological units
of the overriding plate were also incorporated during
thesubduction-accretionprocesses. Importantly, the
youngest detrital zircon age of ca. 322Ma for the meta-
sedimentary units of this complex (Li et al. 2015a), in
combination with the identification of ca. 313 Ma
arc-related magmatism in Chinese Altai (Cai et al.
2012), suggests that the subduction-accretion along
the southern margin of the peri-Siberian orogenic
system lasted at least until the late Carboniferous
(fig. 13b), therefore arguing against amalgamation
between Chinese Altai and East Junggar in the Late
Devonian, as proposed by Hong et al. (2017). After
consumptionof the Ob-Zaisan Ocean (!313Ma), the
accretion of East Junggar to the Altai Orogen ulti-
mately brought themagmatic products of theDulate
arc, as represented by the protoliths of type III am-
phibolites, into the Irtysh Complex, possibly by tec-
tonic mingling (fig. 13c). This complex therefore
documents multiple lateral growth of an accretion-
ary prism along the southern margin of the peri-
Siberian orogenic system.
Figure 13. a, Paleogeographic reconstruction diagram (modified after Filippova et al. 2001 and Windley et al. 2007)
showing that the Kazakhstan continent and the intraoceanic arcs of the Junggar terrane were situated in the central
part of the Paleo-Asian Ocean (PAO) ca. 390 Ma. The Altai Orogen, as part of the peri-Siberia orogenic system, was
under subduction of the intervening Ob-Zaisan Ocean (i.e., a branch of the PAO) between this orogenic system and
the Kazakhstan-Junggar orogenic collage. BL p Barlyk arc; ChTS p Chinese Tien Shan; CTS p Central Tien Shan;
KHMp Khanty-Mansi; MG pMagnitogorsk; NTS p North Tien Shan; NUpNorth Urals; STS p South Tien Shan;
and WS p West Sayan. b–d, Schematic cartoons illustrating the accretionary and collisional processes between the
Altai Orogen and East Junggar. A color version of this figure is available online.
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Permian Metamorphism and Its Tectonic Implication.
Metamorphic zircons fromsampleC15-23 (i.e., typeI
amphibolite) yield a weightedmean 206Pb/238U age of
283:65 1:9 Ma (fig. 4), suggesting that amphibolite
facies metamorphism took place in the early Perm-
ian. Equilibrated amphibole-plagioclase pairs from
six representative amphibolites were selected to con-
strain the metamorphic pressure-temperature con-
ditions through combined aluminum-in-hornblende
barometry (Schmidt 1992; Anderson and Smith 1995)
and a hornblende-plagioclase thermometer (Blundy
andHolland1990;HollandandBlundy1994).Thefive
amphibolites without garnet porphyroblasts (sam-
ples C15-6, 12, 16, 19, and 22) show relatively ho-
mogeneousmetamorphic temperatures ranging from
6517 to 7067C (average: 6887C) and varied metamor-
phic pressures of 5.18–6.95 kbar (average: 6.17; fig. 9;
table S4). The garnet amphibolite (sample C15-25)
yields comparable metamorphic pressures of 5.33–
6.29 kbar (average: 5.92) but shows slightly higher
metamorphic temperatures of 7437–7667C (average:
7557C; fig. 9; table S4). Despite the subtle differences
among individual samples, the calculated pressure-
temperature conditions exclusively point out that the
Irtysh shear zone was under a high geothermal gra-
dient of 307–457C/km (fig. 9) at ca. 284 Ma. This is
consistent with the wide occurrence of coeval leu-
cogranitic/granitic dikes and migmatites by crustal
remelting and high-temperature metamorphism
within the same tectonic unit (Han et al. 2006; Tong
etal.2006a, 2006b, 2014b; Briggsetal.2007;Gongetal.
2007;Zhang et al. 2012; Yang et al. 2015; Hong et al.
2017; Li et al. 2017). The above data imply that the
Irtysh shear zone was under an uncommon tectonic
setting involving remarkably high heat flux from a
deep-seated source in the early Permian.
Recently, on the basis of structural investigation,

Li et al. (2015a, 2015b, 2017) proposed that the
amalgamation between East Junggar and Chinese
Altai in the late Paleozoic involved an initial episode
of contraction and crustal thickening, which was
followed by extensional tectonics, as indicated by
subhorizontal foliations and orogen-parallel stretch-
ing lineations (Li et al. 2017). As discussed in “Late
Paleozoic Accretionary Processes along the South-
ern Peri-Siberian Orogenic System,” Chinese Altai
was possibly still an active continental margin set-
ting at ca. 313 Ma. Therefore, the ca. 295 Ma high-
temperature metamorphism recorded by the meta-
morphic zircon rims from the mica schist and
migmatite from the Irtysh Complex (Li et al. 2015a,
2017)may suggest that the orogenic thickening took
place between ca. 313 and 295 Ma. Moreover, the
ca. 299 Ma high-temperature and low-pressure meta-
morphism identified along the southern margin of
This content downloaded from 147.00
All use subject to University of Chicago Press Term
Chinese Altai (Wang et al. 2014a) implies that the
syn-/postcollisional extension, in association with
high heat fluxes, might have been initiated as early
as the earliest Permian. Data compilation (table S5),
including thenewlyobtainedmetamorphicage in this
study, shows that the high- to ultrahigh-temperature
metamorphism within the Irtysh shear zone and the
southern margin of Chinese Altai lasted from ca. 299
to 269 Ma (fig. 14; Chen et al. 2006a, 2006b; Wang
et al. 2009b, 2014a; Z. Li et al. 2014;Tong et al. 2014a;
P. Li et al. 2015a, 2017). Importantly, these meta-
morphic records are broadly coeval with the spati-
ally associated mafic intrusions with an astheno-
spheric origin (fig. 14; Han et al. 2004; Zhang et al.
2010, 2014; Wan et al. 2013; Yang et al. 2015; Cai
et al. 2016) and crust-derived felsic magmatism (i.e.,
leucogranitic/granitic dikes, granitic plutons, and leu-
cosomes within migmatites; Wang et al. 2005; Han
et al. 2006; Tong et al. 2006a, 2006b, 2014b; Briggs
Figure 14. Age distributions of the Permian magmatic
rocks and high- to ultrahigh-temperature metamorphism
along the Irtysh shear zone. The data sources are sum-
marized in table S5, available online. A color version of
this figure is available online.
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et al. 2007;Gong et al. 2007;Zhouet al. 2007a, 2007b,
2009; G. Sun et al. 2009a; M. Sun et al. 2009b; Gao
et al. 2010; Ren et al. 2011; Li et al. 2012; Zhang et al.
2012; Yang et al. 2015; Cai et al. 2016; Hong et al.
2017). Given that 40Ar/39Ar studies suggest a major
cooling event through hornblende/mica closure tem-
perature ca. 280–270 Ma (Briggs et al. 2007; Li et al.
2017), it remains enigmatic whether the syn-/post-
collisional extension lasteduntil ca. 269Ma.However,
the resultant elevated heatfluxes in the early Permian
likely triggered high- to ultrahigh-temperaturemeta-
morphism and promoted partial melting of preexist-
ing crust to formgraniticmagmatismwithorwithout
input of mantle-derived mafic melts (fig. 13d). These
contributed significantly to the vertical differentia-
tion and possible growth of continental crust along
the Irtysh shear zone.
Conclusions

1. Three types of amphibolites are identified within
the Irtysh Complex, Chinese Altai. The protoliths
of type I and type II are N-MORB- and E-MORB-
type basalts, respectively, which possibly represent
crustal relicts of the Ob-Zaisan Ocean between the
peri-Siberian and Kazakhstan-Junggar orogenic sys-
tems. In contrast, ankaramites from the Dulate arc
of East Junggar or chemical equivalents possibly
served as the protoliths of type III amphibolites.

2. The Irtysh Complex represents an accretion-
ary prism built upon the southern margin of Chi-
This content downloaded from 147.008
All use subject to University of Chicago Press Terms
nese Altai, and the subduction-accretion continued
until ca. 313 Ma.

3. The Chinese Altai (i.e., part of the peri-Siberian
orogenic system) and East Junggar (i.e., part of the
Kazakhstan-Junggar orogenic system) collided be-
tween ca. 313 and 299Ma, followed by an episode of
extension in the early Permian. In the latter process,
upwelling ofmantle-derivedmelts gave rise to high-
to ultrahigh-temperature metamorphism and crustal
melting.
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