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ABSTRACT

Flow of partially molten crust is a key 
contributor to mass and heat redistribution 
within orogenic systems, however, this pro-
cess has not yet been fully understood in ac-
cretionary orogens. This issue is addressed 
in a Devonian migmatite-granite complex 
from the Chinese Altai through structural, 
petrological, and geochronological investiga-
tions presented in this study. The migmatite-
granite complex records a gradual evolution 
from metatexite, diatexite to granite and 
preserves a record of two main Devonian 
phases of deformation designated D1 and 
D2. The D1 phase was subdivided into an 
early crustal thickening episode (D1B) and a 
later extensional episode (D1M) followed by 
D2 upright folding. The D1M episode is as-
sociated with anatexis in the deep crust. Ver-
tical shortening, associated with D1M, gave 
rise to the segregation of melt and formation 
of a sub-horizontal layering of stromatic 
metatexite. This fabric was reworked by the 
D2 deformation associated with the migra-
tion of anatectic magma in the cores of F2 
antiforms. Geochronological investigations 
combined with petro-structural analysis 
reveal that: (1) D1M partial melting started 
probably at 420−410 Ma and formed sub-
horizontal stromatic metatexites at ∼30 km 
depth; (2) The anatectic magma accumu-
lated and migrated when a drainage net-
work developed, as attested by the pervasive 

formation of massive diatexite migmatites, 
at 410−400 Ma; (3) Soon after, massive flow 
of the partially molten crust from orogenic 
lower to orogenic upper crustal levels, as-
sisted by the interplay between D2 upright 
folding and magma diapirism, led to migma-
tite-granite emplacement in the cores of re-
gional F2 antiforms that lasted until at least 
390 Ma; (4) a terminal stage was manifested 
by the emplacement of 370−360 Ma granite 
dykes into the surrounding metamorphic 
envelope. We propose that Devonian ana-
texis assisted by deformation governed first 
the horizontal and then the vertical flow of 
partially molten orogenic lower crust, which 
drove crustal flow, mass redistribution, and 
crustal differentiation in the accretionary 
system of the Chinese Altai.

1.  INTRODUCTION

Exposed orogenic roots are commonly char-
acterized by the presence of migmatites and 
associated granitic plutons, attesting to consid-
erable crustal anatexis (Whitney et  al., 2004; 
Brown, 2010; Weinberg et  al., 2018). Crustal 
anatexis plays an important role in the evolution 
of orogens because it strongly influences the 
thermal and rheological behavior of orogenic 
crust. It has been shown that the presence of even 
a low volume of melt (∼7 vol%) can significantly 
decrease rock strength (Rutter and Neumann, 
1995; Rosenberg and Handy, 2005; Závada 
et  al., 2007), which can form mechanically 
weak zones in the crust responsible for lateral 
displacements (Kruckenberg et al., 2011; Betka 
and Klepeis, 2013; Whitney et al., 2013). In re-
gions of continental collision, the over-thickened 

crust is generally associated with intense duc-
tile deformation and extensive partial melting 
at deep crustal levels (e.g., Vanderhaeghe et al., 
2003). The presence of this hot, partially mol-
ten material in the deep crust has been imaged 
by geophysical surveys in a number of modern 
mountain belts, notably the Himalayan-Tibetan 
system (e.g., Nelson et al., 1996; Unsworth et al., 
2005). Here, crustal flow is in response to gravity 
or tectonic stresses on scales of tens to hundreds 
of kilometers (Clark and Royden, 2000; Royden 
et al., 2008; Brown, 2010; Jamieson et al., 2011).

Collisional orogens can form thickened oro-
genic root systems where continental crust can 
reach 70 km thick or more (e.g., Le Pichon 
et al., 1997). In contrast, accretionary orogens 
are characterized by moderate or negligible 
thickening as demonstrated, for instance, by 
the Ryoke Belt in southwest Japan (Uyeda and 
Miyashiro, 1974; Skrzypek et al., 2016). Con-
sequently, crustal melting in collisional orogens 
is commonly associated with contemporaneous 
ultra-high pressure metamorphism (e.g., Zhang 
et al., 2010; Labrousse et al., 2015; Štípská et al., 
2019; Závada et al., 2018), whereas in accretion-
ary orogens melting tends to develop during low-
pressure/high-temperature metamorphism (Col-
lins, 2002; Hyndman et al., 2005; Brown, 2010). 
Given that accretionary orogens commonly 
contain abundant fertile components, crustal 
anatexis can produce a large amount of melt 
that influences the rheology of the lower crust 
and thermal budget of the whole orogen (Col-
lins and Richards, 2008; Brown, 2009; Weinberg 
et al., 2013; Weinberg et al., 2018). However, our 
knowledge of crustal flow in hot and partially 
molten accretionary orogens remains fragmental 
(e.g., Lehmann et al., 2017).†Corresponding author: jiangyd@gig.ac.cn.
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Migmatite-granite complexes, representing 
exhumed anatectic orogenic lower crust, high-
light the important interplay between crustal 
melting and deep crust flow during orogen-
esis (Whitney et al., 2004). Migmatite-granite 
complexes have been increasingly recorded in 
accretionary orogenic systems and carry impor-
tant clues regarding both horizontal and vertical 
movements of partially molten crust (Norlander 
et  al., 2002; Gervais et  al., 2010; Broussolle 
et al., 2015; Jiang et al., 2015, 2019; Zhang et al., 
2015). In this contribution, we focus on a typical 
migmatite-granite complex in the Chinese Altai 
that represents one of many high-grade cores 
of the Central Asian Orogenic Belt (CAOB, 
also called the Altaids or the Altaid Collage) 
(Fig. 1A). The Chinese Altai was originally a 
segment of a huge Late Cambrian–Ordovician 
sedimentary accretionary wedge formed dur-
ing the long-lasting retreat of the Paleo-Pacific 
subduction system (Jiang et al., 2017). It was 
strongly reworked during the Devonian oro-
genic event (420−360 Ma), which led to wide-
spread crustal anatexis and magmatism forming 
granulite-facies orogenic lower crust (Cai et al., 
2011b; Jiang et al., 2016, 2019). This orogenic 
lower crust is exposed in cores of migmatite-
granite complexes alternating with lower grade 
metasedimentary sequences in both Chinese and 
Mongolian parts of the Altai Range (Broussolle 
et al., 2015; Jiang et al., 2016). These complexes 
offer an excellent natural laboratory to study the 
relationships between melt transfer and defor-
mation (e.g., Lehmann et al., 2017).

In this study, the process of flow of anatec-
tic lower crust is examined by investigating the 
structural, metamorphic, and temporal evolution 
of a typical migmatite-granite complex and its 
metamorphic envelope in the western Chinese 
Altai. Here, high-precision geochronological 
constraints on the timing and duration of crustal 
anatexis and deformation are provided by zircon 
U-Pb dating of selected migmatites and granitic 
rocks. Our results reveal that Devonian anataxis, 
assisted by deformation, governed first the hori-
zontal and then the vertical flow of the partially 
molten orogenic lower crust. This process led 
to mass and heat redistribution in the partially 
molten accretionary wedge and its transforma-
tion into a mature continent crust.

2.  GEOLOGICAL FRAMEWORK

As the world’s largest accretionary system, 
the CAOB extends from the Ural Mountains to 
the west to the Pacific Ocean to the east and from 
the Siberian Craton to the north to the North 
China and Tarim Craton to the south (Fig. 1A). 
This giant accretionary system is character-
ized by a long-lived accretionary process that 

lasted from the Neoproterozoic to late Paleozoic 
(Şengör et al., 1993; Windley et al., 2007; Wil-
hem et al., 2012). Such a prolonged accretion 
process involved the amalgamation of differ-
ent geological units and oroclinal bending, thus 
generating complicated patterns of magmatism, 
metamorphism, and deformation (e.g., Lehmann 
et al., 2010; Xiao et al., 2015). The main geo-
logical units that constitute the CAOB include 
Precambrian continental fragments, Paleozoic 
arcs, ophiolites, accretionary wedges, and arc-
related basins (Coleman, 1989; Buslov et  al., 
2004; Xiao et al., 2009, 2015). Xiao et al. (2015) 
proposed that the CAOB could be subdivided 
into three main collage systems: the Mongolian 
Collage in the east, the Kazakhstan Collage in 
the west, and the Tarim-North China Collage 
in the south (Fig. 1A). The Mongolian Collage 
is centered on Precambrian micro-continental 
blocks (namely Tuva-Mongolia, Zabkhan, 
and Baydrag) overthrusted by late Proterozoic 
ophiolites and accretionary wedges during an 
Early Cambrian accretionary event (Štípská 
et al., 2010; Buriánek et al., 2017; Jiang et al., 
2017). This event was followed by long-lasting 
subduction of oceanic crust which gave rise to 
the generation of the ∼1800-km-long Cambro-
Ordovician Ikh-Mongol arc system forming a 
rim at the western margin of the Precambrian 
micro-continental blocks (Fig.  1B, Janoušek 
et al., 2018). Meanwhile, a coeval ∼2500-km-
long volcano-sedimentary unit, formed the Altai 
accretionary wedge, developed along the margin 
of the arc system (Fig. 1B) (Jiang et al., 2017; 
Soejono et  al., 2018). The Altai accretionary 
wedge was subsequently reworked during the 
Devonian–Carboniferous, leading to significant 
crustal anatexis and magmatism, clustered at 
420−360 Ma (Demoux et al., 2009; Cai et al., 
2011b; Hanžl et al., 2016; Jiang et al., 2016). 
This widespread anatexis also resulted in the 
formation of a large number of Paleozoic high-
grade metamorphic domains cored by partially 
molten migmatite-granite complexes, typically 
developed in the southern margin of the Altai 
Range (Broussolle et al., 2015; Jiang et al., 2015; 
Hanžl et al., 2016; Lehmann et al., 2017).

The Chinese segment of the Altai wedge, 
namely the Chinese Altai is separated to the 
south from the Devonian–Carboniferous Jung-
gar arc domain by the NW-trending Erqis Fault 
(Fig. 1C) (Li et al., 2015a, 2015b; Xiao et al., 
2009). The Chinese Altai is characterized by 
exhumed migmatite-granite complexes alternat-
ing with a low-to-medium-grade metamorphic 
Ordovician and Devonian sedimentary sequence 
(Zhuang, 1994; Jiang et al., 2015, 2016; Zhang 
et al., 2015; Broussolle et al., 2019; Jiang et al., 
2019) (Fig.  1C). The Ordovician sedimentary 
sequence, named the Habahe Group, is the old-

est and most widely distributed sedimentary 
sequence. It experienced intense and multiple 
deformation events and greenschist- to amphib-
olite-facies metamorphism, forming schists and 
gneisses (Long et al., 2008; Sun et al., 2008). 
The protolith of the Habahe Group mainly con-
sists of quartzo-feldspathic clastic turbidites and 
pyroclastic rocks (Long et al., 2008; Jiang et al., 
2011). These rocks were previously considered 
to represent passive margin sediments (Chen and 
Jahn, 2002), but recently published geochemical 
data have indicated that they are compositionally 
similar to greywacke and have been reinterpreted 
as active margin sediments (Long et al., 2008). 
This is supported by the fact that more than 70% 
of the detrital zircons from the Habahe Group 
have positive zircon εHf(t) values, suggesting 
that the metasedimentary rocks contain abundant 
young and geochemically primitive components 
(Cai et al., 2011a).

The Devonian sedimentary sequence con-
sists of weakly metamorphosed volcanic and 
pyroclastic rocks (Broussolle et al., 2019; Jiang 
et al., 2019). Some Devonian volcanic rock se-
quences have bimodal geochemical characteris-
tics and are thought to have been generated in an 
extensional environment either due to back-arc 
spreading (Xu et al., 2003; Wan et al., 2011) or 
associated with retreat of the Paleo-Pacific sub-
duction system (Jiang et al., 2019; Li et al., 2019; 
Cui et al., 2020).

2.1.  Overview of the Devonian Deformation, 
Metamorphism, and Magmatism

The Altai accretionary wedge was trans-
formed into a mature orogenic belt during a 
Devonian orogeny as manifested by multiple 
phases of deformation, regional-scale metamor-
phism, and widespread intrusion of Circum-
Pacific S-type granites (Qu and Zhang, 1994; 
Wang et al., 2006; Wei et al., 2007; Cai et al., 
2011b; Jiang et al., 2015, 2016, 2019; Li et al., 
2017). As a consequence, the crust of the Chi-
nese Altai represents a vertically layered edifice 
broadly formed by granulitized and partially 
molten Habahe Group rocks in the deep crust, 
greenschist- to amphibolite-facies metamor-
phosed but un-molten Habahe Group in the 
middle, and a non- to weakly metamorphosed 
Devonian volcanoclastic succession in the upper 
crust (e.g., Broussolle et al., 2018). Jiang et al. 
(2019) further defined these three rock pack-
ages as orogenic lower crust roughly 25–35 km 
depth, orogenic middle crust 8–25 km depth, and 
orogenic upper crust 0–8 km depth (see details 
in fig. 15A of Jiang et al., 2019). However, this 
layered crustal structure does not correspond to 
the geophysical subdivisions of continental crust 
into a mafic lower, an intermediate middle, and 
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Figure 1. (A) Geological map showing tectonic location of the Central Asian Orogenic Belt (modified after Windley and Xiao, 2018). Extents 
of the Mongolian Collage System, the Kazakhstan Collage System, and the Tarim-North China Collage System are indicated. The inferred 
contact between the Mongolian and Kazakhstan collage systems is indicated by a dashed line. (B) A simplified geological map showing 
major tectono-lithological units of the Mongolian Collage System and the location of the Chinese Altai (modified after Jiang et al., 2017). 
Extent of the Ikh-Mongol arc system is outlined. (C) Geological map of the Chinese Altai showing main lithological units (modified after 
Jiang et al., 2016).
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a felsic upper crust (Christensen and Mooney, 
1995), but it reflects the degree of metamorphic 
and magmatic differentiation of an originally 
lithologically homogeneous accretionary wedge 
(Guy et  al., 2020). This primary, vertically 
stratified crust was affected by two orthogonal 
important regional-scale folding events during 
the Mid-to-Late Devonian and Early Permian, 
respectively (Jiang et  al., 2015, 2019; Zhang 
et al., 2015; Broussolle et al., 2019). The Devo-
nian folding reflects tectonic switching from ex-
tension to shortening under a supra-subduction 
regime, while the Permian folding marks the col-
lision between the Chinese Altai and the Jung-
gar domain to the south (Fig. 1) (Li et al., 2017; 
Jiang et al., 2019; Zhang et al., 2018a, 2018b). 
In the following sections, we summarize the 
published structural, petrological, and geochro-
nological aspects of the Devonian events in the 
Chinese Altai.

2.1.1.  Structural Evolution
An ubiquitous sub-horizontal metamorphic 

foliation developed in both the un-molten and 
molten Habahe Group, which was taken as the 
oldest metamorphic fabric in the region (Brous-
solle et al., 2019; Jiang et al., 2019). Recent stud-
ies suggested that the foliation developed in un-
molten and molten Habahe Group rocks reflect 
distinct tectono-thermal events, despite both be-
ing sub-horizontal (Jiang et al., 2019). The folia-
tion in the un-molten Habahe Group is associat-
ed with recumbent isoclinal folding (Jiang et al., 
2015; Zhang et al., 2015) and contains typical 
Barrovian-type staurolite- and/or kyanite-bear-
ing assemblages (Jiang et al., 2019). In contrast, 
the foliation in the migmatitic Habahe Group 
rocks is commonly associated with extensional 
lock-up shear bands filled with granitic leuco-
somes and contains typical high-temperature/
low-pressure (HT/LP) garnet-sillimanite-K-feld-
spar-cordierite assemblages (Jiang et al., 2015, 
2019). These differences led Jiang et al. (2019) 
to divide S1 into a horizontal S1B foliation and a 
horizontal S1M one in un-molten and migmatitic 
Habahe Group rocks, respectively. Notably, the 
S1M in the molten Habahe Group rocks contains 
S1B staurolite-kyanite relicts (Jiang et al., 2015), 
implying that the S1M overprinted the S1B. These 
petro-structures together with their metamorphic 
pressure-temperature evolution, led Jiang et al. 
(2015) to suggest that the D1B phase of defor-
mation is commonly considered to be a con-
sequence of crustal shortening associated with 
pre-Early Devonian accretion, which led to the 
burial and thickening of the crust. In contrast, 
the D1M phase of deformation is considered to 
be a result of crustal extension which gave rise 
to the formation of horizontal granite sheets in 
the orogenic lower crust and extensional-related 

volcanic basins with bimodal geochemical vol-
canic rocks in the orogenic upper crust (e.g., Xu 
et al., 2003; Wan et al., 2011; Jiang et al., 2016, 
2019). The timing of the D1B crustal shorten-
ing has so far not been well-constrained while 
that of the D1M crustal extension is constrained 
by the zircon U-Pb ages of granites associated 
with melt-present extensional shear bands in the 
partially molten lower crust and by overlying 
rhyolite in the Devonian extensional basins, as 
those in southern Chinese Altai (eg., Chai et al., 
2009; Guo et  al., 2015), all of which yielded 
400–380 Ma ages (Zhang et al., 2015; Brous-
solle et al., 2018; Jiang et al., 2019).

The subsequent main phase of deformation 
(designated D2) is related to a crustal-scale 
shortening that gave rise to numerous NW-
SE–trending upright F2 folds in the region. 
This event has variable expressions at different 
crustal levels. In the orogenic lower crust, D2 
folding resulted in significant transposition of 
early fabrics and formation of a new sub-vertical 
migmatitic-magmatic foliation (S2), implying 
high-temperature conditions (Jiang et al., 2015, 
2019; Zhang et al., 2015). In the orogenic middle 
and upper crust, the pre-existing metamorphic 
foliation (S1B) as well as sedimentary bedding 
(S0) were rotated to upright or moderately dip-
ping positions with local transposition into the 
new S2 foliation (e.g., Broussolle et al., 2018; 
Jiang et al., 2019). The D2 deformation was also 
responsible for the juxtaposition of the orogenic 
lower crust with the orogenic middle and upper 
crust, as exemplified by the fact that migmatite-
granite complexes (the anatectic section of the 
Habahe Group) closely alternate with the lower-
metamorphic grade un-molten Habahe Group 
and the Devonian metasedimentary sequence in 
the region (e.g., Jiang et al., 2016). There are no 
specific age constraints for the D2 upright fold-
ing, but it likely took place soon after the D1M 
extension since the exhumation of the migma-
tites in the core of F2 antiforms is associated 
with the presence of magmas (Jiang et al., 2019).

2.1.2.  Metamorphic History
The Devonian metamorphic evolution of the 

Chinese Altai is characterized by the replace-
ment of a typical middle-temperature/middle-
pressure (MT/MP) Barrovian-type metamor-
phic series by a HT/LP series (Jiang et  al., 
2015). The Barrovian-type metamorphic series 
is marked by the formation of sub-horizontal 
metamorphic isograds from structurally shallow 
chlorite-biotite zone through garnet, staurolite 
zones to structurally deep kyanite and silliman-
ite zones (Jiang et al., 2019). This metamorphic 
fabric was considered synchronous with the first 
thickening phase D1B (see section 2.1.1, Jiang 
et al., 2015). The maximum pressure condition is 

recorded in the kyanite-sillimanite zone, which 
has a P-max of 8 kbar, corresponding to burial 
to a depth of ∼30 km (Fig. 2, Wei et al., 2007; 
Jiang et al., 2015). The burial history is thought 
to have developed during Late Silurian or Early 
Devonian, at least, predating the 400 Ma granites 
that crosscut the Barrovian-type metamorphic 
isograds (Jiang et al., 2019). The prominent De-
vonian metamorphic phase in the Chinese Altai 
is a HT/LP metamorphism marked by the exten-
sive crustal anatexis in the lower crust, where 
the pre-existing Barrovian-type metamorphic 
series re-equilibrated at higher temperatures 
(∼750 °C/7 kbar) and resulted in garnet-K-
feldspar granulite-facies overprint (Fig. 2B, see 
also Jiang et al., 2015, 2019). Phase equilibrium 
modeling suggests that this high-temperature 
metamorphism was connected with either iso-
baric heating or heating associated with mod-
erate pressure decrease (Fig.  2B, Jiang et  al., 
2019). This event was considered to be related 
to the D1M extension (Broussolle et al., 2019; 
Jiang et al., 2019). The timing of the high-tem-
perature metamorphic overprint was constrained 
by U-Pb dating of metamorphic zircon rims in 
migmatites (400−390 Ma, Jiang et al., 2010). 
The sub-horizontal metamorphic isograds were 
subsequently rotated to a near vertical position 
during D2 upright folding (Jiang et  al., 2015, 
2019; Zhang et al., 2015). During this process, 
peak assemblages in most Barrovian-type meta-
morphic zones were rarely re-equilibrated, prob-
ably due to the absence of aqueous fluids (Wei 
et al., 2007; Jiang et al., 2015). However, in the 
orogenic lower crust, the peak assemblages were 
re-equilibrated with melt during D2 as testified 
by the occurrence of cordierite-bearing low-
pressure assemblages in the exhumed migma-
tites (Fig. 2B, Jiang et al., 2019).

2.1.3.  Granites
The Chinese Altai is intruded by large vol-

umes of Devonian granites with U-Pb zir-
con crystallization ages varying from 420 to 
370 Ma, peaking at 400−389 Ma (Cai et  al., 
2011b). They are mainly two-mica granites with 
minor hornblende granodiorites (Wang et  al., 
2006; Yuan et al., 2007; Sun et al., 2008). De-
vonian granitic rocks commonly show arc-type 
geochemical affinities with metaluminous to 
peraluminous compositions (Wang et al., 2006; 
Yuan et al., 2007; Sun et al., 2008; Cai et al., 
2011a). They are thought to be derived from an 
arc-related magmatic source, on account of their 
apparent subduction-related geochemical char-
acteristics (Wang et al., 2006; Yuan et al., 2007; 
Cai et al., 2011b). However, these granites are 
compositionally comparable to melts derived 
from partial melting of the Ordovician Habahe 
Group (Liu et al., 2012; Jiang et al., 2016; Huang 
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et  al., 2020b). Moreover, these granites show 
close temporal and spatial relationships with the 
anatexis of the Habahe Group, as well as their 
geochemical similarities (Jiang et  al., 2016; 
Huang et al., 2020a). Therefore, these authors 
suggested that the majority of Devonian gran-
ites in the Chinese Altai could be explained by 
magmatic recycling of the chemically primitive 
Habahe Group during D1M crustal extension.

2.2.  Overview of Permian Tectono-Thermal 
Evolution

Compared to the Devonian tectono-thermal 
events, the Permian ones are less extensive. 
Permian structures are mainly restricted to 
the southern Chinese Altai, as exemplified by 
SSW-ward thrust systems as well as tight up-
right folding associated with the development 
of penetrative WNW-ESE–trending schistosity 
defining an S3 foliation (Qu and Zhang, 1994; 
Briggs et al., 2007, 2009; Zhang et al., 2012, 
2015; Li et al., 2015a, 2016, 2017; Broussolle 
et al., 2018; Hu et al., 2020). A coeval regional-
scale, orogen-parallel, strike-slip displacement 
also developed at this time, as exemplified by 
the formation of the ∼2000 km WNW-striking 
Erqis Fault (Fig. 1C, see also Laurent-Charvet 
et al., 2003). Associated with the Permian de-
formation, migmatites and granulites were ex-
truded forming km- to dozens of km-wide high-
temperature zones along the southern margin of 
the Chinese Altai (e.g., Broussolle et al., 2018). 
These rocks are characterized by low-pressure/
(ultra) high-temperature metamorphic assem-

blages and contain abundant Permian meta-
morphic zircon and monazite U-Pb ages rang-
ing from 290 to 260 Ma (Briggs et al., 2007; 
Wang et al., 2009; Li et al., 2014; Tong et al., 
2014; Liu et al., 2020). Coeval magmatism is 
expressed by volumetrically small late Paleo-
zoic A-type granitoids or gabbroic bodies dated 
at 300–270 Ma (Wang et al., 2009; Zhang et al., 
2014). These polyphase tectono-thermal events 
are commonly interpreted as an overall response 
to the amalgamation between the Chinese Altai 
and the southerly Junggar arc domain (Li et al., 
2016, 2017; Jiang et al., 2019).

2.3.  Geology of the Study Area

This study focuses on the Tarlang metamor-
phic massif, north of Buerjin city, in the western 
Chinese Altai (Figs. 1C and 3). The massif is 
∼10 km wide and composed mainly of a com-
posite migmatite-granite complex and a meta-
morphic envelope formed by metamorphosed 
but un-molten Habahe Group rocks (Fig. 3) (Ji-
ang et al., 2015; Zhang et al., 2015). The com-
plex mainly consists of granites and migmatitic 
gneisses with rare amphibolites. The granites are 
essentially two-mica granites, some with schlie-
ren-rich structures. The migmatitic gneisses are 
mainly composed of stromatitic to nebulitic 
rocks that represent the partially molten Habahe 
Group rocks (Sun et al., 2008). There is a grad-
ual decrease in leucosome proportions from the 
migmatite-granite complex in the core toward 
its un-molten envelope (Fig.  3). A weakly to 
non-metamorphosed volcanic to volcanoclastic 

succession unconformably overlies the Habahe 
Group (Fig. 3, Jiang et al., 2015). Zircons from 
felsic volcanic rocks of this succession yielded 
Early-Middle Devonian ages of eruption (Zhang 
et al., 2000; Chai et al., 2009; Liu et al., 2010; 
Zhang et al., 2015).

The study area records sub-horizontal, geo-
metrically parallel, foliations in both the un-
molten Habahe Group rocks and the migmatite-
granite complex. The foliation in the former is 
composed of MT/MP Barrovian-type assem-
blages and that in the latter consists of HT/LP 
metamorphic assemblages (Jiang et al., 2015). 
Here, we use terms S1B and S1M for the folia-
tions in un-molten and molten Habahe Group 
rocks, respectively, in accordance with the pre-
vious study of Jiang et al., (2019). The S1M in 
the migmatite-granite complex was dated at 
Middle Devonian (Jiang et al., 2010), whereas 
the precise formation age of S1B has so far been 
undetermined. Previous petro-structural analysis 
illustrated that the S1M contained a garnet-silli-
manite-K-feldspar-bearing mineral assemblage 
with modeled peak temperature-pressure con-
ditions of ∼800 °C/7 kbar (Jiang et al., 2015). 
Structural restorations further interpreted that the 
S1M was a consequence of sub-vertical shorten-
ing associated with orogen-parallel crustal ex-
tension (D1M, Jiang et al., 2015; Zhang et al., 
2015). Inclusions of staurolite and kyanite pre-
served in zoned garnet in same migmatite are 
compatible with an earlier prograde Barrovian 
pressure-temperature path evolving from the 
staurolite-stability field (∼600 °C/6 kbar) to the 
kyanite-stability field (∼700 °C/8 kbar, Jiang 

A  B  

Figure 2. Qualitative pressure (P)-temperature (T) paths for (A) the un-molten Habahe Group (metamorphic envelope) and (B) the mol-
ten Habahe Group (migmatites) metasedimentary rock sequence in the Chinese Altai, central Asia. Prograde paths are deduced from the 
crystallization of the mineral succession in the kyanite and garnet-cordierite zones (Data source from Jiang et al., 2015, 2019; Wei et al., 
2007; Broussolle et al., 2019). Insert sketches show the deformational-metamorphic evolution of un-molten/molten Habahe Group rocks 
at different evolution stages. Note that both molten and un-molten Habahe Group rocks shared a D1B episode of deformation generating 
Barrovian-type metamorphic mineral assemblages. The molten Habahe Group experienced an advanced episode of deformation (D1M) 
forming a migmatitic domain in the orogenic lower crust associated with development of sillimanite-bearing high-temperature foliation 
S1M. Finally, both molten and un-molten Habahe Group rocks were affected by regional F2 upright folding. Mineral abbreviations: cd—
cordierite; grt—garnet; ky—kyanite; sill—sillimanite; st—staurolite; ksp—K-feldspar; ms—muscovite. See text for details.
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et al., 2015). These findings imply a progressive 
burial history of Habahe Group rocks to deep 
crustal levels (30 km or more), during the earli-
est D1B event.

D2 deformation in the study area is character-
ized by upright cylindric F2 folds with NW-SE–
trending axial planes and by significant sub-ver-
tical transposition of older foliations by S2 axial 
planar foliations in the migmatite-granite com-
plex (Jiang et al., 2015). These authors showed 

that an equilibrium mineral assemblage of 
garnet, sillimanite, and cordierite is associated 
with the sub-vertical S2 foliation. Metamorphic 
phase equilibria calculations indicated that the 
migmatite recorded an exhumation path evolv-
ing from the garnet-sillimanite-K-feldspar sta-
bility field (∼800 °C/7 kbar) to the garnet-cordi-
erite stability field (680−710 °C/5.5−6.0 kbar) 
during the D2 event. Previous field mapping 
also shows that the migmatite-granite complex 

was emplaced in the core of a regional-scale F2 
antiform where un-molten Habahe Group rocks 
and the Devonian succession occur in the mar-
ginal synforms surrounding the limbs of the an-
tiform (Fig. 3, Jiang et al., 2015; Zhang et al., 
2015; Wang et al., 2018). The distance from the 
core to the limb of the antiform is locally less 
than 1 km, which can be explained either due to 
thinning of the crust related to D1M extension, 
or due to thinning of the limbs caused by D2 

A

B

Figure 3. (A) Geological map of the study area (western Chinese Altai, see position in Fig. 1C) showing the Tarlang migmatite-granite 
complex and its metamorphic envelope. The attitudes of planar structures and sample locations are indicated. (B) Geological cross-section 
showing structural features of the Tarlang migmatite-granite complex.
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post-buckle flattening, or both, as discussed in 
Jiang et al. (2019).

The D3 fabrics are probably Permian and re-
lated to the regional sinistral movements along 
the Erqis Fault zone to the south (Jiang et al., 
2015; Zhang et al., 2015). In the study area, the 
D3 structure is characterized by the development 
of a main sinistral shear zone in the northeast 
(Fig. 3A), as well as a greenschist-facies my-
lonitic foliation along the contacts between the 
migmatite-granite complex and the Devonian 
sequences (Fig. 3A).

The crystallization ages of granites forming 
the Tarlang migmatite-granite complex range 
from 425 to 389 Ma, documenting a promi-
nent magmatic activity peaking at the Middle 
Devonian (Yuan et al., 2007; Zeng et al., 2007; 
Sun et al., 2008, 2009; Cai et al., 2011b). The 
anatectic event was coeval with this prominent 
magmatism and marked by widespread migma-
tization dated at ca. 390 Ma (zircon U-Pb, Jiang 
et al., 2010).

3.  STRUCTURAL DESCRIPTION 
OF THE MIGMATITE-GRANITE 
COMPLEX

In this study, detailed field work was carried 
out along a section across the Tarlang migmatite-
granite complex. On the basis of petrological 
features, the complex could be subdivided into 
metatexite, diatexite, and granite zones. In the 
following subsections, we describe each litho-
logical zone separately.

3.1.  Metatexite Zone

The metatexite zone occurs mostly in the 
southwestern flank of the complex (Fig.  3). 
These metatexite have two types of protolith. 
The dominant one is the Habahe Group metased-
imentary rocks (including layered metapelite 
to metagraywacke) and the subordinate phase 
consists of meta-granites. The metasedimentary 
rocks are now banded migmatized paragneisses 
(Sun et al., 2008), and they mainly consist of lay-
ered biotite-rich and quartzo-feldspathic bands. 
The metamorphic index minerals sillimanite 
and garnet are always present (Fig.  4A). The 
meta-granites are minor in volume and consist 
of aligned plagioclase, K-feldspar, biotite, mus-
covite, quartz, and minor garnet. Irrespective of 
their protolith, metatexites commonly contain a 
small proportion of cm-wide leucosomes com-
monly <20 vol% (Figs. 4A and 4B). Most leu-
cosomes are interlayered with mesosomes, and 
define an originally sub-horizontal stromatic 
structure (S1M, Fig. 4B). Rare and narrow bio-
tite-rich, muscovite-bearing, mm- to cm-scale 
melanosomes occur locally, separating coarse-

grained leucosome from mesosome (Fig. 4A). 
In the leucosome, coarse-grained and euhedral-
subhedral K-feldspar and plagioclase crystals 
constitute the crystal framework while small an-
hedral quartz are commonly embayed and fill the 
boundaries between feldspar grains (Fig. 4C), a 
texture indicative of crystallization from a melt 
(Sawyer, 2001). In addition, euhedral muscovite 
and plagioclase crystals define a strong magmat-
ic fabric expressed by a preferred orientation of 
long axes of these crystals without any plastic 
deformation and/or recrystallization (Fig. 4D).

In most cases, the horizontal S1M was folded 
by F2 folding events and shows variable mor-
phological features (Figs.  5A–5D), controlled 
by symmetrical, upright, open to tight folds at 
different scales, with limbs that either dip to the 
NE or SW (Figs. 6A and 6D). These F2 folds 
show sub-horizontal hinges with NW-SE strikes 
(Figs. 6A and 6D). Notably, S1-parallel leuco-
somes are continuously connected to axial pla-
nar leucosomes of F2 folds (Figs. 5A, 5B, and 
5D) where they form steeply dipping leucocratic 
veins that truncate the upright F2 fold (Figs. 5A 
and 5D). As F2 folds tightened to isoclinal in 
high strain zones, migmatitic bands were most-
ly transposed into sub-vertical axial-planar S2 
bands (Fig. 5B). These S2 bands dip to the NE at 
high angles (Fig. 6B). In fold limbs, melt-filled 
axial-planar foliation may be associated with 
slip, and may be locally disrupted (Figs. 5C and 
6D). Significantly, leucosomes are progressive-
ly interconnected as networks that could act as 
magma migration channels (Figs. 5D and 6D).

3.2. Diatexite Zone

There is a gradual NE-ward increase in leu-
cosome proportions in the migmatite-granite 
complex, characterized by the transition from a 
metatexite-dominated zone in the SW to a dia-
texite-dominated zone in the NE (Fig. 3). The 
diatexite zone is characterized by a nearly com-
plete transposition of pre-existing S1M foliation 
by steep S2 foliation with the presence of leuco-
somes (Fig. 3). In general, the diatexite contains 
more than 40 vol% of leucosome (Figs. 7A–7E) 
and are compositionally heterogeneous, typical-
ly composed of coarse-grained plagioclase, K-
feldspar, quartz, and muscovite. They commonly 
show non- or weakly foliated structures includ-
ing ghost banding and schlieren, related to the 
disruption of the protolith (Fig. 7A). They also 
have numerous schollen or rafts of metatexite, 
varying from cm- to m-scale, in which internal 
stromatic foliation is preserved (Figs. 7B–7E). 
In the cores of F2 antiforms, schollen are al-
ways elongated preferentially sub-parallel to the 
regional foliation S2 (Fig. 7C), whereas in the 
limbs of F2, schollen are rotated and some show 

sigmoidal shape indicating shearing (Figs. 7D–
7F). In addition, these schollen are dismembered 
to differing degrees, with melt filling the gaps 
(Figs.  7C–7E). Some diatexite also contains 
cm-scale, oriented, thin, and elongated schlie-
ren, composed of biotite aggregates associated 
with garnet, plagioclase, and quartz. They ei-
ther wrap around schollen or occur as aligned 
layers helping define a foliation (Figs. 7A, 7C, 
and 7D). The schlieren can be parallel to sub-
vertical S2 foliation in the core of the F2 folds or 
shallow-dipping in fold limbs (Figs. 7A, 7C, 7D, 
and 7F). These features collectively indicate that 
both schollen and schlieren are deformed during 
pervasive flow of melt. In the core of the com-
plex, the diatexites show magmatic texture char-
acterized by euhedral-subhedral coarse-grained 
quartz and feldspar crystals and ∼120° dihedral 
angles among them (Fig. 7G). Less commonly 
in the rim of the complex, sporadically distrib-
uted diatexites show much smaller grain sizes 
associated with lobated grain boundaries indicat-
ing grain boundary migration recrystallization 
mechanism (Fig. 7H). Such differences in the 
deformation record are probably due to differ-
ent cooling rates between the core and rim of 
the complex.

3.3.  Granites

The NE-ward transition from the diatexite 
zone to the granite zone is characterized by 
gradually decreasing proportions of schollen 
and schlieren (Fig. 8). These massive granitic 
bodies either exhibit upward flow as funnel-
shaped channels or show vertical drag structures 
along the contacts with diatexite (Figs. 8A and 
8B). These upward flowing granitic magmas 
commonly truncate S1M in the neighboring host 
rock (Fig. 8C). Solidification of granitic magma 
forms massive, typically coarse-grained granites 
composed of plagioclase, K-feldspar, quartz, 
biotite, and muscovite as well as minor garnet 
(Figs. 8D). Most granites develop a NW-SE–
trending sub-vertical magmatic S2 defined by 
preferred orientation of biotite and feldspar as 
well as biotite-rich schlieren (Fig. 8E). Alter-
natively, a subsolidus solid-state S2 foliation 
commonly developed in the granite bodies 
that are emplaced along the flanks of the com-
plex (Fig. 8F). In particular, granitic rocks in 
the core of the complex are characterized by a 
strong vertical linear fabric (L2) associated with 
a weak planar fabric (Figs. 9A and 9B). In these 
rocks, euhedral muscovite, plagioclase, and K-
feldspars show preferred alignment (Fig. 9C) 
but do not define a planar structure, as ob-
served on lineation-normal sections (Fig. 9D). 
These features are very similar to the deforma-
tion patterns of a number of migmatite-granite 
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complexes worldwide (Paterson et  al., 1989; 
Schofield and D’Lemos, 1998; Steenken et al., 
2000; Žák et al., 2012), where they have been 
interpreted as indicative of syntectonic emplace-
ment of magmas (Paterson et al., 1989; Scho-
field and D’Lemos, 1998). Besides, granites 
that intruded the Habahe Group metamorphic 
envelope, particularly the Qiongkuer pluton in 
the northeast, commonly develop a significant 
solid-state foliation that is continuous with the 
regional S2 foliation (Fig. 3).

Apart from these granites, some dm- to m-
wide muscovite-bearing granitic dykes intrude 
the surrounding metamorphic envelope with 
sharp, planar borders (Figs. 9E and 9F). These 
dykes display weak magmatic foliation and are 

emplaced parallel to the regional S2 foliation, 
as it is typical of structure-controlled intrusions 
emplaced into cool surrounding rocks.

4.  U-Pb ZIRCON GEOCHRONOLOGY

In order to provide further geochronological 
constraints on the evolution of the complex, rep-
resentative samples selected from the mesosome 
of the metatexite (15BU04, 15BU05), the dia-
texite migmatite (12BU14, 12BU102), and the 
anatectic S-type granite (11BU26, 16BU30), 
as well as the late granitic dyke (12BU103, 
12BU18) were dated using zircon U-Pb method 
(Figs.  10–12). Locations of the samples were 
indicated in Figure 3.

4.1.  Analytical Methods

Zircon grains were extracted using standard 
heavy liquid and magnetic techniques and then 
randomly hand-picked under a binocular micro-
scope. These grains were then mounted in ep-
oxy resin and polished. The internal structures 
of the grains were checked by cathodolumi-
nescence imaging, using a JXA-8100 electron 
probe microanalyzer equipped with a Mono CL3 
cathodoluminescence system installed at the 
Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences (GIG-CAS).

Samples 16BU30, 11BU26, 12BU14, 
12BU102, 12BU103, and 12BU18 were dated 
using a pulsed Resonetic 193 nm ArF excimer 

A B

C D

Figure 4. Representative structures of metatexite in the Tralang migmatite-granite complex, western Chinese Altai. (A) Garnet-bearing 
leucosome layers alternating with mica-rich melanosome layers. (B) S1M foliation in stromatic metatexite defined by thin leucosome bands 
alternating with mesosome. (C) Coarse and euhedral to subhedral feldspar with interstitial quartz grains, indicating magmatic crystal-
lization. (D) S1M foliation defined by the alignment of euhedral crystals of muscovite. The muscovite is outlined by the dash line. Mineral 
abbreviations: qz—quartz; pl—plagioclase; ksp—K-feldspar; bi—biotite; ms—muscovite.
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laser ablation system coupled with an Agilent 
7500a inductively coupled plasma–mass spec-
trometer at GIG-CAS. All analyses were carried 
out with a diameter of 29 μm, 10 Hz repetition 
rate, energy of 80 mJ per pulse, and ablation 
time of 40 seconds. Purified helium was used as 
the carrier gas. Zircon standard 91500 (Wieden-
beck et al., 1995) was used for calibration, and 
the standard silicate glass NIST610 was used to 
calculate the Th and U concentration. The de-
tailed analytical procedure was described by Li 
et al. (2012). The raw data were calculated by 
ICPMSDataCal 9.0 (Liu et al., 2008) and age 
calculations and concordia plots were processed 
using Isoplot 4.15 (Version 4, Ludwig, 2003).

Zircon U-Pb dating of samples 15BU04 and 
15BU05 used a Cameca IMS-1280 second-

ary ion mass spectrometer ion microprobe es-
tablished at GIG-CAS following the analytical 
method described by Li et  al. (2009). Zircon 
standards Plešovice (Sláma et  al., 2008) and 
91500 (Wiedenbeck et al., 1995) were used for 
calibration. Measured compositions were cor-
rected for common Pb using non-radiogenic 
204Pb, assuming that for low counts of 204Pb, 
common Pb is mainly surface related (Ireland 
and Williams, 2003) and has a composition of 
present-day average crustal composition (Stacey 
and Kramers, 1975). The data reduction was car-
ried out using the in-house geochronology soft-
ware of Dr. Martin Whitehouse (Whitehouse 
et al., 1999). Off-line data were calculated and 
plotted using Isoplot 4.15 (Version 4, Ludwig, 
2003). Note that for better weighted mean age 

calculating, the age results less than 90% con-
cordant were excluded for plotting. The dating 
results are listed in Supplemental Table S1.1 All 
ages are quoted with 1σ uncertainty.

4.2. Results

Nearly all samples contain abundant mag-
matic zircons characterized by concentric oscil-
latory zoning (Figs. 10, 11, and 12). Apart from 
these typical magmatic zircons, a subordinate 

D

A B

C

Figure 5. Representative structures of metatexite in the Tralang migmatite-granite complex, western Chinese Altai. (A) Folded stromatic 
metatexites layers are locally truncated by leucosome veins that are parallel to F2 axial planes. The insert stereonet shows relations between 
S1 stromatic bands and F2 axial planar bands. (B) Folded stromatic migmatite showing transposition of S1 foliation in D2 high-strain zones. 
(C) Melt-filled leucosome bands slipped in the limb of F2 fold. (D) Folded stromatic migmatite associated with the development of F2 axial 
plane leucocratic veins that form interconnected networks.

1Supplemental Material. GPS coordinate and 
zircon U-Pb data of samples. Please visit https://
doi.org/10.1130/GSAB.S.13724509 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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group of zircons with much more complicated 
internal structures are also present. They com-
monly have inherited cores, that is, corroded, 
fragmented, or rounded cores surrounded by 
weakly zoned rims (Figs. 10B and 11B). Less 
commonly, some grains are apparently high 
or very low luminescent thus, hardly revealing 
any internal structures. Given that the current 
study focuses on the formation and migration 
of the magmas forming the Tarlang migmatite-

granite complex, only typical magmatic zircons 
were dated and are introduced in the following 
section. However, U-Pb ages of the remaining 
zircon populations were already investigated by 
previous geochronological studies in the region 
which revealed their dominantly Cambrian–Or-
dovician ages (e.g., Cai et al., 2011b). Such an 
age range is in accordance with the most com-
mon ages of the detrital zircons in the Ordovi-
cian Habahe Group metasedimentary rocks (e.g., 

Sun et al., 2008; Jiang et al., 2011) and hence 
were interpreted as inherited zircons (Sun et al., 
2008; Cai et al., 2011b).

4.2.1. Mesosome of Stromatic Metatexite 
(Samples 15BU04 and 15BU05)

Samples 15BU04 and 15BU05 are granitic 
mesosomes that show sub-horizontal migmatit-
ic foliations. Zircons from these samples range 
from 100 to 400 μm in length and have length/

A

C D

B

Figure 6. Stereographic projections of foliations from the Tarlang migmatite-granite complex, western Chinese Altai. (A) Stereonets of poles 
of S1 foliations (contoured) and attitudes of F2 hinges. (B) Stereonets of poles of S2 foliations (contoured) and F2 axial surface leucosome 
bands. All stereonets are lower-hemisphere projections. (C−D) Schematic diagrams show migmatite evolution associated with D1M and D2 
phases of deformation: (C) Development of sub-horizontal leucosome bands and roughly aligned elongated leucosome pockets during D1; (D) 
Leucosome bands were folded and magma migrated toward the hinge zones forming axial surface leucosome bands during D2. A few axial 
surface leucosome bands on fold limbs acted as shear planes during F2 folding (modified after Symington et al., 2014; Martini et al., 2019a).
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width ratios varying from 1:1 to 4:1. All zircons 
in sample 15BU04 have magmatic concentric 
oscillatory zoning with thin metamorphic rims 
(Fig. 10A) while those in sample 15BU05 also 
show magmatic zoning but a few have inherited 

cores (Fig. 10B). Fifteen spots on the oscilla-
tory zoned portion of different grains for each 
sample were analyzed. Zircon U-Pb analysis of 
these two samples yielded single and tight popu-
lations, with weighted mean 206Pb/238U ages of 

416 ± 5 Ma and 411 ± 5 Ma (Figs.  10A and 
10B). Two spots in sample 15BU04 and one spot 
in sample 15BU05 were excluded from age cal-
culation because of low concordance (less than 
90% concordant, Table S1 [see footnote 1]).

Figure 7. Representative 
structures of diatexite in 
the Tralang migmatite-
granite complex, west-
ern Chinese Altai. (A) 
Perturbed schlieren 
diatexite containing 
aligned schlieren that 
are oblique to the S2 
foliation. (B) Schollen 
in diatexite with inter-
nal structures similar to 
those in metatexites. (C) 
Schollen diatexite in the 
core of a F2 antiform. 
Note that these schol-
len are elongated and 
parallel to sub-vertical 
S2 and wrapped by sub-
vertical schlieren. (D) 
Flow banding indicated 
by orientations of elon-
gated and dismembered 
schollen in diatexite. 
Some schollen are dis-
membered into small 
schlieren. Note that 
schollen here are sigmoi-
dal indicating oblique 
shear sense with re-
spect to S2. (E) Flow of 
magma in diatexite near 
the F2 fold hinge. Note 
that the schollen here 
have sigmoidal shapes 
indicating S2-parallel 
sub-vertical shearing. 
(F) A schematic dia-
gram showing variable 
features of schollen and 
schlieren in different 
structural positions with 
respect to vertical flow 
of diatexite. (G) Photo-
micrograph of schollen 
diatexite showing that 
coarse-grained feldspar 
crystals have straight 
boundaries and quartz 
crystals show rational 
faces suggesting mag-

matic crystallization, and (H) photomicrograph of diatexite showing medium-grained quartz and feldspar crystals recording grain bound-
ary migration indicated by lobate boundaries between quartz grains, a typical feature of solid-state recrystallization. Mineral abbreviations 
are the same as in Figure 6.
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Figure 8. Representative structures of diatexite/granite in the Tralang migmatite-granite complex, western Chinese Altai. (A) Funnel-
shaped diatexite showing dragging of foliation indicative of upward flow of magma. (B) Drag structure in the contact between two different 
phases of granite indicating upward movement of magma. (C) Massive diatexite crosscuts a stromatic orthogneiss. Note location of sample 
12BU14 for U-Pb zircon dating is also indicated. (D) Garnet- and muscovite-bearing leucogranite. Sample 16BU30 collected for dating 
is also indicated. (E) Schlieren granite with schlieren elongated parallel to magmatic fabric (S2). (F) Sub-vertical solid-state S2 foliation 
defined by preferred orientation of elongated quartz, feldspar, and mica in a two-mica granite. Insert: stereonet showing attitudes of solid-
state S2 foliations.
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Figure 9. (A) Linear fabric in the granites in the core of the Tarlang migmatite-granite complex, western Chinese Altai. An insert stere-
onet shows attitudes of the linear fabrics. (B) Sub-vertical lineation L2 forms a strong linear fabric in granite in the core of the Tarlang 
migmatite-granite complex. Locations for (C) and (D) are indicated. (C) Photomicrograph of the X-Z section shows L2 lineation defined by 
the alignment of euhedral crystals of muscovite (ms), plagioclase (pl), K-feldspar (ksp), and quartz (qz). (D) Photomicrograph of the X-Y 
section lacking preferred orientation of qz, pl, ksp, and ms. (E–F) Macroscale late-stage muscovite-bearing granitic dykes (white) intruded 
into the Habahe Group (gray) with sharp boundaries. Samples 12BU18 and 12BU103 collected for U-Pb zircon dating are indicated.
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4.2.2. Diatexite Samples 12BU14 and 
12BU102

Sample 12BU14 is a massive diatexite that 
has a steep flow foliation crosscutting stro-
matic S1M fabric in the neighboring metatex-
ite (Fig.  8C). Zircons from this sample are 
predominantly euhedral to subhedral, ranging 
from 100 to 500 μm with length/width ratios 
between 2:1 and 4:1. Most zircon grains have 
concentric oscillatory zoning with thin dark 
metamorphic rims and less commonly inherited 
cores preserved (Fig. 11A). Laser ablation–in-
ductively coupled plasma–mass spectrometry 
analyses of zoned domains of 30 zircon grains 
yielded a single and tight age population with 
a weighted mean 206Pb/238U age of 403 ± 1 Ma 
(Fig.  11A) after four discordant spots were 
excluded.

Sample 12BU102 is a diatexite with schollen 
and schlieren. Its schollen have vertical elon-
gated shape and its schlieren are also vertically 
aligned, roughly parallel with the S2 foliation 
of the host migmatite (Fig. 7C). Zircons from 
this sample show euhedral to subhedral shapes, 
ranging from 100 to 300 μm with length/width 
ratios between 1:1 and 4:1. Most of them have 
concentric oscillatory zoning with thin and dark 
metamorphic rims and some have inherited 
cores (Fig. 11B). Zircon U-Pb isotopic analyses 
of zoned domains of 30 grains were carried out. 
Data of 26 analyses formed three clusters with 
weighted mean 206Pb/238U ages of 391 ± 2 Ma, 
412 ± 1 Ma, and 422 ± 2 Ma (Fig. 11B). An-
other four analyses were not considered in the 
age calculation due to low concordance.

4.2.3. Leucogranite Samples 11BU26 and 
16BU30

Leucogranite samples 11BU26 and 16BU30 
were collected from a garnet-bearing phase of 
the dominant diatexite-granite body. These leu-
cogranites show a diffuse boundary against the 
host diatexite. They consist mainly of plagio-
clase, quartz, muscovite, <5 vol% biotite and 
accessory garnet (Fig. 8D), and are considered 
to have originated from the anatexis. Zircon 
crystals from these samples vary from euhedral 
to anhedral in shape and 100–500 μm in length, 
and have length/width ratios ranging from 1:1 
to 4:1. They commonly have inherited cores 
and show variable internal structures, includ-
ing oscillatory zoning in some grains and me-
tamict structures in others (Figs. 11C and 11D). 
Twenty-five spots were analyzed in zoned zir-
con domains of sample 11BU26. Except for four 
less-concordant spots, the remaining 21 analyses 
yielded concordant ages with a weighted mean 
206Pb/238U age of 413 ± 1 Ma (Fig. 11C). Twen-
ty concordant analyses in zoned zircon domains 
from sample 16BU30 defined a single age popu-
lation with a weighted mean 206Pb/238U age of 
402 ± 3 Ma (Fig. 11D).

4.2.4. Late Muscovite-Bearing Granitic Dykes 
Samples 12BU18 and 12BU103

The late muscovite-bearing granitic dykes 
(sample 12BU18 is from the adjacent Qion-
gquer area, and displays the same feature as 
sample 12BU103 from the Tarlang complex; 
see Figs.  3B, 9E, and 9F), consist mainly of 
muscovite, garnet, plagioclase, and quartz and 

were emplaced as m-scale dykes (Fig.  9F). 
Zircons from these samples are predominantly 
euhedral to subhedral, range from 100 to 300 μm 
with length/width ratios varying from 1:1–4:1. 
Some of them have uniformly oscillatory zoning 
while others have inherited cores. Nearly all of 
them have thin dark rims (Figs. 12A and 12B). 
Twenty-five analyses were performed on the 
oscillatory zoning portions of zircons for each 
sample. Except for a few strongly discordant 
analyses (concordance < 90%), 23 analyses of 
sample 12BU18 form two age populations, with 
weighted mean 206Pb/238U ages of 391 ± 1 Ma 
and 372 ± 4 Ma (Fig.  12A). Twenty analy-
ses of sample 12BU103 also form two clus-
ters with weighted mean 206Pb/238U ages of 
396 ± 2 Ma and 420 ± 1 Ma (Fig. 12B). More-
over, a few grains from this sample gave concor-
dant to slightly discordant ages of ca. 360 Ma 
(Fig. 12B), similar to the youngest age popula-
tion of sample 12BU18.

5. DISCUSSION

5.1. Migration of Magmas and 
Emplacement of Granites

The Tarlang migmatite-granite complex 
represents a major exhumed high-grade core 
within the Altai accretionary wedge. The em-
placement of the complex has previously been 
discussed in the context of regional deforma-
tion reconstructions (Jiang et al., 2015, Zhang 
et al., 2015), however, the detailed processes that 
drove migration of anatectic magmas to shallow, 

A B

Figure 10. (A–B) U-Pb concordia diagrams for zircons from mesosome samples 15BU04 and 15BU05 of metatexites (see Fig. 3 for sample 
location). MSWD—mean square weighted deviation.
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un-molten crustal levels and formed the complex 
remain poorly understood. This issue can be ad-
dressed using the structural and petrological ob-
servations presented in this study.

We first focus on the oldest sub-horizontal 
fabric S1M in the metatexites, where melts seg-
regated into leucosome (Fig. 4B) suggesting that 
their segregation was principally controlled by 
sub-horizontal extension and foliation anisotro-
py. These pervasive leucosome bands (Figs. 4B 
and 5A−5D) exhibit well-developed magmatic 
fabric (Figs. 4C and 4D). Following the inter-
pretation in Jiang et  al. (2019), we conclude 
that the S1-parallel leucosome bands and lenses 

highlight the effects of extensional deforma-
tion on melt extraction, with vertical shortening 
helping to squeeze melt out of the compacting 
matrix (melanosome), similar to those described 
in Sawyer (1994), Sawyer (1996), and Weinberg 
et al. (2015).

As it is shown in the metatexite, the anatectic 
Habahe Group rocks associated with horizontal 
migmatite bands (S1M) commonly have <20 
vol% leucosome (e.g., Fig. 4B). More melt is 
required to breakdown the solid framework of 
the migmatites and allow them to flow en masse 
as a magma, as observed in the diatexite zone 
(Figs. 7A–7E). Therefore, an additional mecha-

nism should be considered to enhance melt avail-
ability. It has been demonstrated that structure-
controlled redistribution of melt within a melting 
system could locally create high melt content 
domains (Sawyer, 1996, 1998), and eventually 
trigger diapiric rise (e.g., Brun, 1980; Coward, 
1981; Faure et al., 1986; Clos et al., 2019).

Folding has been considered as a major 
structural mechanism responsible for mobiliza-
tion of deep molten crust (Gates, 1987; Allen 
et al., 2001; Fowler and Osman, 2001). It has 
been documented that folding creates pressure 
gradients that force melt migration toward an-
tiform hinge zones (Weinberg and Mark, 2008; 

A B

C D

Figure 11. U-Pb concordia diagrams for zircons from: (A) massive diatexite sample 12BU14 (see location in Fig. 3 and texture in Fig. 8C). 
(B) Schollen diatexite sample 12BU102 (see location in Fig. 3 and texture in Fig. 7C). (C–D) leucogranite samples 11BU26 and 16BU30 (see 
location in Fig. 3 and texture in Fig. 8D). MSWD—mean square weighted deviation.
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Weinberg et al., 2013). In addition, folding could 
create a network of pathways allowing magma 
ascent (Sawyer, 1998; Weinberg and Mark, 
2008; Weinberg et  al., 2013; Martini et  al., 
2019b). In this study, such a network is charac-
terized by sub-horizontal foliation-parallel leu-
cosomes linked with vertical axial planar leuco-
somes formed during F2 folding (Figs. 5A−5D 
and 7B). Once the network formed, magma ex-
traction became effective, draining melt rapidly 
from the S1 foliation and driving it toward the 
F2 hinge zones. This process might also have 
progressively transposed the sub-horizontal stro-
matic S1M fabric into the new sub-vertical S2 
(Fig. 5B). Notably, upward magma movement in 
antiformal hinge zones of F2 folds is indicated 
by sigmoidal-shaped schollen (Figs.  7C–7F), 
funnel-shaped channels of diatexite associated 
with drag folding at their contacts (Figs. 8A and 
8B), as well as significant sub-vertical magmatic 
foliations and strongly lineated granitic rocks 
(Figs. 8E, 9A, and 9B). We, therefore, conclude 
that the D2 contraction caused upright folding 
and gave rise to the leucosome network and pres-
sure gradients that lead magma to flow toward 
the lower-pressure zones in the hinges of anti-
forms and upwards through the crust. This flow 
ultimately led to the emplacement of the migma-
tite-granite complex in the core of a large-scale 
antiform. Magma diapirism has been considered 
essential for magma upward migration (Whitney 
et al., 2004). However, such a mechanism may 
not be the major cause for the formation of the 
Tarlang migmatite-granite complex. This is be-
cause a typical diapiric molten crust, driven by 
buoyancy alone, would exhibit circumcentric or 
radial structures (such as lineations), as well as 

diapir-up kinematics in relation to the country 
rocks (Dixon, 1975; Cruden, 1988; Kratinová 
et  al., 2006), whereas the Tarlang complex is 
characterized by NW-SE–trending cylindrical 
upright folds (Fig. 7, see also Jiang et al., 2015; 
Zhang et al., 2015). We argue that formation of 
the complex can be best explained by the de-
velopment of antiformal folds accompanied by 
magma migration toward hinge zones amplified 
by buoyancy forces. This process of folding as-
sisted by buoyancy and diapirism has been in-
ferred as the main mechanism driving the ascent 
of molten crustal components in many anatectic 
terranes (e.g., Ramberg, 1980; Faure et al., 1986; 
Maierová et al., 2014; Clos et al., 2019).

In conclusion, migration of magma in the 
Tarlang migmatite-granite complex developed 
over two main stages. The first stage was char-
acterized by deep crust anatexis associated with 
horizontal extension and segregation of melt into 
the S1-parallel sub-horizontal leucosome lenses 
or bands. The second stage was characterized by 
D2 upright folding giving rise to a network of 
leucosomes associated with melt migration from 
layer-parallel leucosomes to axial planar folia-
tion (S2) ones. This process accounted for mag-
ma accumulation toward F2 hinge zones, and, 
eventually, vertical flow of molten crust from 
deep to shallow crustal levels within or along F2 
antiformal hinges.

5.2. Geochronological Constraints on 
the Evolution of the Tarlang Migmatite-
Granite Complex

Previous geochronological studies revealed 
granites formed from 425 to 389 Ma in the 

study area (Yuan et al., 2007; Sun et al., 2008; 
Cai et  al., 2011b; Jiang et  al., 2015; Zhang 
et al., 2015). Our data also yielded a succession 
of ages spreading from 432 to 364 Ma, most of 
which are between 423 and 384 Ma (Fig. 13). 
This age range consists of several age popula-
tions and many samples contain two or three 
zircon populations (Figs. 11B and 12) suggest-
ing long-lasting melting events. Similar age 
patterns are commonly seen in stretched back-
arcs where massive and cyclic melting events 
developed (e.g., Cavalcante et al., 2018; Wol-
fram et al., 2019; Farias et al., 2020). Results 
presented in the previous sections allow recon-
struction of the spatial and temporal evolution 
of the metatexite-diatexite-granite succession 
investigated.

It has been suggested that the migmatite-gran-
ite rocks investigated were derived from the par-
tial melting of Habahe Group rocks (Sun et al., 
2008; Jiang et  al., 2015; Zhang et  al., 2015). 
The youngest detrital zircon population found 
in the Habahe Group metasedimentary rocks is 
ca. 438 Ma (Long et al., 2010). Following these 
detrital ages, the oldest magmatic zircon age 
population in the migmatite-granite complex is 
420−410 Ma (Figs. 10, 13, and 14). This age 
population is common in the granitic mesosome 
of the metatexite that exhibits a sub-horizontal 
S1 foliation (samples 15BU04 and 15BU05; 
Figs.  10A and 10B). It is also present in the 
studied diatexites and granites, both of which 
have S1M relic schollen and schlieren (samples 
12BU102 and 11BU26; Figs.  11B and 11C). 
The 420−410 Ma age population is therefore 
interpreted as recording the timing of forma-
tion of melt-present sub-horizontal S1 foliation, 

A B

Figure 12. (A–B) U-Pb concordia diagrams for zircon from late-phase granitic dykes 12BU18 and 12BU103 (see location in Fig. 3 and 
texture in Figs. 9E and 9F). MSWD—mean square weighted deviation.
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assigned as the first stage in the evolution of the 
complex (“stage 1” in Fig. 15).

The second major age population is 
410−400 Ma (Figs.  11A, 11C, 11D, 13, and 
14), which was obtained from diatexite samples, 
including massive diatexite veins (e.g., sample 
12BU14; Figs. 8C and 11A) and granitic leu-
cosomes (e.g., samples 16BU30, 11BU26; 
Figs. 8D, 11C, and 11D). These diatexites either 
crosscut early sub-horizontal fabric S1M or en-
compass a large amount of schollen (Fig. 14). 
These features suggest that the diatexites were 
emplaced when the protolith started to lose co-
herence associated with the formation of the 
drainage network (“stage 2” in Fig. 15). Thus, 
this second age population is considered to re-
flect the beginning of D2 folding, as zircons 
crystallized during the maturation of the drain-
age network.

Folding and magma migration led to the 
loss of the solid framework of the migmatites. 
Once this happened, bulk upward flow of the 
partially molten crust could occur. Ascent and 
emplacement of anatectic magma in the core 
of regional F2 antiforms forming massive 
diatexites and granites characterize “stage 3” 
in Figure  15. The schollen diatexite sample 
12BU102, collected from the core of the F2 
antiform (Figs. 7C and 7F), yielded a younger 
zircon U-Pb age of 391 ± 2 Ma (Figs. 11B and 
14). This age is interpreted as a record that the 
vertical flow of the anatectic orogenic lower 
crust lasted at least until that time. This is con-
sistent with the interpretation of Zhang et al. 
(2015) who reported a ca. 389 Ma granite origi-
nated from vertical extrusion of magmas in the 
region. Accordingly, the magma upward migra-
tion stage, assisted by D2 deformation, can be 
constrained to have lasted from 410 to 390 Ma. 
This is consistent with the idea that F2 upright 
folding occurred between 400 and 380 Ma in 
other parts of the Chinese Altai (Jiang et al., 
2015, 2019).

The youngest age group, ranging from 
372 Ma (sample 12BU18) to ca. 360 Ma (sam-
ple 12BU103B), was obtained from the struc-

turally controlled granitic dykes (Figs. 9E, 9F, 
12, 13, and 14). These dykes may represent the 
residual melt after solidification of the core of 
the complex and emplaced into cooled rocks, 
probably during the waning stage of migmati-
zation (“stage 4” in Fig. 15). Their ages there-
fore post-date the emplacement of the migma-
tite-granite complex and the main stage of D2 
deformation.

5.3. Crustal Flow in the Accretionary 
Orogenic System

Crustal flow developed pervasively in oro-
gens associated with large-scale movement of 
melt-weakened crust (Beaumont et al., 2001; 
Whitney et al., 2004; Farias et al., 2020; Kang 
et al., 2020). Partial melting changes the rhe-
ology and density of the crust and leads to 
mechanical decoupling between molten layers 
and bounding lithologies because decreased 
viscosity enables crustal flow under weak driv-
ing forces (Holtzman et al., 2005; Rosenberg 
and Handy, 2005). Recent geological observa-
tions (Schulmann et  al., 2008; Kruckenberg 
et  al., 2011; Betka and Klepeis, 2013) and 
numerical studies (Beaumont et al., 2004; Ja-
mieson et al., 2007) on exhumed migmatite-
granite complexes have concluded that, in or-
der to make crust flow at orogenic scales, three 
fundamental prerequisites should be met: (1) 
high temperature, (2) a driving force, and (3) 
a flow channel. In collisional orogens, high-
temperature conditions are commonly induced 
by crustal thickening (Jamieson et al., 2002, 
2004). In this case, crustal flow is commonly 
triggered by lithostatic pressure gradient from 
the thickened crust to non-thickened regions 
(horizontal channel flow) or by gravitational 
upwelling (vertical flow) due to inverted densi-
ties (Whitney et al., 2004). While crustal flow 
in collisional orogenic systems has attracted 
much attention, this process has been less fre-
quently described in accretionary orogenic sys-
tems (see Collins, 2002; Hyndman et al., 2005; 
Broussolle et al., 2015; Jiang et al., 2016; Far-

ias et al., 2020). Anatexis in accretionary oro-
gens where crustal thickening is moderate or 
even negligible points to anomalous thermal 
regimes. This thermal anomaly is commonly 
thought to be due to upwelling of hot asthe-
nospheric mantle resulting from lithospheric 
thinning above subduction systems (Currie 
et al., 2004; Hyndman et al., 2005), subduction 
of an active spreading oceanic ridge (Karsten 
et  al., 1996; Polat et  al., 2005; Kerrich and 
Polat, 2006; Cole and Stewart, 2009), or slab 
break off (Van de Zedde and Wortel, 2001; 
Mahéo et al., 2002). However, the geodynam-
ic evolution in Chinese Altai is more complex 
than these models derived from geophysical 
and geochemical studies.

On the basis of structural and petrologi-
cal observations, Jiang et al. (2019) proposed 
the Silurian–Devonian tectonics of the Al-
tai Orogenic Belt could be outlined by tec-
tonic switching from Late Silurian–Early 
Devonian compression to Middle Devonian 
extension and back to Late Devonian com-
pression. Our current findings suggest that a 
420−410 Ma crustal extension was followed 
by a 410−390 Ma shortening event, resulting 
in the D2 folding (Fig. 15). It is noteworthy 
that such tectonic switching mimics the typical 
evolution of Pacific-type accretionary orogens, 
as best exemplified by the Lachlan Orogen in 
SE Australia, which was interpreted to be a re-
sponse to variations of subduction dynamics 
and slab advance and retreat (Collins, 2002; 
Collins and Richards, 2008).

Thinning of the Altai crust associated 
with asthenospheric mantle upwelling might 
have provided efficient heat flux and trigger 
large-scale anatexis of fertile sediments at the 
lower crustal level (Jiang et al., 2019) as it is 
common in other accretionary orogens (e.g., 
Lachlan fold belt, or Famatinian Orogen, ref-
erences also to Collins, 2002 and Farias et al., 
2020). As argued previously, the switch from 
horizontal thinning to horizontal shortening 
drove anatectic melt accumulation in the hinge 
zones of F2 antiforms, which contributed to 
amplifying the folds by both weakening the 
hinge zones and adding buoyancy that led to 
a generalized upward magma flow. In this re-
gard, the interplay between anatexis and de-
formation controlled the nature of crustal flow 
and magma migration, and therefore crustal 
differentiation in the Chinese Altai. Cyclical 
slab advance and retreat and switches between 
shortening and extension in the overriding 
plate is probably the primary mechanism gov-
erning massive generation and migration of 
crustal magmas, driving mass redistribution 
and differentiation in long-lasting accretion-
ary orogens in general.

Figure 13. Plots of zircon ages 
for all analyzed samples. Three 
discrete age populations can 
be distinguished indicating 
a  continual but multiphase 
magmatic evolution history of 
the Tarlang migmatite-gran-
ite complex, western Chinese 
Altai.
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Figure 14. Schematic cross-section of the Tarlang migmatite-granite complex, western Chinese Altai showing zircon U-Pb age spectra of dif-
ferent lithological units. Idealized sample locations are indicated by “stars” and their respective ages are presented in frequency histograms 
and probability density plots. The main age populations are indicated by different colors in the histograms.
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6. CONCLUSIONS

Structural and geochronological data allowed 
us to constrain the geometry, processes, and 
time scales of flow of the molten orogenic lower 
crust in the Chinese Altai as it formed the Tar-
lang migmatite-granite complex. The principal 
conclusions are:

(1) Migration of magma in the Tarlang mig-
matite-granite complex occurred in two main 
stages: (1) deep crust anatexis associated with 
crustal extension gave rise to the segregation of 
melt into the S1-parallel sub-horizontal bands; 
(2) D2 upright folding associated with melt mi-
gration, accumulation, and vertical flow trans-
ported anatectic magma from orogenic lower to 
upper crustal levels.

(2) Zircon U-Pb geochronology indicates that 
syn-extensional, crustal anatexis, and melt seg-
regation took place from ca. 420–410 Ma. Onset 
of D2 upright folding due to crustal shortening 
led to magma accumulation in fold hinges and 
migration when the magma drainage network 
matured at 410−400 Ma. Soon after, bulk flow 
of anatectic magmas filled in the cores of re-
gional F2 antiforms until at least 390 Ma, after 
the molten orogenic lower crust lost its solid 
framework. The migration of magmas and em-

placement of anatectic magmas terminated at 
ca. 370−360 Ma when the migmatite-granite 
complex cooled and remaining magmas were 
emplaced as dykes.

(3) Devonian anatexis, assisted by deforma-
tion, governed first the horizontal and then the 
vertical flow of partially molten orogenic lower 
crust in the Chinese Altai. Variations in subduc-
tion dynamics between slab advance and retreat 
could be the primary factor governing crustal 
flow, mass redistribution, and crustal differen-
tiation in Pacific-type supra-subduction systems 
in general.
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