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Structural analysis and U–Pb geochronological study on zircons from the southern Chinese Altai (the Kalasu area,
SE of the Altai city) show that the Cambro-Ordovician accretionary wedge (ca. 520–492 Ma) underwent four
major geological events: 1) emplacement of Early Devonian magmas (ca. 410–400) associated with formation
of a volcano-sedimentary cover, 2) major Middle Devonian (ca. 390–374 Ma) tectono-metamorphic event, 3)
Late Devonian-Early Carboniferous folding without apparent metamorphism, and 4) a regional folding with lo-
calized Early Permian high- to ultrahigh-temperature reworking (ca. 300–280 Ma). The Early Devonian
magmatism is characterized by emplacement of mafic rocks and granitoids in the centre of the NE-SW profile,
coevally with granitoid magmatism and rhyolite volcanism in the southwest and northeast, respectively. The
whole volcano-sedimentary andmagmatic edifice was transposed by sub-horizontal metamorphic fabric associ-
ated with variable metamorphic degrees in different areas ranging from greenschist facies in the northeast (mu
+ bi±g) to amphibolite facies in the southwest (st + g ± sill) and granulite facies in the centre (g + sill+kfs).
This metamorphic architecture, distribution of magmatism and character of metamorphic zircon populations
allow to correlate these areaswith upper, middle and lower orogenic crust that developed during important ver-
tical shortening and horizontal flow in Middle Devonian. Subsequently, the whole edifice was affected by re-
gional NE-SW trending upright (possibly Late Devonian-Early Carboniferous) folding. Finally, Early Permian
shortening produced NW-SE trending regional upright folds in the southwest and northeast and a crustal-scale
vertical, tabular deformation zone in the centre. The Permian deformation is accompanied by granulite facies
(kfs + cd + sill+g) metamorphism and anatexis reworking the Devonian lower orogenic crust, with extensive
resetting and growth of new zircons and with intrusions of Permian granites and gabbros. This study suggests
that the Early Permian event was related to massive perturbation of thermal structure of the mantle lithosphere
due to the collision of the Junggar arc with the Chinese Altai terrane.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Collisional orogenic systems are usually characterized by early sub-
duction-related high-pressure (HP) metamorphism and deformation,
followed by high-temperature (HT) re-equilibration, crustal thickening
and melting (Dewey et al., 1993). Some collisional orogens even record
polycyclic orogenic evolution such as Alpine reworking of the Variscan
orogen in southern Europe (e.g. Lardeaux and Spalla, 1991) and
Caledonian reworking of the Proterozoic orogenic belt in Scandinavia
(e.g. Austrheim, 1990). These repeated collisional cycles are of a charac-
teristic feature of recurrent amalgamation of continental blocks associ-
ated with closure of small oceanic basins typical for the Pangaea plate
system (Collins, 2003). In contrast, the accretionary orogens at the pe-
riphery of the Pacific Ocean are characterized by tectonic switching
resulting in alternations of HP-LT and LP-HT metamorphic cycles, due
to subduction-related compression alternating with lithospheric exten-
sion and associatedmelting of fertile sediments (Collins, 2002). This tec-
tonic switching is interpreted to result from advancing and retreating
modes of a single long lasting subduction of an oceanic plate and thus
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can be regarded as an example of a monocyclic evolution (Beltrando et
al., 2007). So far, tectono-thermal effects of a second orogenic cycle on
an early accretionary system have not been reported and the possible
polycyclic reworking thus represents a challenge in our understanding
of behaviour of accreted oceanic material during its incorporation into
continents.

The Central Asian Orogenic Belt (CAOB) represents an excellent and
unique example of giant accretionary system that is affected by two oro-
genic cycles: a Devono-Carboniferous accretion of Cambrian to Early
Devonian oceanic assemblages with Precambrian continental blocks,
followed by an orthogonal Permo-Triassic shortening of the whole ac-
creted system (Lehmann et al., 2010; Xiao et al., 2015). The tectono-
thermal effects of both events are best developed in a giant 2500 km
long volcano-sedimentary accretionary prism; i.e. the so called Altai
Orogenic Belt (Jiang et al., 2016, 2017). The prism consists dominantly
of Cambro-Ordovician greywacke turbidites covered by Silurian andDe-
vonian passive margin sequences in China, Mongolia and Russia (Jiang
et al., 2017; Kröner et al., 2010). The Early Palaeozoic sediments experi-
enced important regional Barrovianmetamorphism followed locally by
migmatitization and formation of orthopyroxene-bearing granulites in
deep crustal levels Burenjargal et al., 2014, 2016; Jiang et al., 2010,
2015; Kozakov et al., 2002). This metamorphic event is characterized
bymassivemelting of fertile sediments and is associatedwith intrusions
of numerous arc-like granitoids at upper crustal levels, leaving a granu-
lite residuum beneath the whole Chinese part of the Altai Orogenic Belt
(Hanžl et al., 2016; Jahn et al., 2000; Jiang et al., 2016). A second and less
extensive Permian metamorphic event was dated by monazite and zir-
con and is characterized by amphibolite- and granulite-facies rocks and
by intrusions of granitoids, pegmatites and gabbros (Burenjargal et al.,
2016; Nakano et al., 2015; Zhang et al., 2014; Zheng et al., 2007). In
the Mongolian Altai, the Permian magmatic and metamorphic rocks
are restricted to several E-W trending zones (Guy et al., 2014;
Kovalenko et al., 2004; Yarmolyuk et al., 2013), while in the Chinese
Altai, the Permian event affected mainly its southern part in a NW-SE
trending zone parallel to the Erqis fault (Li et al., 2014; Tong et al.,
2014a, 2014b; Zheng et al., 2007).

In addition, recent studies show that the whole Altai Orogenic Belt
was affected by Devonian and Permian upright folding, whichmodified
lateral distribution of metamorphosed middle and lower crustal rocks
and unmetamorphosed sediments (Jiang et al., 2015; Li et al., 2015a,
2015b; Zhang et al., 2015). It is therefore important to decipher the
real architecture of the lower, middle and upper crust, which resulted
from the Middle Devonian subhorizontal crustal flow and the Late De-
vonian-Early Carboniferous upright folding and doming of the accre-
tionary wedge (Broussolle et al., 2015; Jiang et al., 2015, 2016;
Lehmann et al., 2017). After reconstruction of the post-Devonian meta-
morphic and lithological pattern it is possible to assess the influence and
relative importance of the superimposed Permianmetamorphism, fold-
ing and shearing. These two issues are in the core of the present study. A
detailed geological and structuralmapping of an area of ~37 × 33 km2 in
the southern part of theNWChinese Altai is combinedwithU–Pb zircon
geochronology of sedimentary, metamorphic and magmatic rocks, in
order to identify protolith ages, timing of intrusions and partial melting
events. By doing thatwe are able to discriminate geometries, extent and
ages of main orogenic fabrics related to Palaeozoic magmatic, tectonic
and metamorphic events. Finally, a new 3D crustal-scale model of the
post-Permian crustal architecture of the southern part of the Altai Oro-
genic Belt is proposed, which has pivotal significance for the southern
Central Asian Orogenic Belt.

2. Geological setting

2.1. Geology of the NW Chinese Altai

The NW-SE trending Altai Orogenic Belt extends for 2500 km from
Russia and E Kazakhstan in the west, through NW China to SW
Mongolia in the east (Fig. 1 inset; Jahn et al., 2000; Mossakovsky et al.,
1993; Sengör et al., 1993; Windley et al., 2007; Xiao et al., 1992). The
NWChinese part of the Altai Orogenic Belt (here the Chinese Altai) rep-
resents a small segment of the giant Altai accretionarywedge (Chen and
Jahn, 2002; Jiang et al., 2016). The Chinese Altai is mainly composed of
variably metamorphosed Cambro-Ordovician to Carboniferous vol-
cano-sedimentary sequence, including sandstone, siltstone, shale and
minor limestone, intercalated with basaltic and rhyolitic lavas. The Chi-
nese Altai can be divided into five NW-SE extending lithostratigraphic
units interpreted as suspect fault bounded terranes which are consid-
ered to have distinct stratigraphy, metamorphism and deformation pat-
tern (Fig. 1; e.g. He et al., 1990; Windley et al., 2002; Xiao et al., 2004).
The North Altaishan terrane, located in the eastern part (terrane 1 in
Fig. 1), is composed of Early Devonian and Late Carboniferous neritic
clastic sediments and limestones intercalatedwithminor island arc vol-
canic rocks, that belong to the Altai and Kalaerqisi formations (Windley
et al., 2002). The Northwest Altaishan terrane, occupying the northern
part of Chinese Altai (terrane 2 in Fig. 1), comprises a 4–6 km thick
Cambro-Ordovician turbiditic and pyroclastic sequence, known as the
Habahe Formation (Cai et al., 2011a; Long et al., 2007, 2008). This ter-
rane is also composed of the Dongxileke and Bahaiba formations,
which represent aminor Devonian volcanic suite and a Cambro-Ordovi-
cian turbiditic sequence, respectively, and are similar to the Habahe For-
mation in lithology (Long et al., 2012). The Central Altai terrane, situated
in the central to southeastern part of the Chinese Altai (terrane 3 in Fig.
1), is also composed of a Cambro-Ordovician to Silurian turbiditic and
pyroclastic sequence, similar to the Habahe Formation, and are known
in the central area as the Kulumiti Formation (Wang et al., 2014b).
The Qiongkuer-Abagong and South Altaishan terranes are two NW-SE
narrow belts in the southern Chinese Altai (terrane 4 & 5 in Fig. 1, re-
spectively). The Qiongkuer-Abagong terrane is made up of Cambro-Or-
dovician sediments with Late Silurian to Early Devonian island arc-type
lavas and pyroclastic rocks in its lower part (the Kangbutiebao Forma-
tion) and with Middle Devonian marine clastic sedimentary sequence
in the upper part (the Altai Formation) (Cai et al., 2011a). The South
Altaishan terrane is similar to the North Altaishan terrane, and contains
metamorphic rocks (amphibolite-facies para- and orthogneiss), a se-
quence of Devonian fossiliferous sediments belonging to the Altai For-
mation, and a late Carboniferous volcano-clastic rocks refered as the
Kalaerqisi Formation. The metavolcano-sedimentary sequences of the
Chinese Altai are separated from the Junggar block in the south by one
of the largest transcurrent faults in Central Asia, the NW-trending
Erqis fault zone (Fig. 1; He et al., 1990; Windley et al., 2002). The 10-
km wide Erqis fault zone contains fragments of Devonian ophiolitic
rocks (Wang et al., 2003) and is considered to be the suture between
the Junggar island arc system subducted beneath the Chinese Altai oro-
genic Belt during the Early to Middle Palaeozoic (Li et al., 2015a; Zhang
et al., 2012).

All these metavolcano-sedimentary sequences were variably meta-
morphosed and deformed during Devonian and Permian tectono-ther-
mal events, ranging from greenschist to upper amphibolite facies and
locally reached granulite facies conditions with some migmatitization
(Wei et al., 2007; Zhuang, 1994). Metamorphic grade related to the
first tectono-metamorphic cycle increases from Early Devonian to
Cambro-Ordovician rocks from chlorite-biotite, garnet, staurolite, kya-
nite, sillimanite and garnet-cordierite grade (Jiang et al., 2015;
Zhuang, 1994). The first cycle, which is extensive in the whole Chinese
Altai Belt, took place during Middle Devonian (ca. 390 Ma; Jiang et al.,
2010) andwas associatedwith twodistinctmetamorphic stages charac-
terized by M1 Barrovian-type MT–MP and M2 Buchan-type HT–LP field
gradients (He et al., 1990; Jiang et al., 2015; Wang et al., 2009b; Wei et
al., 2007). The metamorphic conditions were recently estimated by
mineral equilibria modelling in the Buerjin–Qiongkuer area (north-
western part of the Qiongkuer Abagong terrane; Jiang et al., 2015). For
the M1 Barrovian-type metamorphism, the P–T conditions range from
~4–4.5 kbar and 550 °C to ~6 kbar and 600 °C. The M2 metamorphism



Fig. 1. Generalized geological map of the Chinese Altai showing the different supposed terranes and the main lithostratigraphical units (modified after Li et al., 2015b). The study area is
outlined and shown in Fig. 2. The upper right inset shows the extension of the Central Asian Orogenic Belt (CAOB), the location of the Altai orogenic Belt (outlined by red shading) and the
Chinese Altai orogen (delineated by small square) (modified after Jahn et al., 2000). EC: Eastern European craton.
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is related to extensive anatexis marked by prograde evolution from
~6 kbar and 600 °C to ~8 kbar and 650 °C, followed by post-peak re-
equilibration at ~5–6 kbar at 700–750 °C (Jiang et al., 2015). According
to Jiang et al. (2015), the two metamorphic stages can be correlated
with distinct phases of deformation: the Barrovian M1 developed
within a sub-horizontal metamorphic S1 fabric, while the M2 anatexis
was associated with a steep S2 foliation. The inferred clockwise P–T–d
path suggests that the two tectono-metamorphic stages reflect a single
geodynamic process characterized by a progressive burial history dur-
ing the D1-M1 followed by a near-isothermal decompression during
the D2-M2 stage. Associated with this Devonian tectono-metamorphic
cycle, voluminous granitoids, forming nearly 40% of the map surface,
were emplaced intermittently from ca. 460 to 370 Ma (Fig. 1; e.g.
Briggs et al., 2007; Sun et al., 2008, 2009; Tong et al., 2007; Wang et
al., 2006; Windley et al., 2002; Yuan et al., 2007). The geochemical
data show that the Early Palaeozoic granitoids aremostlymetaluminous
or weakly peraluminous, calc-alkalinewith typical syn-orogenic arc sig-
nature (Cai et al., 2011b; Wang et al., 2006).

The second tectono-metamorphic cycle is Early Permian (between
ca. 290 to 260 Ma; Briggs et al., 2007; Chen et al., 2006; Hu et al.,
2000; Wang et al., 2009b; Zheng et al., 2007), and is recognized only
in a narrow NW-SE trending zone in the Qiongkuer-Abagong and
South Altaishan terranes (Fig. 1; Li et al., 2014; Tong et al., 2013,
2014a;Wang et al., 2014a). It is characterized by anatexis andmetamor-
phism reaching ultrahigh-temperature conditions (UHT; N900 °C), and
is recognized mostly in metapelites with sillimanite, spinel,
orthopyroxene and garnet-cordierite mineral assemblages (Li et al.,
2004, 2010; Tong et al., 2013, 2014a; Wang et al., 2009b; Zhang et al.,
2012). The Permian anatexis and up to UHT metamorphism took place
coevally with an extensive Permian mafic to granitoid magmatism (ca.
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280–260 Ma; Pirajno et al., 2008; Tong et al., 2014a; Zhang et al., 2010).
This magmatism is attributed to a post-orogenic or anorogenic exten-
sional setting in the Altai region (Briggs et al., 2007; Chen and Han,
2006; Han et al., 2004; Tong et al., 2006, 2014a; Zhang et al., 2012). In
addition, a large number of post-collision Permian to Jurassic pegma-
tites were emplaced in the Chinese Altai (between ca. 260 to 191 Ma;
Chen, 2011; Lv et al., 2012; Ma, 2014; Ren et al., 2011; Wang et al.,
2007; Zhang et al., 2016). Previous researchers suggested that the
Erqis fault zone was active from Carboniferous to Permian (from 320
to 260 Ma; Buslov et al., 2004; Li et al., 2015a; Zhang et al., 2012; Xiao
et al., 2015).

2.2. Geology of the Kalasu area

This study is focused on a 37 × 33 km2 area called “Kalasu” (47°35′
38”N, 88°20′18″E) in the central part of the Qiongkuer-Abagong terrane
(terrane 4 in Figs 1 and 2), located to the southeast of the Altai city (Fig.
1). Previous studies indicate that the Kalasu area is composed of
Fig. 2. Simplified lithological map of the Kalasu area, located in the Qiongkuer-Abagong terrane
isograds. The location of the samples,field photographs fromFig. 3 andprevious zircon ages (com
et al., 2013; [4] Tong et al., 2014a; [5] Wang et al., 2009a; [6] Wang et al., 2009b; and [7] Yang
Cambro-Ordovician turbiditic sediments, Late Silurian to Early Devo-
nian island arc volcano-sedimentary rocks andMiddle Devonianmarine
clastic sedimentary sequences (named as Habahe, Kangbutiebao and
Altai formations, respectively; Cai et al., 2011a). All these volcano-sedi-
mentary rocks weremetamorphosed, occur as schists and gneisses, and
were intruded by abundant granodiorite and minor gabbro (Yang et al.,
2011). Low-grade Devonian sediments unconformably overlay the tur-
bidite sequence (see Fig. 2; The Team One of Geological Survey of
Xinjiang, 1979; Yang et al., 2011). The turbiditic metasediments are
generally unfossiliferous, and their protoliths includefine-grained sand-
stone, siltstone and shale, intercalatedwith layers ofmetavolcanic rocks
with basaltic and rhyolitic compostions, and minor marble. Most of
these turbiditic rocks underwent high-grade metamorphism. Detrital
zircons from the paragneiss of this group are predominantly 451 and
591Ma old, with peaks at ca. 500 and 485Ma, and constrained their de-
positional age of 504 ± 4 Ma (see Fig. 2 and Table 1; Jiang et al., 2010;
Long et al., 2007; Yang et al., 2011). Few metamorphic zircon rims on
detrital zircons from garnet–sillimanite-bearing paragneiss yielded
(terrane 4 in Fig. 1), showing distribution ofmetamorphic zones withmineral assemblage
piled in Table 1) are shown. References: [1] Jiang et al., 2010; [2] Long et al., 2007; [3] Tong
et al., 2011. See text for explanation.



Table 1
Summary of all available U-Pb zircon data reported from the Kalasu area together with new U-Pb zircon ages from this study.

Samples Rock-type Dating method AGES (Ma) References

Depositional Magmatic Metamorphic

Northeastern domain
3084 undeformed granite (Halasu pluton) U-Pb LA-ICP-MS – 256 ± 3 – [5]
15AT254-1 felsic metatuff U-Pb LA-ICP-MS – 405 ± 1.4 – This study
15AT245-1 felsic metavolcano-clastic rock U-Pb LA-ICP-MS – 395.4 ± 1.7 – This study
16A2A-1 metarhyolite U-Pb LA-ICP-MS – 388.5 ± 0.9 – This study

Central domain
AR12 g-sill-bearing paragneiss U-Pb LA-Q-ICP-MS (in situ) ~485 – 391 ± 5 [1]
AR12 g-sill-bearing paragneiss U-Pb LA-ICP-MS ~500 – 389 ± 2 [2]
LT10F-41 UHT metapelitic granulite U-Pb LA-ICP-MS – – 271 ± 5 [3]
LT10F UHT metapelitic granulite U-Pb SHRIMP – – 278 ± 2 [4]
A152 metapelitic granulite U-Pb SHRIMP – – 292.8 ± 2.3 [6]
×0510–2 g-bearing paragneiss U-Pb SHRIMP 504 ± 4 – – [7]
15AT100–1 migmatite U-Pb LA-ICP-MS ~516 – ~392 This study
15AT100–2 gneissic granite U-Pb LA-ICP-MS – 412.2 ± 1.9 – This study
15AT38A-3 cd-bearing thin leucosome U-Pb LA-ICP-MS – – ~299–301 This study
15AT148–2 cd-bearing thick leucosome U-Pb LA-ICP-MS ~507 – ~386 This study
15AT113–1 undeformed gabbro U-Pb LA-ICP-MS – 408 ± 2.4 – This study
15AT113–1 undeformed gabbro U-Pb LA-ICP-MS – 279.8 ± 6.0 – This study
16A3A5 gneissic granite U-Pb LA-ICP-MS – 279.1 ± 0.7 – This study

Southwestern domain
X0497-4 mylonitic granite U-Pb LA-Q-ICP-MS – 402.7 ± 2 – [7]
X0498-1 mylonitic granite U-Pb LA-Q-ICP-MS – 395.7 ± 1.5 – [7]
X0499-3 mylonitic granite U-Pb LA-Q-ICP-MS – 404.3 ± 1.7 – [7]
X0500-1 mylonitic granite U-Pb LA-Q-ICP-MS – 406.2 ± 1.2 – [7]
X0507-8 mylonitic granite U-Pb LA-Q-ICP-MS – 407.5 ± 1.8 – [7]
16A10-1 gneissic granite U-Pb LA-ICP-MS – 402.4 ± 1.4 – This study
15AT181-1 amp-bearing paragneiss U-Pb LA-ICP-MS ~492 – ~374 This study
15AT176-1 ep-bearing granite U-Pb LA-ICP-MS – 410.5 ± 6.1 – This study
15AT176-1 ep-bearing granite U-Pb LA-ICP-MS – 283.7 ± 1.9 – This study
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ages at ca. 391 to 389 Ma (Table 1 and Fig. 2), suggesting Middle Devo-
nianHTmetamorphism (Jiang et al., 2010; Long et al., 2007). In addition,
this turbidite sequence shows anatexis and contains lenses of M/LP to
UHT garnet–cordierite–sillimanite-bearing metapelitic migmatites and
granulites (Tong et al., 2014a; Wang et al., 2009b). For the M/LP granu-
lite, pseudosection modelling defined a peakmetamorphic condition of
5–6 kbar and 780–800 °C (Wang et al., 2009b), while UHT granulites
show an anticlockwise P–T path from 7 kbar and 890 °C to 9 kbar and
970 °C, followed by a post peak cooling at 8–9 kbar and 870 °C (Tong
et al., 2014a). Timing of this migmatitization and granulite-facies meta-
morphism was inferred from U–Pb zircon dating to ca. 292–271 Ma for
migmatite and granulite (see Table 1 and Fig. 2; Tong et al., 2013, 2014a;
Wang et al., 2009b).

Both Cambrian to Devonian sequences were intruded by a large
number of felsic tomafic bodies in the upper crustal levels. Four gneissic
granitic samples register U–Pb zircon ages between ca. 396 and 408 Ma
(Yang et al., 2011), and an undeformed felsic intrusion gives an U–Pb
zircon age of 256 ± 3 Ma (Wang et al., 2009a) (see Table 1 and Fig. 2).

3. Lithology

Four main lithological groups occur in the Kalasu area and show
metamorphic grade increasing from north and south to the central
area: (1)metavolcano-clastic rocks and tuffs are dominant in the north-
east; (2) metapelitic sequence with subordinate metarhyolite consti-
tutes the main lithology of the central and southwestern part, (Fig. 2);
(3) gneissic granitoids crop out over the whole area; and (4) several
bodies of gabbro and pegmatite are scattered in the central part (see
Figs 2 and 3 as lithological details).

The northeastern domain is characterized byweakly deformed fine-
grained tuff or medium- to fine-grained pyroclastic rocks, with
centimetre to meter-scale oriented quartz veins (sample 15AT254-1;
Fig. 3a). The main minerals in metatuffs (e.g. sample 15AT245-1) are
muscovite, quartz, K-feldspar, plagioclase and subordinate biotite,
which abundance increases towards SW to the contact with the
metapelitic sequence. The metapelitic sequence in the northeastern
part is locally interbedded with layers of metarhyolite (e.g. sample
16A2A-1), metatuff, minor marble and amphibolite (Fig. 3b) and is
intruded by undeformed coarse-grained porphyritic granite. The
metamorphic degree increases to the central part, in the NE the
metapelites are represented by biotite schists with local occurrence
of garnet and staurolite (Fig. 2) and towards SW, they grade into bi-
otite paragneisses with garnet and/or sillimanite (Fig. 3c; detail
photo). Metre-scale amphibolite layers are parallel to the foliations
of the paragneiss.

The central domain is dominated by stromatic to nebulitic
migmatites with biotite, garnet, sillimanite and cordierite, and occur in
up to 10 kmwideWNW-ESE trending zone (Fig. 2). Kyanite and stauro-
lite are observed locally. The dominant stromatic migmatites show al-
ternation of quartz–feldspar±cordierite-bearing leucosome layers
with biotite ± sillimanite ± garnet ± cordierite-bearing melanosome
and mesosome layers (e.g. sample 15AT100-1; Fig. 3d). The melano-
some is regularly spaced, whereas the leucosome aggregates and layers
vary in size from centimetre to decametre (thin-leucosome: sample
15AT38A-3 and thick-leucosome: sample 15AT148-2). Gneissic granite,
undeformed gabbro and pegmatite occur in themigmatites (Fig. 2). The
gneissic granite shows strong foliationmanifested by preferred orienta-
tion of biotite and alignment of feldspar aggregates, crosscut by unde-
formed melt-bearing shear bands (e.g. sample 15AT100-2; Fig. 3e). Up
to 1*5 km2 undeformed coarse-grained pyroxene gabbro dykes (e.g.
sample 15AT113-1) intruded parallel to the foliation of the stromatic
migmatites and the gneissic granites (sample 16A3A5; Fig. 3f). These
unfoliated gabbroic dykes are accompanied by a large number of
smaller, commonly meter-scale gabbroic lenses that are scattered
within the migmatites (Fig. 2). The coarse-grained pegmatite veins are
composed of quartz, K-feldspar, plagioclase andmuscovite, and crosscut
themainmetamorphic foliation of themigmatites and gneissic granites
(Fig. 2).



Fig. 3. Field photographs showingmain rock types of the Kalasu area. For localization see Fig. 2. (a,b) northeastern domain: (a) low-grade felsic metavolcano-clastic rockwith quartz veins
(outlined by black-dashed lines) and (b) low- to medium-grade biotite-schist alternating with metarhyolite. (c–f) Central domain: (c) paragneiss and migmatite at the limit with the
northeastern domains; (d) stromatic migmatite displays thin leucosome with cordierite and melanosome with cm-scale garnet; (e) migmatitized gneissic granite, and (f) undeformed
gabbro at contact with gneissic granite. (g,h) Southwestern domain: (g) amphibole-bearing paragneiss with and folded quartz lenses, and (h) pink coarse-grained epidote-bearing
granite.
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The southwestern domain is delineated by a sharp transition
from cordierite-bearing migmatites to gneissified granites, am-
phibolite-facies paragneisses (sample 15AT181-1; Fig. 3g), and
rare amphibolite layers of up to several metres width (Fig. 2).
Here, the biotite paragneisses contain locally minor garnet and/or
sillimanite and/or staurolite. Large number of metre- to
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kilometre-scale WNW-ESE elongated intrusions of metagranitoids
have strong gneissosity, defined by biotite and recrystallized K-
feldspar and quartz aggregates (sample 16A10-1; Fig. 2).
Fig. 4. Structural relationship of the Kalasu area observed along the NE-SW profile. (a,b) north
schist. (c–f) Central domain: (c) remnants of horizontal S1 foliation and extensional D1 she
amphibolite dike affecting the S1 foliation; (e) leucosome parallel to the S3 axial plane and cro
the penetrative S3 schistosity of gneissic granite and gently folded by D3 deformation sho
remaining of S1 foliation folded and parallel to S3 axial plane in gneissic granite and (h) S1 fo
Localities of representative pictures are shown on Fig. 5.
Fewer coarse-grained, pink granites are mostly undeformed (sam-
ple 15AT176-1; Fig. 3h) or show only locally weak plastic
deformation.
eastern domain: (a) S1 cleavage and (b) tight S3 axial plane in low- to medium-grade bi-
ar zone preserved in the gneissic granite; (d) upright close and asymmetric F3 folds of
sscutting the S1 foliation; and (f) pegmatite dike emplaced at high hinge with respect to
wing refraction schistosity inside (upper left inset). (g,h) Southwestern domain: (g)
liation in paragneiss refolded by tight D3 folds and crosscut by axial planar S3 cleaveage.
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4. Deformation

The Kalasu area was affected by three main phases of deformation
with variable intensity and degree of preservation as illustrateted in
field photographs (Fig. 4) and in a structuralmap accompanied by an in-
terpretative cross-section andplanar and linear structures in stereoplots
(see Fig. 5).
Fig. 5. Structural map and interpretative cross-section showing the main structural features.
lineation, F3 fold axis and pegmatites). (a–h) In the map indicates location of the field photogr
D1 deformational phase is characterized by S1 foliation, which is
best preserved in the low- to medium-grade metamorphic rocks in
the northeastern domain, and locally in the southwestern domain. The
stereoplots have maxima showing that the S1 foliation dips moderately
to steeply mainly to the NWor locally to the SE (Figs 4a and 5). The NE-
SW trending strike and the variable dip of the S1metamorphic schistos-
ity is interpreted to result from upright NW-SE compression and F2
The stereoplots show orientation of major structural elements (S1 and S3 foliations, L3
aphs from Fig. 4. For the legend see Fig. 2.



408 A. Broussolle et al. / Lithos 314–315 (2018) 400–424
folding of the S1 fabric. In this interpretation the D2 deformation is re-
sponsible mainly for the reorientation of the originally sub-horizontal
S1 fabric, leading to variability in its dip due to F2 folding, but is not as-
sociated with penetrative metamorphic stage, thus preserving the S1-
M1 metamorphic assemblages. Therefore, in the map it is portrayed as
the S1 foliation with NE-SW trending strike (the dashed lines) and the
D2 deformation structures are not shown in the map or diagrams (see
Fig. 5). At microscopic-scale, the main schistosity S1 is mostly defined
by muscovite and biotite in the low-grade metavolcano-clastic rocks
and by staurolite and garnet in the medium-grade metavolcano-sedi-
mentary sequence. The S1 foliation is subsequently heterogeneously
folded by upright F3 folds with steep NW-SE trending S3 axial plane.
In the northeastern domain, the F3 folding is connected with develop-
ment of low-grade S3 cleavage characterized by oriented growth of
muscovite and biotite (Fig. 4b). The intersection between variously dip-
ping S1 and steep S3 foliations resulted in L3 intersection lineation that
plunges either to the SE or to the NW (Fig. 5).

In the central high-grade migmatitic domain, the S1 foliation is
mainly rotated to NW-SE direction by tight to isoclinal F3 folds. How-
ever, relics of W to NW steeply dipping S1 can be observed in the
gneissic granites or in some nebulitic migmatites locally preserving
the D1 shear bands (Fig. 4c). The NW or SE plunging F3 folds are con-
nected with penetrative NW-SE trending sub-vertical axial planar S3
schistosity (Fig. 4d), which is marked by the presence of cordierite-
bearing leucosome and by the orientation of sillimanite, biotite and gar-
net in the melanosome (Fig. 4e). The S3 is also observed inside pegma-
tite veins, which intruded perpendicularly to the S3 foliation and were
subsequently gently folded by the F3 folds. Here, the geometrical rela-
tions between the S3 foliation of the host rocks and of the folded pegma-
tite veins present features typical for cleavage refraction (Fig. 4f).

In the southwestern domain, the S1 is moderately reworked by up-
right close and asymmetric F3 folds, but the S1 fabric is still preserved.
Some relicts of folded S1 fabrics steeply dipping to the NW are pre-
served as lozenge-shaped low strain domains inside the S3 fabric in oth-
erwise strongly gneissified granite (Fig. 4g). In general, the S1 foliation
is defined by biotite and locally by garnet, sillimanite and staurolite,
whereas the axial planar cleavage S3 is marked by oriented sillimanite,
biotite and garnet in the paragneisses (Fig. 4h). The L3 lineationmarked
by sillimanite and biotite plunges either to the NNW or to the SSE (Fig.
5).

The geometry of the D1 and D3 structures is shown in a NE-SW in-
terpretative cross-section and in the associated stereoplots (Fig. 5).
Poles to the S1 foliation in the low-grade northeastern domain define
a main maximum in the SE quadrant and subordinate measurements
in the SW quadrant, indicating that the S1 foliation is steeply dipping
predominantly to the NW. The SE maximum of the S1 poles indicates
strong upright D2 folding. The SW maximum coincides with the S3
cleavage pole maximum, suggesting rotation of the S1 fabric by the F3
folds and important transposition parallel to the S3 cleavage. Poles to
the S1 foliation in the high-grade central domain define a SW and a
NE maximum at the periphery of the diagram, similar to that defined
by poles of the S3 foliation. All the above evidence indicates that the
D3 foliation completely transposes the S1 fabric in high-grade rocks.
In the southwestern domain, poles of the S1 define a wide SSE and W
maximum located at the periphery of the diagram, and a weak maxi-
mum in the NW, indicating that the S1 foliationwas only partially trans-
posed by the D3 deformation. The plunge of the L3 lineation and of the
F3 fold axes are identical, whichmeans that the L3 representsmainly in-
tersection lineation formed during the F3 folding of variably oriented S1
fabrics.

5. U–Pb zircon geochronology

In order to determine the source provenance of the metavolcano-
sedimentary units and to establish a correlation between different
structural, metamorphic and magmatic events, zircon was separated
from 12 samples (Fig. 2 and Table 2). U–Pb isotope composition was
analysed on zircons by Laser Ablation – Inductively Coupled Plasma
Mass Spectrometry (LA-ICPMS) at the University of Hong Kong and
the Czech Geological Survey in Prague (see details of the analytical
method in the Appendix A of the Supplementary data). (See Table 3.)

TheU–Pb isotopic data are presented according to the division to the
northeastern, central and southwestern domains (see Figs 2 and 5). The
U–Pb ages are summarized in Table 1 and the original data are available
in the Appendix B of the Supplementary data (Tables B1, B2 and B3).
207Pb/206Pb ages are used for zircons older than 1000 Ma, whereas
206Pb/238U ages are used for zircons younger than 1000 Ma. The error
correlation of 206Pb/238U–207Pb/235U used in the Concordia and Tera-
Wasserburg plots is between 0.85 and 0.95, a value from a long-term
statistics of the laboratory. The errors reported are 2σ.

5.1. Northeastern domain

The analysed samples (Fig. 2 and Table 2) include two low-grade
felsic metavolcanic rocks (samples 15AT254-1 and 15AT245-1) and an
intra-sequence metarhyolite within the low-grade metapelitic se-
quence (sample 16A2A-1), which may constrain the depositional age
of the sequence.

5.1.1. Low-grade felsic metavolcanic rocks (samples 15AT254-1 and
15AT245-1)

The samples 15AT254-1 and 15AT245-1 were collected in the NE
part of the northeastern domain, where felsic, weakly metamorphosed
and deformed metavolcanic rocks are predominant (Fig. 2 and Table
2). Sample 15AT254-1 is a fine-grained metatuff composed mainly of
plagioclase, quartz andmuscovitewithminor biotite, ilmenite and tour-
maline. The muscovite and scarce biotite define gently folded S1 folia-
tion or axial planar S3 cleavage (Fig. 6a). Sample 15AT245-1 is a
medium-grained metapyroclastic rock (Fig. 3a) with fabric defined by
elongated porphyroclasts of quartz and feldspar in afine-grained S1 fab-
ric defined by oriented biotite, recrystallized bends of quartz, plagio-
clase and by weakly oriented muscovite (Fig. 6b). Calcite occurs in
some feldspar porphyroclasts (inset in Fig. 6b). Zircon grains from
both samples (15AT254-1 and 15AT245-1) have similar characteristics,
are moderately pale yellow to colourless and transparent rounded
grains to mostly idiomorphic prisms ~150–200 μm long (aspect ratio
1:2 to 1:3). Most of them are broken. Under catodoluminescence (CL),
they display mainly low luminescent oscillatory zoning, although
other textures, such as homogeneous pattern and sector zoning are
present rarely (Fig. 7a, b). For sample 15AT254-1 a total of 100 analyses
and for sample 15AT245-1 a total of 40 analyses were performed at the
University of Hong Kong. The ages for zircons with high Th/U ratio
(N0.1) range from 312 to 520 Ma for sample 15AT254-1 and from 341
to 454 Ma for sample 15AT245-1 (Table B1). The most concordant
data for 67 analyses in sample 15AT254-1 and for 13 analyses in sample
15AT245-1 yielded mean ages of 405 ± 1.4 Ma (MSWD = 3.6) and
395.4 ± 1.7 Ma (MSWD = 0.76), respectively (Table 1 and Fig. 7a, b).
The remaining analyses that record ages younger than 400 Ma or
395Ma are attributed to variable radiogenic Pb loss. In addition, twelve
of these analyses for sample 15AT245-1 show moderate common Pb
contents.

5.1.2. Metarhyolite (sample 16A2A-1)
Sample 16A2A-1 was collected in the central part of the low-grade

metavolcano-sedimentary sequence in the northeastern domain, close
to the Permian granite intrusion (Fig. 2 and Table 2). This sample corre-
sponds to a metarhyolite interlayered within the metapelitic sequence
oriented parallel to the S1 (Fig. 3b). It shows a slaty cleavage defined
by biotite and scarce muscovite and contains garnet porphyroblasts
with numerous quartz inclusions (Fig. 6c). Zircon grains are usually
colourless idiomorphic prisms with variable aspect ratio from 1:2 to
1:4, although some rounded grains are found. CL images reveal complex



Table 2
General description and mineral assemblages of the dated samples.

Sample no Longitude Latitude Sample name Domains Mineral assemblagesa

15AT254-1 88.518 47.734 Low-grade metatuff Northeastern mu-q-pl-bi-ilm-tour
15AT245-1 88.479 47.721 Low-grade metapyroclastic rock Northeastern q-pl-bi-mu-cal-mt
16A2A-1 88.446 47.654 Metarhyolite Northeastern pl-q-bi-mu-(g)-ilm

15AT100-1 88.337 47.634 Migmatite Central pl-q-kfs-bi-sill-cd-ilm-mt
15AT100-2 88.337 47.634 Gneissic granite Central pl-q-kfs-bi-mu-ilm-mt
15AT38A-3 88.304 47.630 cd-bearing thin leucosome Central pl-q-kfs-bi-sill-cd-ilm-mt
15AT148-2 88.310 47.606 cd-bearing thick leucosome Central pl-q-kfs-bi-sill-cd-g-ilm-mt
15AT113-1 88.325 47.603 Undeformed gabbro Central pl-opx-cpx-ol-ilm-mt
16A3A5 88.416 47.605 Gneissic granite Central pl-q-kfs-bi-mu-ilm-mt

16A10-1 88.375 47.555 Gneissic granite Southwestern pl-q-kfs-bi-mu
15AT181-1 88.341 47.513 amp-bearing paragneiss Southwestern pl-q-bi-amp-ilm-sph
15AT176-1 88.324 47.498 ep-bearing granite Southwestern pl-q-bi-ep-ilm-mt

a Mineral abbreviations used are: pl = plagioclase, kfs = K-feldspar, q = quartz, bi = biotite, amp = amphibolite, cd = cordierite, sill = sillimanite, g = garnet, ol = olivine, opx =
othopyroxene, ep = epidote, sph = sphene, ilm = ilmenite, mt = magnetite, cal = calcite, tour = tourmaline (Holland and Powell, 1998).
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textures, from oscillatory to homogenous patterns with a varied lumi-
nescence from core to rim (Fig. 7c). A total of 67 spots were analysed
at the Czech Geological Survey, yielding 206Pb/238U ages of 274–
439 Ma (Table B1). Among the 67 analyses, 22 concordant data yield a
weighted mean age of 388.5 ± 0.9 Ma (MSWD = 0.76; Table 1 and
Fig. 7c), interpreted as the crystallization age of the rhyolite. The re-
maining 45 analyses showdifferent degree of discordance and the effect
of lead loss.

5.2. Central domain

Six sampleswere collected in the high-grade central domain (Fig. 2).
These involve a migmatite (15AT100-1) at contact with a gneissic gran-
ite (15AT100-2), a thin centimetre scale cordierite-bearing leucosome
(15AT38A-1), a thick cordierite-bearing leucosome (15AT148-1), an
undeformed gabbro (15AT113-1) and a gneissic granite (16A3A5)
(Table 2).

5.2.1. Migmatite (sample 15AT100-1)
The sample 15AT100-1 is a stromatic migmatite with well-foliated

fine-grained melanosome alternating with coarse-grained leucosome.
Melanosome is composed of abundant biotite and fibrolitic sillimanite
oriented mostly parallel to the S3 foliation. However, some sillimanite
and biotite are also oriented along the S1 in the limbs of the F3 folds.
Leucosome consists of coarse-grained plagioclase, K-feldspar, quartz, bi-
otite and cordierite (Fig. 8a). Accessory minerals include zircon, mona-
zite, ilmenite and magnetite. Zircon grains are mostly pale yellow to
colourless and sub-rounded grains, idiomorphic prisms are subordinate.
The CL images show cores surrounded by thin irregular dark to grey
rims (Fig. 9a). The cores have variable textures, from homogeneous pat-
terns to oscillatory and sector zoning,with variable luminescence. These
characteristics, alongwith their high Th/U ratio (N0.1; Table B2), suggest
that the cores likely represent former magmatic zircons, which were
transported and eroded, and subsequently overgrew during metamor-
phism. In order to determine the source provenance, 100 analyses
were performed on the cores at the University of Hong Kong, of which
90 analyses yield concordant ages from 379 to 2020 Ma (in a range of
concordance of 95% to 105%; Table B2). Most of the analyses performed
on the sample 15AT100–1 yield a major Cambrian peak at ca. 516 Ma,
and two secondary clusters are observed at Neoproterozoic (ca. 682–
900Ma) and Palaeoproterozoic (ca. 1768–2020Ma). The youngest pop-
ulation is represented by two Devonian zircon coreswith ages of ca. 379
and 399 Ma (see Fig. 10a and Table 1). To determine the age of high-
grade metamorphism, 33 analyses were carried out in the thin dark CL
rims at the Czech Geological Survey, yielding concordant ages between
384 and 1471Ma, interpreted as inherited, and three younger ageswith
Th/U b 0.1 at around 300 Ma are interpreted to record timing of meta-
morphism (see blue ellipse in Fig. 10a and Table B2).
5.2.2. Gneissic granite (sample 15AT100-2)
Sample 15AT100-2 is a coarse-grained metagranitoid composed of

plagioclase, quartz, K-feldspar and biotite, with accessory minerals of
zircon, ilmenite and magnetite. The biotite is oriented parallel to the
S1 and to the axial planar S3 cleavage of the F3 folds (Fig. 8b). Zircons
from this sample are big and numerous. They are pale yellow to
colourless elongated prismswith rounded terminations, variable aspect
ratio (between 1:2 to 1:4) and with small inclusions. Under CL, zircons
display broad moderately low to high luminescent oscillatory zones
typical ofmagmatic origin, and fewgrains show less luminescent homo-
geneous cores (Fig. 11a). No metamorphic rim was observed. Among
the 40 grains analysed at the University of HongKong, thirty-eight anal-
yses yield concordant ages between 400 and 492 Ma (Table B2). The
best estimate for the age was obtained from 31 analyses, yielding a
mean age of 412.2 ± 1.9 Ma (MSWD = 1.8; Fig. 11a and Table 1),
interpreted as the crystallization age of the granite.
5.2.3. Cordierite-bearing thin leucosome (sample 15AT38A-3)
Sample 15AT38A-3 is a cm-scale thin leucosome separated from a

stromatic migmatite. This sample was taken in order to date the high-
grademetamorphism (Fig. 2 and Table 2). The thin leucosome ismainly
composed of coarse-grained plagioclase, quartz, biotite, cordierite and
K-feldspar alternating with thin medium-grained biotite and fibrolitic
sillimanite-rich layers parallel to the S3 foliation; although, some biotite
and sillimanite are oriented parallel to the S1 foliation (Fig. 8c). Acces-
sory minerals include zircon, ilmenite and magnetite. Zircon grains are
colourless or have a variable shade of brown and yellow. They form usu-
ally rounded grains and broken prismswith differently shaped pyramid
terminations and aspect ratios between 1:2 and 1:4. CL images reveal
two groups of zircons: (1) zircons with a complex texture commonly
possess prismatic inherited coreswith low- to high-luminescentweakly
oscillatory and homogenous zoning, and surrounded by variable less lu-
minescent and homogenous rims (from 25 to 50 μm thick); and (2) zir-
cons showhomogeneous and dark luminescence (Fig. 9b). Both the low
luminescent and homogeneous rims and homogeneous zircons have
low Th/U ratio (b0.1; Table B2), being interpreted asmetamorphic over-
growths or recrystallizations. A total of 106 spots were analysed on zir-
cons with clear core-rim structures, whereas 45 analyses were carried
out in the homogeneous and dark-CL zircons, at the University of
Hong Kong and the Czech Geological Survey. Taking into account the
CL textures of both grain types and the different zones, few cores yield
the oldest ages, whereas dark rim and homogeneous zircons usually
show younger ages. From 106 analyses, twenty-nine concordant ages
were obtained in the cores, ranging from 280 to 895 Ma (with 95–
105% concordance; Table B2). A small group of the analyses in the
cores yield ages from Carboniferous to Neoproterozoic (ca. 376–895;
Fig. 10b), and are interpreted as inherited. Most of the cores yield



Table 3
Summary of all available U-Pb detrital and volcanic zircon data reported from Habahe/Kulumiti, Kangbutiebao and Altai formations in Chinese Altai.

Samples Rock-type Locations
(Cities)

Dating Method AGES (Ma) AGE POPULATIONS (Ma) Grains
(ntotal)

References

Depostional Crystallization Metamorphic Youngest Main Oldest

Habahe/kulumiti formations
BU6-2 amphibolite Buerjin-Hanas U-Pb LA-ICP-MS – 426 ± 3 389 ± 6a 386–394a 420–439 465–873b 33 [5]
BU14 amp-bearing

paragneiss
Buerjin-Hanas U-Pb LA-ICP-MS 461 ± 13 – 387 ± 8a 382–392a 440–577 658–744 18 [5]

BU19–3 mica-schist NW
Chonghuer

U-Pb LA-ICP-MS 504 ± 7 – – – 460–540 620–1179 74 [6]

CH8 g-mica-schist N Chonghuer U-Pb LA-ICP-MS 529 ± 14 – – – 460–540 620–2493 69 [6]
BEJ96 g-st-sill-bearing

paragneiss
NW
Chonghuer

U-Pb LA-Q-ICP-MS 464 ± 11 – – – 460–540 620–2179 38 [6]

CH12 g-sill-bearing
paragneiss

N Chonghuer U-Pb LA-ICP-MS 534 ± 9 – – – 460–540 620–2503 51 [6]

KK8 g-sill-kfs-bearing
paragneiss

Keketuohai U-Pb LA-Q-ICP-MS 515 ± 14 – – – 460–540 700–2358 44 [6]

KK03 mica-schist S Keketuohai U-Pb LA-ICP-MS ~515 – – – 468–586 721–3087 58 [8]
KK10 migmatite S Keketuohai U-Pb LA-ICP-MS ~457 – 384 ± 6a 370–401a 460–513 659–1513 54 [8]
BH09 siltstone S Baihaba U-Pb LA-ICP-MS ~499 – – – 465–525 594–2743 33 [8]
KK01 mylonite (Fuyun

Fault)
NE Fuyun U-Pb LA-ICP-MS ~501 – – – 429–545 561–2033 73 [8]

LO7BH16 sandstone Baihaba-Hanas U-Pb LA-ICP-MS ~491 – – 431–447 454–533 650–2500 52 [9]
LO7BH27 slate Baihaba-Hanas U-Pb LA-ICP-MS ~470 – – 431–447 459–522 700–2900 63 [9]
LO7BH01 siltstone Baihaba-Hanas U-Pb LA-ICP-MS ~476 – – 431–447 469–525 650–2900 62 [9]
BU-4 g-sill-bearing

paragneiss
SW
Chonghuer

U-Pb LA-ICP-MS 505 ± 7 – – – 479–533 569–2516 35 [11]

BU-5 sill-bearing
paragneiss

SW
Chonghuer

U-Pb LA-ICP-MS 517 ± 8 – – – 480–538 592–2159 31 [11]

BU-13 sill-bearing
paragneiss

NW
Chonghuer

U-Pb LA-ICP-MS 481 ± 11 – – – 446–519 573–2626 31 [11]

BU-14 amp-bearing
paragneiss

NW
Chonghuer

U-Pb LA-ICP-MS 466 ± 11 – – – 426–524 640–2634 35 [11]

BU-19 mica-schist NW
Chonghuer

U-Pb LA-ICP-MS 528 ± 16 – – – 477–597 729–936 25 [11]

X0555-7 rhyolite NW Qinghe U-Pb SHRIMP-II – 501.8 ± 7.2 – – 461–516 941–2001 14 [17]
X0555-7 rhyolite NW Qinghe U-Pb LA-ICP-MS – 501.8 ± 7.3 – – 462–516 942–2001 20 [17]
12BU73 sill-kfs-bearing

paragneiss
W Chonghuer U-Pb LA-ICP-MS 515 ± 4 – – ~460 500–550 749–1983 31 [21]

AL07 mica-schist NW Kuerti U-Pb LA-ICP-MS ~470–506 – – – 465–576 781–2572 54 [16]
AL10 mica-schist NW Kuerti U-Pb LA-ICP-MS ~471–516 – – – 464–549 766–2555 61 [16]

Kangbutiebao formation
Abg178 metarhyolite SE Altai city U-Pb SHRIMP-II – 412.6 ± 3.5 – – 317–488 – 16 [1]
Abg53 metarhyolite SE Altai city U-Pb SHRIMP-II – 408.7 ± 5.3 – – 372–495 – 13 [1]
Tm51 metarhyolite SE Altai city U-Pb SHRIMP-II – 406.7 ± 4.3 – – 396–424 – 15 [1]
CH01 metarhyolite Chonghuer

basin
U-Pb
LA-MC-ICP-MS

– 385.3 ± 1.2 – – 379–392 – 24 [2]

CH09 metarhyolite Chonghuer
basin

U-Pb
LA-MC-ICP-MS

– 398.1 ± 1.8 – – 394–458 – 20 [2]

CH25 metatuff Chonghuer
basin

U-Pb
LA-MC-ICP-MS

– 405.6 ± 2.2 – – 321–413 – 20 [2]

DDG01 metarhyolite N-NW Altai
city

U-Pb
LA-MC-ICP-MS

– 388.9 ± 3.2 – – 349–393 – 20 [3]

DDG08 metarhyolite N-NW Altai
city

U-Pb
LA-MC-ICP-MS

– 400.7 ± 1.6 – – 380–420 – 20 [3]

metandesite Chonghuer
basin

U-Pb
LA-MC-ICP-MS

– 398.8 ± 1.3 – – 317–402 670–788 32 [4]

SW47 metarhyolite N Fuyun U-Pb SIMS – 401 ± 3.1 – – 395–408 514–2575 18 [7]
SW89 metarhyolite N Fuyun U-Pb SIMS – 401.2 ± 2.7 – – 392–416 – 20 [7]
TM1 metarhyolite NE Kuerti U-Pb SHRIMP-II – 400.8 ± 8.4 – – 380–410 – 21 [10]
KK7 metarhyolite NE Kuerti U-Pb SHRIMP-II – 402.2 ± 6 – – 377–407 – 15 [10]
Ashele metarhyolite N Kuerti U-Pb

LA-MC-ICP-MS
– 375 ± 3 – – 370–385 – 15 [14]

Keyinbulake metarhyolite N Kuerti U-Pb
LA-MC-ICP-MS

– 401 ± 4 – – 394–411 – 15 [14]

KKT 01 metarhyolite NW Kuerti U-Pb
LA-MC-ICP-MS

– 410.5 ± 1.3 – – 408–412 – 20 [18]

KKT 09 metatuff NW Kuerti U-Pb
LA-MC-ICP-MS

– 394.8 ± 1.9 – – 390–403 – 20 [18]

Tmp-1 metarhyolite SE Altai city U-Pb
LA-MC-ICP-MS

– 407.3 ± 9.2 – – 375–407 – 6 [19]

Kkp-7 metarhyolite S Kuerti U-Pb
LA-MC-ICP-MS

– 407.3 ± 9.2 ~339–360 339–360 339–420 – 7 [19]

Altai formation
AR12 g-sill-bearing

paragneiss
SE Altai cityc U-Pb LA-Q-ICP-MS

(in situ)
~485–506 – 391 ± 5 390–392 451–591 600–2000 29 [5]
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Table 3 (continued)

Samples Rock-type Locations
(Cities)

Dating Method AGES (Ma) AGE POPULATIONS (Ma) Grains
(ntotal)

References

Depostional Crystallization Metamorphic Youngest Main Oldest

AR12 g-sill-bearing
paragneiss

SE Altai cityc U-Pb LA-ICP-MS ~500 – 389 ± 2 388–391 456–547 553–2042 58 [8]

×0510–2 g-bearing
paragneiss

SE Altai cityc U-Pb SHRIMP-II 504 ± 4 – – – 488–521 535–2796 24 [10]

A152 metapelitic
granulite

SE Altai cityc U-Pb SHRIMP – – 292.8 ± 2.3a – 280–300 – 9a [15]

LT10F-41 UHT metapelitic
granulite

SE Altai cityc U-Pb LA-ICP-MS 491 ± 46 – 271 ± 5 260–280 450–500 740–1150 35 [12]

LT10F g-opx-sill-cd
granulite

SE Altai cityc U-Pb SHRIMP – – 278 ± 2 – 270–285 – 33 [13]

08AL11 paragneiss N Buerjin U-Pb LA-ICP-MS 466 ± 8 – – – 419–470 485–2528 54 [20]
04TW3 mylonitized

paragneiss
Mayinebo U-Pb SHRIMP 525 ± 13 – 463 ± 15 425–473 486–553 817–2251 21 [20]

0410TW3 migmatite NW Fuyun U-Pb SHRIMP – – 283 ± 4 – 275–290 – 17 [20]

References: [1] Chai et al., 2009; [2] Chai et al., 2012; [3] Geng et al., 2012; [4] Guo et al., 2015; [5] Jiang et al., 2010; [6] Jiang et al., 2011; [7] Liu et al., 2010; [8] Long et al., 2007; [9] Long et
al., 2010; [10] Shan et al., 2011; [11] Sun et al., 2008; [12] Tong et al., 2013; [13] Tong et al., 2014a; [14]Wan et al., 2011; [15]Wang et al., 2009b; [16]Wang et al., 2014a;[17] Yang et al.,
2011; [18] Yang et al., 2018; [19] Zhang et al., 2000; [20] Zhang et al., 2012 and [21] Zhang et al., 2015. For cities, locations, see Fig. 1.
Abbreviations for minerals: amp, amphibole; kfs, K-feldspar; g, garnet; opx, orthopyroxene; sill, sillimanite; st, staurolite

a Zircon rims
b Xenocrysts
c Samples located in Fig. 2.

411A. Broussolle et al. / Lithos 314–315 (2018) 400–424
Permian ages with amajor peak at ca. 299Ma. From the analyses per-
formed on the dark-CL rims and homogenous-CL zircons, only 12 and
11 analyses, respectively, generate concordant ages from 280 to
336 Ma, yielding a weighted mean age at 295.5 ± 4.2 Ma for 21 anal-
yses. However, the result produces a high MSWD (35) that can be
considerably lowered if we consider only eleven spots to calculate
the weightedmean, resulting in an age of 300.8± 1.9Ma, with an ac-
ceptable MSWD = 2.8 (see 206Pb/238U weighted average age plot
inset in Fig. 10b and Table 1). The remaining younger analyses are
interpreted to result from a Pb loss and are interpreted geologically
meaningless. The similarity in age between most of the cores and
both the dark-CL rims and homogenous-CL zircons suggests that
the cores were almost completely reset during the Permian
metamorphism.
5.2.4. Cordierite-bearing thick leucosome (sample 15AT148-2)
Sample 15AT148-2 is from a metre-scale thick leucosome col-

lected from a stromatic migmatite in order to date the high-grade
metamorphism (Fig. 2 and Table 2). The leucosome consists of
coarse-grained plagioclase, K-feldspar, quartz, biotite, cordierite
and garnet, and contains thin layers marked by medium-grained bi-
otite and fibrolitic sillimanite. These thin layers are oriented parallel
to S1 and also parallel to axial planar S3 foliation (Fig. 8d). Accessory
minerals include zircon, ilmenite and magnetite. Zircon is small
(~50–100 μm) and colourless, forms mostly rounded grains and
rare idiomorphic and elongated prisms. CL images reveal complex
textures, from oscillatory to sector and homogenous patterns with
variable CL response (Fig. 9c). These characteristics, along with the
high Th/U ratio (N0.1; Table B2), suggest that the cores represent for-
mer detrital grains, magmatic in origin. Scarce and thinner lumines-
cent rims are present, but are too small for dating. A total of 139
analyses were performed at the University of Hong Kong and the
Czech Geological Survey, from which 96 analyses yield concordant
ages (95–105% concordance) ranging from 335 to 2773 Ma (Table
B2). Most of the analyses (24 grains) yield Cambrian ages from 490
to 531 Ma with a peak at ca. 507 Ma. Small groups of Proterozoic zir-
cons are determined at ca. 624 Ma, 718 Ma, 790 Ma, 936 Ma,
1053 Ma, 1193 Ma, 1591 Ma, 1738–1763 Ma, 2388 Ma, 2511 and
2773 Ma (Fig. 10c). Younger ages from Ordovician to Permian
range from 335 to 480 Ma and yield a younger peak at ca. 386 Ma
(Fig. 10c and Table 1).
5.2.5. Undeformed gabbro (sample 15AT113-1)
Sample 15AT113-1 was collected from an elongated mafic dyke

emplaced in the high-grademigmatites (Fig. 2 and Table 2). This sample
is composed of coarse-grained plagioclase, olivine, clinopyroxene and
orthopyroxene, and the accessory zircon, ilmenite and magnetite (Fig.
8e). Microscopically and macroscopically, the sample is undeformed.
Zircons show two different types of grains: (1) pale yellow to colourless
idiomorphic and elongated prisms with abundant dark inclusions and
(2) few small and angular grains. They are generally broken. Under CL,
these two types of grains show different textures. The prismatic grains
display oscillatory zoning with variable CL response from core to rim,
whereas the angular grains are low luminescent and homogenous
(Fig. 11b). However, both types of grains have high Th/U ratio (N0.1;
Table B2). Among the 69 analyses performed at the University of Hong
Kong and the Czech Geological Survey, 44 analyses are from the oscilla-
tory zircon and 25 from the homogenous zircons. The best estimate for
the age of the oscillatory zirconswas obtained from six concordant anal-
yses, yielding a mean age of 408 ± 2.4 Ma (MSWD=0.22; Fig. 11b and
Table 1). From the angular and CL-homogenous zircons, four concor-
dant analyses yield a mean age of 279.8 ± 6 Ma (MSWD = 3.0; Fig.
11b and Table 1). The difference in textures and age of the two types
of zircon could suggest that the gabbro records either two magmatic
pulses, or that it was contaminated by crustal rocks at the time of intru-
sion. However, both hypotheses are unlikely owing to the big span of
age between both zircon populations, the large amount of older zircon
in the sample, and the undeformed character of the gabbro. Therefore,
the Devonian ages are interpreted as the timing of magmatic formation
of Devonian lower crust by gabbroic underplating. This lower crust is
then remolten and remobilized during Permian HT-UHT event leading
to emplacement of horblende bearing gabbros in the upper crust.
5.2.6. Gneissic granite (sample 16A3A5)
Sample 16A3A5 is a coarse-grained gneissic granite occurringwithin

the migmatites and intruded by the undeformed gabbro (Figs 2 and 3f
and Table 2). This sample consists mainly of quartz, plagioclase and K-
feldspar, withminor amount of oriented biotite (Fig. 8f). Accessorymin-
erals include zircon, ilmenite and magnetite. Zircon from this sample is
pale yellow to colourless and forms broken prisms and/or rounded
grains. Zircons have mostly low luminescent homogeneous pattern,
while fewgrains showoscillatory and sector zoning (Fig. 11c). Nometa-
morphic rim was observed. Among the 85 grains analysed at the Czech



Fig. 6.Microphotographs of the dated rocks from the northeastern domain: (a) Low-grade
metatuff rock, fine-grained muscovite and scarce biotite define the S1 foliation folded by
open to close upright F3 folds associated with locally developed crenulation S3 cleavage;
(b) low-grade felsic metapyroclastic rock, quartz and feldspar porphyroclasts with
calcite (see inset) enclosed in a fine-grained schistose fabric of oriented biotite, quartz,
plagioclase and muscovite; and (c) metarhyolite, garnet with inclusions of quartz in a
fine-grained plagioclase-quartz dominated matrix with biotite and scarce muscovite
gently oriented parallel to S1 foliation.
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Geological Survey, 50 analyses yield concordant ages between 270 and
419 Ma (90–110% concordance, Table B2). The other analyses gave
disconcordant ages from 210 to 402 Ma. The best estimate for the age
was obtained from twelve analyses, yielding a mean age of 279 ±
0.7 Ma (MSWD = 0.14; Fig. 11c and Table 1). The younger ages
b270 Ma were interpreted as a result of Pb loss, and therefore geologi-
cally meaningless. The sparse older ages are interpreted as the age of
inherited zircons partially reset and recrystallized during the high-
grade Permian metamorphism.
5.3. Southwestern domain

A gneissic granite (16A10-1), an amphibole-bearing paragneiss
(15AT181-1) and an epidote-bearing granite (15AT176-1) were col-
lected from this domain (Fig. 2 and Table 2).

5.3.1. Gneissic granite (sample 16A10-1)
Sample 16A10-1 is a coarse-grained gneissic granite at the

boundary between the migmatites of the central domain and the
paragneisses of the southwestern domain (Fig. 2 and Table 2). It is
composed of recrystallized plagioclase, quartz and K-feldspar, and
biotite and muscovite oriented parallel to the S3 foliation (Fig.
12a). Zircons are mostly colourless, in form of short prisms with
rounded terminations and with aspect ratio between 1:2 to 1:4.
Under CL, zircons display broad moderately low to high luminescent
oscillatory zones typical of magmatic origin, and few grains show
less luminescent homogeneous cores (Fig. 13a). No metamorphic
rim was observed. A total of 106 analyses were carried out at the
Czech Geological Survey, 39 analyses yield concordant ages ranging
from 369 to 459 Ma (94–106% concordance, Table B3). The best esti-
mate for the age was obtained from fifteen analyses, yielding a mean
age of 402.4 ± 1.4 Ma (MSWD = 0.63; Fig. 13a and Table 1),
interpreted as the crystallization age of the granite. The remaining
younger ages were interpreted as a result of Pb loss and therefore
geologically meaningless.

5.3.2. Amphibole-bearing paragneiss (sample 15AT181-1)
Sample 15AT181-1 is a medium-grained amphibole-bearing

paragneiss, collected in the area of medium-grade metavolcano-sed-
imentary sequence (Figs 2 and 3g and Table 2). It consists of plagio-
clase, quartz, amphibole and biotite, with accessory zircon, ilmenite
and titanite (Fig. 12b). Both amphibole and biotite are aligned paral-
lel to the S3 foliation. Zircon forms small subhedral to euhedral-
rounded grains (~50–200 μm). CL images show mostly oscillatory
zoning with variable CL response, from low to high luminescence;
however, few grains show homogenous pattern or sector zoning
(Fig. 13b). These characteristics and the high Th/U ratio (N0.1;
Table B3) suggest that the zircons represent former detrital grains,
magmatic in origin. Some zircons show a scarce and thin irregular
dark to grey rims in CL images, which are too thin for dating. A
total of 100 analyses were performed at the University of Hong
Kong, from which 87 yield concordant ages from 303 to 2597 Ma
(95–105% concordance, Table B3). Most of the grains provide two
main peaks between ca. 357 and 584 Ma with sparse Proterozoic
peaks between ca. 635–2601 Ma. The most prominent peak at ca.
492 Ma is defined by 38 grains and the second major peak at ca.
374 Ma is defined by 20 grains. Two Carboniferous peaks are located
at ca. 303 and 327 Ma (Fig. 13b and Table 1).

5.3.3. Epidote-bearing granite (sample 15AT176-1)
Sample 15AT176-1 is a coarse-grained granite collected from a

small and elongated body within the medium-grade paragneisses
(Fig. 2 and Table 2). It is composed of plagioclase, K-feldspar,
quartz, biotite, muscovite and epidote, and accessory zircon, ilmen-
ite and magnetite. At outcrop scale, most of the rocks appear as un-
deformed (Fig. 3h) but under the microscope, biotite is weakly
oriented in the S3 fabric and quartz and feldspar are weakly recrys-
tallized (Fig. 12c). Zircon forms big elongated prisms with differ-
ently shaped pyramid terminations and length/width ratios
between 1:2 and 1:4. Under CL, most zircons display moderately lu-
minescent oscillatory zones typical of magmatic origin; however,
few grains have less luminescent homogeneous cores (Fig. 13c).
No metamorphic rims were observed. Forty analyses were carried
out at the University of Hong Kong, yielding two groups of concor-
dant ages between 279 and 410 Ma (Table B3). The older ages are
from fractured cores and yield a mean age of 410.5 ± 6.1 Ma



Fig. 7. Tera-Wasserburg diagrams and representative catodoluminescence (CL) images of LA-ICPMS zircon from samples of the northeastern domain: (a) low-grade metatuff (sample
15AT254-1); (b) low-grade felsic metapyroclastic rock (sample 15AT245-1) and (c) metarhyolite at contact with biotite-schist (sample 16A2A1). Locations of LA-ICPMS analysis are
shown, the numbers correspond to 206Pb/238U ages obtained and to the spot number in Table B1 of the Supplementary data. Error ellipses and error bars are 2σ.
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(MSDW = 2.2, n = 5), whereas the younger ages yield a mean age
of 283.7 ± 1.9 Ma (MSWD = 1.16, n = 9; Fig. 11c). Some younger
ages are interpreted as due to moderate common Pb content and
are therefore geologically meaningless. The age of 284 Ma is
interpreted as the crystallization age of the epidote-bearing granite
(Table 1). The age of 410 Ma is interpreted as the age of xenocrysts
due to re-melting or contamination from the Devonian granites
that previously intruded in the area.
6. Interpretations and discussion

6.1. Metamorphic and structural evolution of the Kalasu area

Themetavolcano-sedimentary rocks and the granitic gneisses can be
regarded as a continuous metamorphic sequence with metamorphic
grade increasing from the greenschist facies in the northeastern domain
through amphibolite facies to migmatitization and granulite facies in



Fig. 8.Microphotographs of the dated rocks from the central domain: (a) migmatite with biotite and sillimanite oriented along the axial planar S3 foliation of the F3 folds; (b) gneissic
granite with the axial planar S3 foliation defined by biotite; (c) thin leucosome with coarse-grained cordierite and biotite, and thin biotite and sillimanite layers oriented parallel to the
S1 and the axial planar S3 foliation of the F3 folds; (d) thick leucosome with coarse-grained garnet, biotite and cordierite, and thin biotite and sillimanite layers oriented parallel to the
S1 limb and the axial planar S3 foliation of F3 folds; (e) undeformed gabbro composed of coarse-grained orthopyroxene, clinopyroxene and subidiomorphic plagioclase; and (f)
medium- to coarse-grained gneissic granite composed of quartz, plagioclase, K-feldspar and biotite.
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the central domain and then decreasing again to amphibolite facies in
the southwestern domain. In detail, several metamorphic zones can be
defined: a narrowmuscovite zone and a wide biotite zone in the north-
eastern domain; garnet, staurolite and sillimanite zone in the south-
western domain; and a sillimanite-cordierite–K-feldspar zone in the
central domain (see Fig. 2).

Three phases of deformation (D1–D3) were recognized within all
domains of the study area (see Figs 4 and 5). The earliest deformation
(D1) is characterized by a sub-horizontal S1 foliation (Fig. 2). The pres-
ence of extensional shear bands associatedwith the S1 fabric in partially
molten gneissic granite (Fig. 4c) of the central domain indicates impor-
tant layer perpendicular shortening of deep crustal rocks (Cosgrove,
1997). The S1 foliation was not transposed during D2 deformation but
only rotated by NE-SW open to tight and upright F2 folds in fold
limbs. This interpretation is in accordance with studies from other
areas of the Chinese Altai (Zhang et al., 2015). Such a structural template
was subsequently reworked by orthogonal D3 deformation. These con-
clusions are mainly drawn from opposite dip measurements of NE-SW
striking S1 fabrics coming from the northeastern and southwestern do-
mains and the opposite NW or SE plunges of the F3 folds and L3 inter-
section lineations (Fig. 5).

The D3 is characterized by NW-SE moderately steeply plunging
open to close F3 folds, steeply dipping S3 axial planes and S3 cleavage
and foliation (Fig. 5), which is delineated by cordierite–K-feldspar-



Fig. 9. Catodoluminescence (CL) images of representative zircons from themigmatite (sample 15AT100-1), the cordierite-bearing thin leucosome (sample 15AT38A-3) and the cordierite-
bearing thick leucosome (sample 15AT148-2) of the central domain. Locations of LA-ICPMS analysis are shown, the numbers correspond to 206Pb/238U ages obtained and to the spot
number in Tables B2 of the Supplementary data.
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bearing leucosome in the central domain where the S1 foliation is en-
tirely transposed (Fig. 4e). In addition, the S3 fabric in the southwestern
and central domains affects pegmatite dykes (Fig. 4f), which were pre-
viously dated between ca. 260 to 191Ma in other areas (e.g. Chen, 2011;
Lv et al., 2012;Ma, 2014; Ren et al., 2011;Wang et al., 2007; Zhang et al.,
2016). The structural relationships such as refracted weakly developed
S3 foliation in pegmatite veins indicate that these veins intruded the se-
quence during early stages of the D3 in form of tensional gashes. These
tensional pegmatite veins were further shortened after solidification of
pegmatite magma and subsequently folded by F3 folds during ongoing
contraction. Accordingly, we can interpret the D3 structures as a NE-
SW contractional deformation phase that affected the whole region
with various intensity.

General structure of the study area is characterized by sub-horizon-
tal felsic gneiss sheeted bodies intercalated with metasediments. This
layered architecture can originate either from compressional or exten-
sional imbrications of basement gneiss and sedimentary sheets or
from intrusions of granite sills parallel to sub-horizontal S1 foliation.
As shown by Hanžl et al. (2016), the structural analysis alone is not
able to answer these problems and has to be combined with high-reso-
lution geochronology of sedimentary and magmatic rocks to explain
complex tectonic and magmatic history.

6.2. Protolith ages, timing of tectono-metamorphic events and associated
magmatism

The detrital zircons from the three migmatites studied in the central
domain (15AT100-1, 15AT38A-3 and 15AT148-2; Fig. 8a–d) and an am-
phibole-bearing paragneiss in the southwestern domain (15AT181-1;
Fig. 12b) show a predominant population between ca. 460 to 540 Ma
(see Figs 10a–c and 13b), clearly indicating that their provenance was
dominated by Cambrian to Early Ordovician rocks. This is consistent
with the ages previously reported by other authors from other parts of
the Chinese Altai (e.g. Jiang et al., 2010, 2011; Long et al., 2007; Shan
et al., 2011; Sun et al., 2008; Tong et al., 2013; Zhang et al., 2012; see
Table 3 and Fig. 14), implying that the studied metasedimentary
sequence was deposited at least 80 Ma prior to Middle Devonian (age
of the Altai Formation; e.g. Windley et al., 2002), therefore the previ-
ously assigned “Altai Formation” in the study area actually belongs to
the Habahe Formation. In contrast, zircons from three low-grade
metavolcanic rocks sampled in the northeastern domain (15AT254-1,
15AT245-1 and 16A2A-1; Fig. 6a–c) reveal that the bimodal volcanism
erupted between ca. 388 to 405 Ma (Fig. 7a–c), which is consistent
with the previous ages assigned to the Kangbutiebao Formation in the
Chinese Altai (e.g. Chai et al., 2009, 2012; Geng et al., 2012; Guo et al.,
2015; Liu et al., 2010; Shan et al., 2011; Wan et al., 2011; Yang et al.,
2018; Zhang et al., 2000; see Table 3).

The earliest granitoids intruded the Cambro-Ordovician sequence
during ca. 402 to 412 Ma (15AT100-2 and 16A10-1; Figs 11a and 13a,
respectively). Meanwhile, in the northeastern domain, the
metavolcano-clastic rocks (ca. 405–395 Ma, 15AT245-1 and 15AT254-
1; Fig. 7a–b) and the metarhyolites (388.5 ± 0.9 Ma, 16A2A-1; Fig. 7c)
represent lava flows and extrusions and/or synsedimentary depositions
of tuffs. TheMiddle Devonianmigmatitization is confirmed by the pres-
ence of the younger zircon age population of ca. 392–374 Ma in the
migmatites of the central domain (15AT100-1 and 15AT148-2 in Fig.
10a, c) and in the paragneiss of the southwestern domain (15AT181-1
in Fig. 13b). The Devonian migmatitization and deformation are also
documented by development of synfolial leucosomes and extensional
melt filled shear bands in the central domain (Fig. 4c). In contrast, the
metagranites in the southwestern domain show ubiquitous gneissosity
parallel to S1 schistosity of surrounding micaschists (Fig. 4g). Alto-
gether, this implies that the emplacement of granitoids preceded the
Middle Devonian D1 deep seated migmatitization, deformation and
metamorphism in shallow crustal levels.

Thepreservation of Pre-Devonian zircon ages indicates that the ther-
mal conditions for the Middle Devonianmetamorphism and the associ-
ated migmatitization did not exceeded the minimum zircon closure
temperature (≥700 °C; e.g. Cherniak and Watson, 2001; Hermann and
Rubatto, 2003), and thus did not fully reset the zircon U–Pb system. In
contrast, the Permian thermal event locally reached ultrahigh-tempera-
ture conditions (UHT; N900 °C) in metapelitic granulite (e.g.Li et al.,



Fig. 10. Concordia diagrams and relative probability density plots of detrital zircons for samples from central domain: (a) migmatite (sample 15AT100-1); (b) cordierite-bearing thin
leucosome (sample 15AT138A-3); and (c) cordierite-bearing thick leucosome (sample 15AT148–2). The insets are details of the Concordia age plots and the 206Pb/238U weighted
average age plot yielded by the metamorphic zircons obtained from the sample 15AT38A-3. Error ellipses and error bars are 2σ. For comparison, the age distribution of the different
metamorphic events and maximum depositional age are underlined by colours (see legend).
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2004, 2010; Tong et al., 2013, 2014a; Wang et al., 2009b) and exceeded
the minimum closure temperature of the zircon. Consequently, in the
central domain, the Permian HT to UHT migmatitization overprinted
the Devonian metamorphic rocks. This is documented by metamorphic
overgrowth and newzircon crystallization in the cordierite-bearing thin
leucosome (sample 15AT38A-3; Fig. 9c), yielding a metamorphic age of
ca. 299 Ma (Fig. 10b). Similarly, the metagranitoids in the central do-
main show a dominant Permian zircon population at ca. 280 Ma, with



Fig. 11.Tera-Wasserburgdiagrams and representative catodoluminescence (CL) images of LA-ICPMSmagmatic zircons from the central domain: (a) gneissic granite (sample 15AT100–2);
(b) undeformed gabbro (sample 15AT113–1); and (c) gneissic granite (sample 16A3A5). The dashed ellipses represent discordant data and Pb loss, and are excluded from calculation of
weighted mean age. The insets are 206Pb/238U weighted average age plots. Error ellipses and error bars are 2σ. Locations of LA-ICPMS analysis are shown, the numbers correspond to
206Pb/238U ages obtained and to the spot number in Table B2 of Supplementary data.
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minor relics of Devonian grains (sample 16A3A5; Fig. 11c). This may
imply that Devonian zircons in the magma source of the Permian gran-
itoids were almost entirely reset. Associated with this Permian HT-UHT
metamorphism, undeformed gabbros and granite bodies were
emplaced at ca. 280 Ma in the central and southwestern domains, re-
spectively (Fig. 2). The undeformed gabbroic sample (15A113-1; Fig.
11b) shows two zircon populations, one Devonian (408 ± 2.4 Ma)
and the other Permian (280±6Ma). This can be interpreted as re-melt-
ing of the Devonianmafic lower crust in the Permian time. Widespread
Permian melting of the Devonian deep crust is also documented by the
283 ± 1.9 Ma and 410.5 ± 6.1 Ma zircon populations in the epidote-
bearing granite in the southwestern domain (sample 15AT176-1; Fig.
13c). Our findings are consistent with the Permian metamorphic ages
between ca. 271 to 293 Ma, previously reported by others authors for



Fig. 12. Microphotographs of the dated rocks from the southwestern domain: (a)
medium- to coarse-grained gneissic granite composed of quartz, plagioclase and K-
feldspar, with biotite and muscovite parallel to S3 foliation; (b) paragneiss with
amphibole parallel to S3 foliation; and (c) pink coarse-grained granite with quartz,
plagioclase, K-feldspar, biotite, muscovite and epidote.
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the nearby rocks (e.g. Tong et al., 2013, 2014a; Wang et al., 2009b;
Zhang et al., 2012; see Fig. 2 and Table 3). Slightly younger Permian zir-
con ages (e.g. 256± 3Ma) for undeformed granitoids in the northeast-
ern domain have been also reported by previous researchers (Wang et
al., 2009a, see Fig. 2 and Table 1).

Combining our data with the U–Pb detrital zircons ages previously
obtained in the entire Chinese Altai, we can conclude that the studied
“Altai Formation” shares the same maximum depositional age of ca.
500 Ma and a similar age pattern with the Habahe and Kulumiti forma-
tions elsewhere (see Fig. 14). This implies that thewhole ChineseAltai is
mainly composed of the Cambro-Ordovician metavolcano-sedimentary
accretionarywedge (e.g. Jiang et al., 2011, 2017; Long et al., 2007, 2010;
Sun et al., 2008; Yang et al., 2011) and that the extent of the Devonian
volcano-sedimentary sequence is not as large as previously thought
(see Fig. 1). The younger age populations reported by our study
(15AT100–1, 15AT148-2, 15AT181-1) are thus a result of HT-UHTmeta-
morphism and partial melting (Fig. 14).

6.3. Geodynamic consequences for orogenic architecture of the southern
Chinese Altai

The three domains in the Kalasu area can be interpreted as three dif-
ferent orogenic crustal levels according to their metamorphic grade,
structural patterns and geochronology: upper orogenic crust in the
northeastern domain, middle orogenic crust in the southwestern do-
main and lower orogenic crust in the central domain (Figs 2 and 15a).
The term orogenic crustal position represents the level of a crustal seg-
ment during orogeny as defined by Schulmann et al. (2005), and it may
not reflect the geophysically and geochemically constrained nature of
the crust (Rudnick and Fountain, 1995). According to this model, the
orogenic upper crust is defined by low-grade Devonian (ca. 400 Ma)
volcano-sedimentary rocks and uppermost part of the Cambro-Ordovi-
cian sequence intercalated with Devonian rhyolitic layers all affected by
both S1 low-grade fabric and S3 slaty cleavage (Fig. 15a). The orogenic
middle crust is defined mostly by well foliated Cambro-Ordovician
(ca. 492 Ma) volcano-sedimentary sequence interlayred by highly
gneissified Devonian (ca. 400 Ma) granites. All these rocks are affected
by amphibolite-facies metamorphism and penetrative D1 deformation
locally dated as Middle Devonian (ca. 374 Ma) and also by D3 cleavage
(Fig. 15a). The orogenic lower crust is dominated byCambro-Ordovician
(ca. 510Ma)migmatitic paragneisses and anatectic orthogneisses of De-
vonian age (ca. 410 Ma) intruded by numerous gabbroic bodies of
Permian age (ca. 280 Ma) that resulted from melting of Devonian
mafic source. The whole metasedimentary and gneiss sequence is af-
fected by two major schistosity forming high-grade events. Here, the
Devonian (ca. 390 Ma) S1 anatectic fabric is almost entirely transposed
by Permian (ca. 299 Ma) S3 granulite facies vertical foliation (Fig. 15b).

This study shows complex interplay between the Devonian,
Devono-Carboniferous and Permian orogenic events, which affected
the Cambro-Ordovician volcano-sedimentary (ca. 516–492 Ma) accre-
tionary wedge and its Devonian cover (see Fig. 15; Jiang et al., 2017).
The first Early Devonian magmatic event is connected with emplace-
ment of mafic rocks at the bottom of the crust, intrusion of granitoids
in the lower and middle orogenic crust as well as emplacement of rhy-
olitic bodies in the upper orogenic crust. All the accretionarywedgewas
subsequently affected by Middle Devonian deformation forming sub-
horizontal schistosity marked by upwards decreasing metamorphic
grade culminating by anatexis in the orogenic lower crust. During this
event the sheeted interlayered architecture of the Chinese Altai origi-
nated (Fig. 15a). It was intimately associated with important vertical
shortening of the whole crust, resulting in horizontal flow and exten-
sion of all crustal levels in the whole Chinese and Mongolian Altai
(Hanžl et al., 2016; Zhang et al., 2015). Heat source for these two Devo-
nian large-scale magmatic and tectono-metamorphic events is attrib-
uted to elevation of asthenosphere above a giant retreating
subduction system, similar to that observed in Cascades at the eastern
Pacific border (Currie et al., 2004; Jiang et al., 2016). This primary sub-
horizontal orogenic structure was subsequently affected by important
Late Devonian-Early Carboniferous upright NE-SW folding (Lehmann
et al., 2017), which modified the architecture of the accretionary
wedge and produced alternations of the lower orogenic crust in cores
of the antiforms with middle and upper orogenic crust forming large
synforms (Fig. 15b).

In contrast, the Permian orogenic event was described only in geo-
chronological, metamorphic and magmatic studies (e.g.,Tong et al.,
2013, 2014a; Wang et al., 2014a) and limited mutually disconnected



Fig. 13. Tera-Wasserburg and Concordia diagrams together with representative catodoluminescence (CL) images of LA-ICPMS magmatic and detrital zircons from the southwestern
domain: (a) gneissic granite (sample 16A10-1); (b) amphibole-bearing paragneiss (sample 15AT181-1); and (c) epidote-bearing granite (sample 15AT176-1). The dashed ellipses
represent discordant data and Pb loss, and are excluded from calculation of weighted mean age. The insets are 206Pb/238U weighted average age plots for magmatic zircons and relative
probability density plots for detrital zircons. Error ellipses and error bars are 2σ. Locations of LA-ICPMS analysis are shown, the numbers correspond to 206Pb/238U ages obtained and to
the spot number in Table B3 of Supplementary data.
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structural studies (Li et al., 2015a, 2016). According to the previous
studies, the Permian event was associated with intraplate reworking
and reflected an overprinting event attributed to an extensional setting
(Briggs et al., 2007; Chen and Han, 2006; Han et al., 2004; Tong et al.,
2006, 2014a; Zhang et al., 2012). Here, we show that the Permian
event thermally affected and re-melted the Devonian lower orogenic
crust of the southern Chinese Altai (see Fig. 15a). We show that the in-
tensive Permian heat input was connected with a contractional event,



Fig. 14. Comparison of relative probability density plots of previous U–Pb detrital zircon data obtained from Habahe/Kulumiti and Altai formations in Chinese Altai and all new U–Pb data
obtained in this study. Shading underlines prominent peaks that are common to zircons in different formations and common to two different metamorphic events that took place during
Devonian and Permian.
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leading to localized extrusion of migmatitized and granulitized rocks
and gabbroic intrusions that are now exposed along a narrow NW-SE
trending vertical and tabular high strain zone (Fig. 15b). This extrusion
is related to variable intensity of regional-scale upright folding, which
decreases from the center to the south and to the north. Such a struc-
tural pattern can be interpreted as a result of a Permian deformation
perpendicular to the boundary between the Chinese Altai terrane and
the Junggar island arc terrane.
The heat source of the Permian event was previously considered to
be related to a hot spot or to a large-scale lithospheric extension as a re-
sult of a Permian mantle plume (Tong et al., 2013, 2014a; Wang et al.,
2014a). Alternatively, some other studies suggested that the Permian
mafic rocks including gabbros in the Chinese Altai were not related to
any plume because the presence of magmatic hornblende suggests a
relatively high water fugacity. In addition, the crystallization tempera-
ture (715–826 °C) calculated using Ti-in-zircon thermometry is



Fig. 15. (a) Vertical scheme of architecture of the Chinese Altai orogenic crust exemplified by the Kalasu area. The subdivision of the Devonian orogenic crustal levels is based on Kernel
Density Estimate (KDE) of detritical, metamorphic andmagmatic zircon ages (Vermeesch, 2012). Zircon ages of Permianmagmatism andmetamorphism are also displayed. CL images of
typical and representative Cambro-Ordovician, Devonian and Permian zircons are shown in the right panel. (b) 3D interpretative model of the Kalasu area illustrating the main structural
relationships in different domains together with the new U–Pb zircon ages from this study. The ages plotted in the map with different font styles and symbols: bold and italic for
depositional ages, bold for crystallization ages and bold* for metamorphic ages. The legend is the same as in Fig. 2.
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considerably lower than that of a normalmaficmelt but consistent with
an origin from a water-bearing magma (Wan et al., 2013). These find-
ings rule out the hot spot, large-scale lithospheric extension or mantle
plume hypotheses and indicate a thermal regime consistent with accre-
tionary and amalgamation scenarios suggested by Xiao et al. (2015,
2018). Therefore, it is more likely that the accretion/collision of the
Junggar arc with the Chinese Altai perturbed the thermal structure of
the mantle lithosphere and led to localized elevation of isotherms
along narrow deformation zones, parallel to the collisional front. For in-
stance, in Pan-African collisional orogeny, such a model is commonly
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applied to explain UHTmetamorphism and melting related to the Early
Palaeozoic crustal-scale shear zones affecting Late Proterozoic granulitic
crust (e.g. Martelat et al., 2000). Here in the CAOB, we show two hot
orogenic cycleswith timedifference N100Ma. This indicates that similar
tectonic processes as in the collisional zones may be an important
mechanism for the formation of crustal architecture of accretionary oro-
genic belts.
7. Conclusions

• The southern Chinese Altai shows that the Cambro-Ordovician ac-
cretionary wedge (ca. 520–492 Ma) was extensively affected by
the Early Devonian magmatic intrusions in deep crustal levels
(ca. 410–400 Ma) associated with formation of a Devonian vol-
cano-sedimentary cover characterized by extrusions of rhyolitic
lavas and granites (ca. 405–390 Ma) in the supracrustal levels.

• Thewhole edificewas affected byMiddle Devonian (ca. 390–374Ma)
tectono-metamorphic cycle. The degree of the Middle Devonian
metamorphism associated with sub-horizontal S1 fabric increases
with depth. This, togetherwith distribution of Devonianmetamorphic
zircons allows sub-division of the studied region into three orogenic
crustal levels: the low-grade upper orogenic crust in the northeastern
domain, the middle orogenic crust in the southwestern domain and
the lower orogenic crust in the central domain. The Devonian edifice
is compatible with important vertical shortening and horizontal flow
in all crustal levels.

• The whole system was subsequently affected by regional NE-SW
trending upright F2 folding of supposed Late Devonian-Early Carbon-
iferous age with no apparent metamorphism.

• The Devonian orogenic architecture was reworked by Early Permian
NE-SW shortening, producing regional NW-SE trending upright F3
folds. This led to localized extrusion of migmatites, anatectic granites
and granulite facies rocks (K-feldspar–cordierite–sillimanite) in a
crustal-scale vertical, tabular deformation zone. It is also associated
with intrusions of gabbros and granites. Zircon dating brackets this
event to ca. 300–280 Ma.

• The hot Permian event is interpreted to be related to collision of
the Junggar arc with the Chinese Altai terrane that produced a
large-scale perturbation of thermal structure of the mantle
lithosphere.
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