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Abstract The Beishan and East Tianshan Orogenic Col-
lages in the southernmost Central Asian Orogenic Belt
(CAOB) record the final stages of evolution of the Paleo-
Asian Ocean. These collages and their constituent arcs
have an important significance for resolving current con-
troversies regarding their tectonic setting and age, conse-
quent accretionary history of the southern CAOB, and the
closure time of the Paleo-Asian Ocean. In this paper, we
present our work on the southern Mazongshan arc and the
northern Hongyanjing Basin in the Beishan Orogenic Col-
lage (BOC), and our comparison with the Bogda arc and
associated basins in the East Tianshan Orogenic Collage.
Field relationships indicate that the Pochengshan fault
defines the boundary between the arc and basin in the
BOC. Volcanic rocks including basalts and rhyolites in the
Mazongshan arc have bimodal calc-alkaline characteristics,
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an enrichment in large ion lithophile elements such as Rb,
Ba, and Pb and depletion in high field-strength elements
(e.g., Nb and Ta), which were probably developed in a
subduction-related tectonic setting. We suggest that these
bimodal calc-alkaline volcanic rocks formed in rifted arcs
instead of post-orogenic rifts with mantle plume inputs.
By making detailed geochemical comparisons between the
Mazongshan arc and the Bogda arc to the west, we further
propose that they are similar and both formed in arc rifts,
and helped generate a Carboniferous archipelago of multi-
ple arcs in the southern Paleo-Asian Ocean. These data and
ideas enable us to postulate a new model for the tectonic
evolution of the southern CAOB.

Keywords Mazongshan arc - Carboniferous - Subduction-
related arc - Beishan - Eastern Tianshan - Central Asian
Orogenic Belt

Introduction

The Central Asian Orogenic Belt (CAOB) (Carroll et al.
1995; Buslov et al. 2001; Jahn 2004; Windley et al. 2007,
Xiao et al. 2009) or Altaids (Sengor et al. 1993; Wilhem
et al. 2012) formed by accretion of island arcs, oceanic
islands, ophiolites, accretionary wedges, and microcon-
tinents from the Proterozoic to Mesozoic. The CAOB is
located between the Tarim and North China Cratons to the
south, and the Siberian and Eastern European Cratons to
the north (Fig. 1a). This huge accretionary orogen, which
is one of the largest on Earth, was a result of consumption
and closure of the Paleo-Asian Ocean (Sengor et al. 1993;
Sengdr and Natal’In 1996), which gave rise to three major
orogenic collage systems, which further consist of sev-
eral independent orogenic collages (Xiao et al. 2015). The
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Beishan Orogenic Collage (BOC) is located in the south-
ernmost CAOB, and the East Tianshan Orogenic Collage to
the west and the Alxa Basin (Xiao et al. 2003) to the east,
both of which were formed in the later stage of evolution
of the Paleo-Asian Ocean (Xiao et al. 2010) (Fig. 1a). The
formation of the BOC and East Tianshan Orogenic Collage
records the final attachment of the Tarim craton and associ-
ated blocks to the southern accretionary orogenic collages
of the southern CAOB (Xiao et al. 2010, 2015). Therefore,
both the BOC and East Tianshan Orogenic Collage are of
key importance for studying final evolution of the Paleo-
Asian Ocean, which is one of the hotly debated issues
regarding the accretionary orogenesis, continental growth,
and termination of the CAOB.

Two main opinions have been advocated in previous
studies: (1) the PAO closed before the Devonian, and the
BOC underwent intraplate deformation after the Devonian,
after which the whole area underwent rifting in the Carbon-
iferous to Permian (Zuo et al. 1990b; He et al. 2002; Gong
et al. 2003; Wang et al. 2010a; Chen et al. 2011; Shu et al.
2011; Su et al. 2011); (2) the Paleo-Asian Ocean in the
BOC was closed at the end-Permian (Ao et al. 2012; Guo
et al. 2012), and terminal orogenesis was in the Early Tri-
assic (Allen et al. 1994; Xiao et al. 2010; Mao et al. 2014,
Tian et al. 2014, 2016). One reason for this controversy is
that there are still many rocks and terranes that have not
been well mapped, analyzed, understood, and interpreted.
This creates and leaves many unanswered questions such as
(1) How many terranes and suture zones are there between
the Dunhuang block and the Southern Mongolia accre-
tionary system (Fig. 1b)? What are the structure, compo-
sition, and tectonic setting of each terrane and mélange
that formed at different times? (2) Can these terranes and
mélange zones compare with East Tianshan Orogenic Col-
lage to the west and the Alxa (Alashan) block to the east?
(3) Which suture zone, of several, is the terminal suture of
the Paleo-Asian Ocean in the southernmost Altaids?

In this paper, we present the results of detailed field
mapping in the central BOC (southern margin of the
Mazongshan arc and northern margin of the Hongyanjing
Basin), and of our examination of the petrological, geo-
chemical, and geochronological characteristics of rocks
from the Mazongshan arc. Combined with regional studies,
these field and laboratory data allow us to discuss and help
resolve some of the following questions: (1) What is the
composition, tectonic setting, and age of the Mazongshan
arc? (2) Were the rocks in the Mazongshan arc the source
and provenance for the Hongyanjing Basin to the south?
Combined with regional geological data and previous stud-
ies, we will compare the Mazongshan arc with the Dan-
anhu—Bogda arc in the East Tianshan Orogenic Collage to
the west and discuss the timing of the final suture zone of
the Paleo-Asian Ocean, and finally we will provide a new

evolutionary tectonic model for the southernmost CAOB
near the Beishan.

Geological setting
Tectonic units of the BOC

The BOC connects the Tianshan range to the west and Alxa
desert to the east. It tectonically bound by the Tarim—Dun-
huang Craton to the south and the southern Mongolian
accretionary system to the north, thus occupies a key area
in the accretionary CAOB (Fig. 1) (Xiao et al. 2010).

There are several arcs and mélange zones between the
Dunhuang block and the Mongolia accretionary system in
the BOC (Gong et al. 2003; Zuo et al. 1990a). From south
to north, there are the following arcs: the Shibanshan,
Shuangyingshan—Huaniushan, Mazongshan, Heiyingshan—
Hanshan, and Queershan, and the following ophiolitic
mélanges: Liuyuan, Hongliuhe—Xichangjing, Xingxingxia—
Shibanjing, and Hongshishan (Ao et al. 2012; Xiao et al.
2010; Mao et al. 2012). Based on our most recent map-
ping (Tian et al. 2014, 2016), in this paper we simplify the
tectonic units from south to north as follows: the Shiban-
shan arc, the Liuyuan mélange, the Huaniushan—-Dundun-
shan arc (Shuangyingshan—Huaniushan unit or arc in Xiao
et al. 2010), the Huoshishan—Niujuanzi ophiolitic mélange
(the same belt as Hongliuhe—Xichangjing mélange in Xiao
et al. 2010), the Hongyanjing Basin, the Mazhongshan arc
(amalgamation of the Heiyingshan—Hanshan unit and the
Mazongshan unit in Xiao et al. 2010), the Hongshishan
ophiolitic mélange, and the Queershan arc (Fig. 1b). These
are described below.

The Shibanshan arc is a continental arc (Guo et al.
2012), situated on the northern margin of the Dunhuang
block (Fig. 1b), mainly contains Carboniferous clastic
sediments, and Permian volcanic pyroclastic assemblages
(Zuo et al. 1990b). North of the Shibanshan arc, the Dun-
dunshan—Huaniushan arc consists of Silurian schists, intru-
sive rocks and Devonian sediments, basalts, andesites,
and rhyolites, and Carboniferous—Permian sediments in
the southern part of the arc (Xiao et al. 2010; Zuo et al.
1990a). The volcanic rocks have U-Pb ages of 368.8 & 3.1
and 370.9 £ 1.3 Ma (Guo et al. 2014). Sandstones at Heis-
hankou on the northern margin of the Shibanshan arc are
characterized by lower Ni-Co—Cr—V and slightly higher
Th and La contents than those at Liuyuan on the southern
margin of the Dundunshan—Huaniushan arc (Guo et al.
2012). Tectonic setting discrimination plots suggest that
the Liuyuan sandstones were deposited as detritus from
an oceanic island arc, whereas the Heishankou sediments
were from an Andean continental margin (Guo et al. 2012).
Geochemical data suggest that mafic—ultramafic intrusions
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in the Dundunshan—-Huaniushan arc are subduction-related,
and their emplacement is dated as ~360 Ma by both zircon
ID-TIMS U-Pb and SHRIMP U-Pb (Xie et al. 2012).

The Hongyanjing Basin is recognized as an inter-arc
basin (Tian et al. 2015), defined by the Pochengshan fault (a
branch fault of the Xingxingxia fault) and the Hongyanjing
strike-slip fault between the Dundunshan—Huaniushan arc
to the south and the Mazongshan arc to the north (Fig. 1b).
Sediments in the basin belong to the Lower Zhesi and
Upper Hongyanjing Groups, which were strongly deformed
during the processes of accretion and collision (Zhang and
Cunningham 2012). North of the Hongyanjing Basin, the
Mazongshan arc is composed of pyroclastic rocks, dior-
ites, volcanic breccias, andesites, and rhyolites (Zheng et al.
1996) that are undated. Farther north, the Queershan arc in
the northernmost Beishan is mainly composed of Silurian to
Carboniferous andesites, dacites, and rhyolites, intercalated
with grawackes, shales, and slates (Wang et al. 2004).

Lithologies and structures

North of the Pochengshan fault to the west of the Pocheng-
shan village (Fig. 2), the Carboniferous Baishan Group
(GBGMR 1969) comprises predominantly igneous rocks,
and minor marble and conglomerates. South of the Pocheng-
shan fault (Fig. 2) are Precambrian (GBGMR 1969) marbles
and quartzites with minor phyllites and meta-sandstones,
and sandwiched between the Precambrian rocks are Cam-
brian and Ordovician, cherts, shales, and limestones. In the
northern Hongyanjing Basin (Fig. 2), the Triassic Shanhu-
jing Group consists of coarse sandstones, siltstones, and
shales faulted against the Permian Lower Zhesi and Upper
Hongyanjing Groups (GBGMR 1969, 2001).

Between the Cambrian and Permian, the BOC was
affected by multiple stages of subduction and collision of
arcs and basins giving rise to complex structures (Xiao,
et al. 2010) such as thrusted imbricate fans and duplexes,
strike-slip faults, and superimposed folds. For example, a
giant superimposed fold interference pattern in the Hong-
yanjing Basin involved fossiliferous Permian sandstones
and siltstones, which constrain the age of the terminal
Solonker suture (Zhang and Cunningham 2012; Tian et al.
2014, 2015). Besides the Jurassic Pochengshan thrust
sheets (Zheng et al. 1996), the important Xingxingxia fault
is probably a branch of the Triassic Altyn Tagh fault system
extending from the northern margin of the Tibetan plateau
(Wang et al. 2010b).

Field mapping

Our mapping at a scale of 1:100,000 was confined to the
central BOC (Figs. 1, 2) from the northern margin of the
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Hongyanjing Basin to the southern margin of the Mazong-
shan arc. The 90 m digital elevation model (DEM) data
were used for constructing the topographic map, and the
mapping result is shown in Fig. 3. Some rock types we rec-
ognized in the field follow the 1:200,000 geological map
(GBGMR 1969). A cross section was drawn perpendicular
to the average strike of the structures and bedding of sedi-
mentary rocks (Fig. 3). The area has an arid climate and
low, well-exposed hills (Fig. 4a).

Geological characteristics of the Mazongshan arc

On the southern side of the Mazongshan arc (northern
part of Fig. 3), the Baishan Group intruded by granodior-
ites (Fig. 4b) consists of conglomerates, volcanic rocks,
and marbles (Fig. 3). Cross-section C-D (Fig. 4c) shows
detailed rock composition and stratigraphic—structural
relationships of the Baishan Group. From southwest to
northeast (Fig. 4c), a thick layer (~200 m) of rhyolites
erupted and covered the Baishan conglomerates (Fig. 4c,
d). The Baishan conglomerates contain marble pebbles
(3 mm-50 cm diameter) in a marble matrix (Fig. 5a). Boul-
ders in conglomerates contain Early Carboniferous fossils
such as Syringopora sp., Kueichouphyllum sp., and Gigan-
toproductus sp. (GBGMR 1969), which indicate that the
depositional age was younger than Early Carboniferous.
Some of the strongly deformed clasts (Fig. 5a) in conglom-
erates may have been affected by the Pochengshan fault
(Fig. 3). Toward northeast of the cross section (Fig. 4c),
tuff and pyroclastic rocks erupted and covered the rhyo-
lites. These rocks (including conglomerate, rhyolite, tuff,
and pyroclastic rocks) are connected with another suite of
rocks including mudstones, rhyolites, tuff, and pyroclastic
rocks by a reverse fault, which indicate a stratigraphic rep-
etition. Further northeast, another reverse fault (high-angle
dipping to NE) was recognized between pyroclastic rocks
(footwall) and conglomerate (hanging wall). Northeast of
the conglomerates, ~300 m thick rhyolites erupted and cov-
ered the conglomerate. Then, a strike-slip fault separates
the marbles and pyroclastic rocks into two units in the mid-
dle of the cross section (Fig. 4c). North of the pyroclastic
rocks, tuffs and pyroclastic rocks erupted and covered the
deformed marbles. A syncline is easily observed in the
marble according to the opposite dip directions of S, folia-
tions in the two limbs. The deformed marbles were covered
by the pyroclastic rocks in fault contacts with another suite
of pyroclastic rocks (~800 m). At last (Fig. 4c), a granodi-
orite intruded the pyroclastic rocks (Fig. 4b, c), indicating
that the eruption age of volcanic rocks was younger than
the granodiorites.

Most of the rocks in the Carboniferous Baishan Group
are not metamorphosed, and only a few of them experi-
enced very low-degree metamorphism (greenschist facies).
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Fig. 2 Geological map of the Beishan Orogenic Collage including Xinjiang and Gansu Beishan in the southernmost part of Altaids (Modified after 1,000,000 geological maps). The area of

Fig. 3 is marked. Sample locations in this study and some previous studies are marked
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based on a Google Earth satellite image. In addition, 90 m digital
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pyroclastic rocks

n=17

Equal Area
Lower Hemisphere

Fig. 4 Photographs showing a landforms in the map area which is
arid Gobi Desert; b field features of granodiorites in the southern
margin of the Mazongshan arc; this granodiorite intruded Carbonifer-
ous pyroclastic rhyolite; ¢ cross-section C—D shows the detail strati-
graphic—structural relationships of the Carboniferous Baishan Group;

d the conformable (dashed line) relationship between the Carbonifer-
ous pyroclastic rhyolite and conglomerates in the Baishan Group. e
Thrusts in the Carboniferous Baishan Group; fault planes dip nearly
due south (~165°) at 20°-50° (inset stereographic projection)
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Fig. 5 Photographs showing a conglomerate in the Baishan Group,
the matrix of which is marble, and the deformed pebbles are also
marble and have diameters of 3 mm-50 cm; b mylonites crushed by
the Pochengshan fault zone; ¢ S—C fabric in the mylonites indicates

About one kilometer east of the cross-section C-D, the
Baishan Group was affected by many thrusts (Figs. 3, 4e),
which dip almost to the south (~165°) with dip angles of
20°-50°. The Baishan Group is connected with the Cam-
brian—-Ordovician strata (No credible isotopic and fossil
evidence) by a thrust fault. At the boundary of these rock
units, many volcanic rocks including felsic rhyolites and
mafic basalts crop out. South of the Carboniferous Baishan
Group, Cambrian and Ordovician rocks are sandwiched
between Precambrian rocks (Fig. 3). We mapped in detail
the Precambrian (No credible isotopic and fossil evidence)
marbles and Cambrian—Ordovician cherts and basalts (both
undated), which contain imbricate fans.

Pochengshan fault
To the west of the Pochengshan fault (Fig. 1), the Xingx-
ingxia fault has a complicated history and structure (Hen-

drix et al. 2001; Webb and Johnson 2006; Xu et al. 2008). It
is 0.3-2 km wide and at least 600 km long, and has evidence

@ Springer

sinistral movement; d, e the conglomerates in a conglomerate belt in
the northern margin of the Hongyanjing Basin; f strongly deformed
Permian sediments in the Hongyanjing Basin

of dextral strike-slip in the Late Paleozoic—Early Mesozoic
(Xiao et al. 2010), and sinistral movement at ~240-235 Ma
(Wang et al. 2010b). The Pochengshan fault zone, which
is a branch of the Xingxingxia transcurrent fault (or shear
zone) (Wang et al. 2010b), separates the Mazongshan arc to
the north and the Hongyanjing Basin to the south (Fig. 3).
The Pochengshan fault is located between the Pocheng-
shan imbricate fans to the north and Triassic conglomer-
ates and sandstones to the south (Fig. 3). This fault contains
mylonites that were crushed by strike-slip shears (Fig. 5b),
which have S—C sinistral kinematic indicators similar to
the Xingxingxia fault (see also Wang et al. (2010b). S-C
fabric developed in the schists (Fig. 5c) experienced green-
schist facies metamorphism with the metamorphic mineral
assemblage of muscovite + chlorite + albite + quartz.
Feldspar experienced ductile deformation forming § por-
phyroclast surrounded by mica, chlorite, and quartz, which
indicate sinistral kinematic movements (Fig. 5c¢). South of
the mylonite zone, the Pochengshan fault has brittle struc-
tures with fault breccias.
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Hongyanjing Basin

South of the Pochengshan fault zone and faulted against the
Hongyanjing Basin, there is a wide belt (~1 km) of con-
glomerates (Fig. 5d, e) that have poorly sorted, angular,
and immature boulders, which indicate short transporta-
tion and rapid deposition. The age of these conglomer-
ates is unknown; they must be younger than Early Trias-
sic because they conformably overlie Triassic sandstones.
The conglomerate belt is not shown on previous geological
maps.

Beneath the conglomerate belt, yellow sandstones
and siltstones were marked as Triassic on the 1: 250,000
geological map (GBGMR 2001), but as Permian on the
1:200,000 geological map (GBGMR 1969). Tian et al.
(2015) demonstrated that the youngest detrital population
of zircons from the sandstones has an age of 249.2 Ma; this
Early Triassic age postdates the formation age of the sand-
stones. South of these Triassic sandstones, dark sandstones
and siltstones were subdivided into the Zhesi Group and
the Hongyanjing Group on the 1:200,000 geological map
(GBGMR 1969). The 1390-m-thick Zhesi Group consists
of siltstones, bioclastic limestones, shales, and conglom-
erates, and the ~4.3-km-thick Hongyanjing Group is com-
posed of shales, siltstones, sandstones, and conglomerates.
These sediments that were deposited under marine to ter-
rigeneous conditions contain rich fauna and flora includ-
ing Glottophyllum cuneatum, Callipteris cf. zeilleri, C. cf.
invancevia, Iniipteris sibirica, and Nellipteris (GBGMR
1969). The Glottophyllum cuneatum in the Hongyanjing
Group is a typical Late Permian Angara flora (Boersma and
Broekmeyer 1987). Most of the sedimentary rocks are not
metamorphosed; only a few of them experienced very low-
degree metamorphism (greenschist facies).

A magnificent, large-scale fold interference pattern is
well exposed in weakly metamorphosed sediments of the
Zhesi and Hongyanjing Groups in the Hongyanjing Basin
(Fig. 5f). Recently, Zhang and Cunningham (2012) and
Tian et al. (2013) provided detailed descriptions and inter-
pretations of these superimposed folds. Undeformed coarse
sandstones and conglomerates, which rest unconformably
on the refolded Permian—Early Triassic rocks, are marked
as the Jurassic Shuixigou Group on the 1: 250,000 geo-
logical map (GBGMR 2001); this age is confirmed by the
youngest age of 197.9 Ma of detrital zircons from the sand-
stones (Tian et al. 2015).

Petrochemistry
In order to investigate the tectonic setting of the Mazong-

shan arc, 11 representative samples of intrusive and erup-
tive rocks were crushed for major and trace element

analysis to provide information on the element distribu-
tions and petrogenesis. The samples are divisible into
two groups, the intrusive rocks of 11pcs13-2, 11pcsl3-
3, and 11pcsl14-2, and the extrusive rocks of 11pcsl5-2,
11pcs18-3, 11pcs18-4, 11pcs20-1, 11pes21-2, 11pcs23-2,
11pcs24-2, and 11pcs24-3. The major and trace element
compositions of those samples are shown in -T 1. Sample
locations are marked in Fig. 3, and detailed experimental
methods are given in “Major and trace elements” section
of Appendix.

Petrography

Of the many available thin sections from the Mazongshan
arc and Hongyanjing Basin, nine representative ones are
described here. 10Tzh38 is a sandstone sample collected
from the Hongyanjing Basin, sample 11pcs13 is an intru-
sive rock, and the others (11pcsl5, 11pcsl8, 11pcs20,
11pcs21, 11pes22, 11pes23, and 1lpcs24) are volcanic
rocks sampled from the south margin of the Mazongshan
arc (Fig. 3), the microscopic characteristics of which are
shown in Fig. 6.

11pcs13 is a Late Carboniferous granodiorite (its precise
age will be constrained in “Geochronological data” section)
that is mainly composed of quartz, plagioclase, and amphi-
bole (Fig. 6a). Similar to the volcanic rocks, the granodior-
ites also have a large area of exposure (>100 km?, Figs. 2,
3) cropping out in the south margin of the Mazongshan arc.
Field relationships show that the granodiorite intruded the
volcanic rocks (Fig. 4b, c). Samples 11pcs15, 11pcsl8, and
11pcs20 are lithic tuffs, mainly composed of pyroclastic
mineral grains of quartz, K-feldspar, plagioclase, which
range in diameters from 0.1 to 2 mm (Fig. 6b—d), together
with lithic fragments (such as volcanic lithic grains with
felsic texture (Lvf) in Fig. 6d). The precise age of sample
11pcs18 is given in “Geochronological data” section.

More detail microscope features are shown for sam-
ple 11pcs21 in Fig. 6e, and many relatively large pla-
gioclase grains (~1.5 mm width) were surrounded by
rhyolitic matrix, which locally retains its pyroclastic flow
structure. Unlike plagioclase grains in sample 11pcs21,
sample 11pcs22 mainly consists of quartz grains rang-
ing in diameter from 0.1 to 0.5 mm, and a uniform pyro-
clastic matrix (Fig. 6f). Thin section for sample 11pcs23
(Fig. 6g) predominantly focuses on two kinds of mineral
grains, i.e., plagioclase and quartz. These two minerals are
also surrounded by pyroclastic matrix similar to 11pcs21
and 11pcs22. Sample 11pcs24 consists of plagioclase and
altered pyroxene, and opal minerals fill the spaces between
the plagioclases (Fig. 6h). Different from those felsic vol-
canic rocks described above (Samples 11pcsl5, 11pcsl8,
11pcs20, 11pes21, 11pcs22, and 11pcs23), sample 11pcs24
has obvious mafic volcanic rock features.
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(g). 11pcs23

%

Fig. 6 Photomicrographs (cross-polarized light) of samples 11pcs13
(a), 11pcslS (b), 11pesl8 (), 11pes20 (d), 11pcs21 (e), 11pes22 (f),
11pcs23 (g), and 11pcs24 (h) of igneous rocks on the southern mar-
gin of the Mazongshan arc. Locations of these samples are shown
in Fig. 3. 11pcs13 (a) mainly composed of quartz, plagioclases, and
amphiboles. 11pcsl5 (b), 11pcsl8 (¢), 11pcs20 (d), 11pcs2l (e),
11pcs22 (f), and 11pcs23 (g) mainly composed of pyroclastic grains
and tuffaceous matrix. The pyroclastic grains consist of quartz,
K-feldspar, and plagioclase; the lithic tuff has a felsic composition.

13Tzh 38 is from the Hongyanjing Group (Fig. 3). This
group is mainly composed of siltstones and sandstones
in the Hongyanjing Basin south of the Mazongshan arc.
Sandstones in the basin are fine- to coarse-grained, poorly
sorted and contain angular grains of very low spheric-
ity (Tian et al. 2013), which indicate a very close clastic
material transportation. The framework minerals of sam-
ple 10Tzh 38 are mainly quartz, plagioclase, feldspar,
and some lithic fragments. Lithic fragments consist of
predominantly volcanic lithic grains (Lv) including vol-
canic lithic with microlithic texture (Lvmi) and volcanic
lithic with felsic texture (Lvf) (Fig. 6i). Moreover, sedi-
mentary lithic grain (Ls) can also be observed in the thin
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Rhyolitic flow structure is well developed in 11pcs21 and indicated
with a curved arrow (e). 11pcs24 (h) consists of plagioclase and
altered pyroxenes indicating a mafic volcanic rock feature. Lvf in (c):
volcanic lithic grain with felsic texture. 13Tzh 38 (i) is a sandstone
sample from the Hongyanjing Basin; it consists of not only single-
component mineral grains but also multi-component lithic frag-
ments such as Lv, Lvmi, Lvf, and Ls. Lvmi, volcanic lithic grain with
microlithic texture; Lv, volcanic lithic grains; Ls, sedimentary lithic
grain

section (Fig. 6i). The lithic fragments observed in sand-
stones of the Hongyanjing Basin could be come from the
volcanic rocks cropping out in the Mazongshan volcanic
arc. Most of the mineral grains and lithic fragments are not
metamorphosed.

In general, thin sections from the south margin of the
Mazongshan arc are mainly composed of pyroclastic min-
eral grains of quartz, K-feldspar, plagioclase surrounding
by pyroclastic matrix. Most of the volcanic rocks show
felsic feature except for sample 11pcs24 displaying mafic
feature (e.g., 11pcs24). Volcanic clastic material observed
in the thin section of sample 10Tzh 38 from the Hongyan-
jing Basin indicates a very close provenance, which further
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Fig. 7 Petrochemical diagrams of volcanic rocks from the Mazong-
shan arc. a SiO, versus K,O (after Peceerillo and Taylor 1976); b
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imply the Mazongshan volcanic arc was the major source
region for the Hongyanjing Basin.

Geochemistry
Major elements

Representative samples from the Mazongshan arc can
be divided by their SiO, contents into two groups: (1)
Felsic rocks with a range from 77.29 to 67.51%, and (2)
Mafic rocks with a range from 52.65 to 50.41% (Supple-
mentary Table 1). The extrusive rocks show variable high
loss on ignition (LOI) (0.56-6.35%), especially samples
11pcs24-2 (6.35%) and 11pcs24-3 (6.08%), indicating dif-
ferent degrees of alteration (Supplementary Table 1). The
rhyolitic (felsic) samples have SiO, contents that range
from 71.49 to 76.28%, and relatively high Al contents
(from 14.03 to 14.85%) except for sample 11pcs23-2 (only
10.45%). Two basalt samples have SiO, contents that
range from 50.41 to 52.65%. Sample 11pcs24-2 has an
extremely low Al content (2.11%) compared with sample
11pcs24-3 (14.54%). The Ca contents of these two sam-
ples are 28.15% for 11pcs24-2 and 8.21% for 11pcs24-3,
respectively.

The major element compositions were normalized
to 100% (water-free) before plotting on the discrimina-
tion diagrams. In the SiO, versus Na,O + K,O diagram
(Fig. 7a), five samples plot in the rhyolite field, two in the
basalt field, and only one in the dacite region. In the AFM

from Chen et al. (2011); purple hexagon data from Wang et al.
(2010a), and green circle data from Shu et al. (2011); the others are
all from this study

diagram (Fig. 7b), all the samples classify as calc-alkaline,
except for 11pcs24-2, which plots in the tholeiitic field.
These geochemical distributions are indicative of bimodal
calc-alkaline volcanic rocks, which most likely formed in a
tectonic rift (Chen et al. 2011).

Trace and rare earth elements

The trace and rare earth elements of eight samples includ-
ing two granodiorites (11pcs13-2, 11pcs13-3), one grani-
toid (11pcsl4-2), four pyroclastic rocks (11pecslS-2,
11pcs18-3, 11pcs20-1, and 11pcs21-2), and one basalt
(11pcs24-2) were plotted on primitive-mantle (PM)-nor-
malized multi-element diagrams (Fig. 8a, ¢) and chondrite-
normalized REE pattern diagrams (Fig. 8b, d). Firstly, the
primitive-mantle-normalized (pm) (Sun and McDonough
1989) element patterns of samples (11pcs13-2, 11pcsl3-
3, 1lpcsl4-2, and 11pcsl4-2) are enriched in large ion
lithophile elements (LILE) such as Rb and Pb. Consider-
ing the crustal levels, on the chondrite-normalized REE
pattern diagrams (Fig. 7b), the LREEs are more enriched
than the HREE. Secondly, compared with OIB, the primi-
tive-mantle-normalized (pm) (Sun and McDonough 1989)
element patterns of these samples are strongly depleted
in high field-strength elements (HFSE) (e.g., Nb and Ta)
and enriched in large ion lithophile elements (LILE) such
as Rb, Ba, and Pb (Fig. 7c). On the chondrite-normalized
REE pattern diagrams (Fig. 7d), the LREEs are enriched
compared with the HREE, and the fractionated trends of
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and McDonough (1989). The average values of the upper, middle,
and lower crusts are from Rudnick and Gao (2003). N-MORB normal
mid-ocean ridge basalts, E-MORB enriched mid-ocean ridge basalts,

OIB oceanic island basalts
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the samples are between those of OIB and E-MORB or
N-MORB, except for sample 11pcs24-2.

Geochronological data

Sample 11pcsl8, a pyroclastic rhyolite, is from the south-
ern Mazongshan arc (Fig. 3). Figure 9 shows typical zircon
CL images of 25 grains about 60—100 pwm in size from this
sample. Most have long columnar morphologies, and a few,
such as grains 4 and 19, are conchoidal. According to their
zoning structures, they can be divided into two groups: the
first lacks core-rim structures and is homogeneous, indicat-
ing rapid cooling during crystallization (e.g., from felsic
volcanic rocks); the second group contains only four grains
(grain 9, 16, 17, and 20) shows oscillatory zoning.

Isotopic ages and data are shown in Supplementary
Table 2. 2%°Pb/>*8U ages range from 309 Ma to 334.5 Ma,
and concentrate in a small area close to or on the Concor-
dia line (Fig. 10a). The 2%°Pb/>*8U weighted average age is
319.6 £ 3.4 Ma (MSWD = 1.3) (Fig. 10b). We interpret
this Early Carboniferous age as the time of eruption of the
pyroclastic rhyolite.

Figure 9 also shows 25 zircons from sample 11pcs13,
which all have long columnar morphologies. Oscillatory
zoning is well developed, indicating slow cooling during
crystallization. Isotopic ages and data are shown in Sup-
plementary Table 3. 2°°Pb/?*8U ages range from 290.7 Ma
to 320.5 Ma, and concentrate in a small area close to or
on the Concordia line (Fig. 10c). The 2°°Pb/>*U weighted
average age is 308.1 &+ 3.8 Ma MSWD = 3.1) (Fig. 10d);
we interpret this Late Carboniferous age as the time of
intrusion of the granodiorite. Sample locations are marked
in Fig. 3, and detailed experimental methods are given in
“Zircon cathodoluminescence and geochronology” section
of Appendix.

Discussion

The geological map (Fig. 3), and petrochemical and geo-
chronology data for the intrusive and extrusive rocks from
the Mazongshan arc and the Hongyanjing Basin enable us
to discuss the tectonic setting and age of formation of the
Mazongshan arc. By integrating with previous regional
geological data, we can provide new geochronological evi-
dence for the provenance of the Hongyanjing Basin, and
then we will discuss the age and tectonic setting of the
Mazongshan arc. More importantly, we will compare the
Mazongshan arc with the Dananhu-Bogda arc, because this
is along strike to the west in the East Tianshan Orogenic
Collage. Finally, we will present a new model for the tec-
tonic evolution of the BOC and East Tianshan Orogenic

Collage, and discuss its implications for the late evolution
of the CAOB.

Provenance for the Hongyanjing Basin

The Hongyanjing Basin was most likely an inter-arc basin
between the Mazongshan arc and the Huaniushan—Dund-
unshan arc (Fig. 1) (Tian et al. 2015). In order to investi-
gate the provenance of sediments in the basin, Tian et al.
(2015) studied U-Pb detrital zircon ages of sandstones
from the Hongyanjing Basin, and concluded that most
sediments were derived from an Early Silurian (peak age
of 442 Ma) source and a Late Carboniferous to Early Per-
mian (peak age of 305-298 Ma) source. After comparing
with the detrital zircon distributions and characteristics of
nearby arcs and terrenes, Tian et al. (2015) concluded that
the major source of sediments in the Hongyanjing Basin
was most likely the Huaniushan-Dundunshan arc to the
south and the Mazongshan arc to the north, plus some con-
tributions from the Central Tianshan arc to the west. Firstly,
the south Huaniushan—Dundunshan arc was a likely prov-
enance region for the Hongyanjing Basin, because (1) the
Huoshishan—Niujuanzi ophiolitic mélange belt contains
many Silurian to Devonian blocks with crystallization ages
ranging from 444 to 410 Ma (Tian et al. 2014), and it is
located in the northern part of Huaniushan—Dundunshan
arc south of the Hongyanjing Basin (Fig. 1b); (2) southeast
of the Hongyanjing Basin, meta-sediments in the Caohul-
ehade area on the northern margin of the Huaniushan—Dun-
dunshan arc have an age spectrum with a prominent age
peak at 442 Ma, which is exactly the same as that of the
Hongyanjing Basin (Song et al. 2013). Secondly, detrital
zircon data from Central Tianshan meta-sediments have a
peak age of 444 Ma (close to 442 Ma), which indicates a
likely provenance (Ma et al. 2012).

However, there is no evidence that the Mazongshan arc,
which is located to the north of Hongyanjing Basin, was a
source region for the basin. So, the question arises: Where
did the Late Carboniferous to Early Permian (peak age of
305-298 Ma) zircons in the Hongyanjing Basin come from.
Fortunately, our new well-dated granodiorite (11pcsl3
with an age of 308.1 £ 3.8 Ma) and pyroclasitic rhyolite
(11pcs18 with an age of 319.6 & 3.4 Ma) come the south-
ern margin of the Mazongshan arc, providing evidence
that this arc was the Late Carboniferous to Early Permian
(peak age of 305-298 Ma) sedimentary provenance for the
Hongyanjing Basin. In addition, volcanic clastic fragments
observed in the sample of 10Tzh 38 from the Hongyanjing
Basin indicate that the Mazongshan volcanic arc was the
major source region for this basin. Accordingly, the data in
this paper suggest that the major source of sediments in the
Hongyanjing Basin was most likely the Mazongshan arc to
the north, as well as the Huaniushan—-Dundunshan arc to
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the south, and to a lesser extent the Central Tianshan arc to
the west.

Age and tectonic setting of the Mazongshan arc

Many accretionary orogenic belts worldwide underwent
complicated tectonic process such as subduction, accre-
tion, and collision with associated deformation and meta-
morphism (Cawood et al. 2009). It is particularly difficult
to unravel the ages and tectonic settings of allochthonous
fragments in mélanges and as accreted oceanic island arcs,
continental margin arcs, fore-arc/inter-arc/back-arc basins,
and ophiolites. Isotopic dating and geochemical analysis
of magmatic and sedimentary rocks provide some means
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age 2¥U-Pb ages, respectively. All the data are listed in Supple-
mentary Tables 2 and 3

to define the age, tectonic setting, and accreted framework
of an orogenic belt. The CAOB contains many such prob-
lems of accretion, including the BOC in which we are here
unravelling the ages of arcs, the along-strike correlations of
arcs, and the provenance of sediments from eroded arcs to
basins.

Age of the Mazongshan arc

Zuo et al. (1990b, 1991) recognized that the eastern part of
the Mazongshan arc (southeast of the Pochengshan fault,
Fig. 1) consisted of weakly metamorphosed, Late Paleo-
zoic volcanic rocks including felsic extrusives, and Zuo
et al. (1990b) reported older rocks such as metamorphosed
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Mid-Late Ordovician felsic volcanic rocks and clastic sedi-
mentary rocks. Geochemical data indicate that the volcanic
rocks have a calc-alkaline signature (Liu and Wang 1995),
but their age was still unknown. The western Mazongshan
arc (northwest of the Pochengshan fault Fig. 1) consists
of high-grade metamorphic gneisses, schists, and migma-
tites, as well as low-grade metamorphic rocks that contain
microfossils of Cambrian to Silurian age (Zuo et al. 1991;
Liu and Wang 1995; Dai and Gong 2000; Du et al. 2003),
and overlying Permian sandstones, tuffaceous conglom-
erates, and purple mudstones (Zuo et al. 1990b). But the
precise ages of the arc and sediments are still unknown.
For this study, we carried out U-Pb zircon dating of igne-
ous rocks that are the main components of the Mazong-
shan arc (Fig. 2). An intrusive granodiorite was dated as
Carboniferous with an age of 308.1 4+ 3.8 Ma, and a vol-
canic rock was dated as Late Carboniferous with an age of
319.6 £ 3.4 Ma.

We should note that Xiao et al. (2010) and Mao et al.
(2012) considered that the Mazongshan arc and the Hei-
yingshan—Hanshan arc (Fig. 3 in Xiao et al. 2010, and
Fig. 1b in Mao et al. 2012, north of the Mazongshan arc)
were different arcs. The Heiyingshan arc contains Car-
boniferous felsic volcanic rocks, and carbonate and clas-
tic sedimentary rocks including terrestrial clastic rocks
that are intercalated with cherts, limestones, and volcanic
rocks (Zuo et al. 1990b). Geochemical data show that the
volcanic rocks have a calc-alkaline, subduction-related sig-
nature (Liu and Wang 1995; Wei et al. 2004; Huang and
Jin 2006). In common with the Heiyingshan arc, the Han-
shan arc unit (Fig. 3 in Xiao et al. 2010) is characterized
by low-pressure, high-temperature metamorphic rocks, and
the original rocks were considered to belong to a Paleozoic
arc (Liu and Wang 1995) or a Precambrian microconti-
nent (Zuo et al. 1990b); whole-rock Rb—Sr and/or Sm-Nd
model ages have confirmed a Precambrian age (He et al.
2002; Nie et al. 2002). Nie et al. (2002) also reported that
the Hanshan arc contains many calc-alkaline granitic intru-
sions, the isotopic ages of which range from Carbonifer-
ous to Triassic (zircon U/Pb and muscovite Ar—Ar dating).
Moreover, Ao et al. (2016) concluded that the Hanshan unit
is an accretionary prism, which accreted continuously from
the Silurian to the Devonian (457-367 Ma) on the north-
ern margin of the Shuangyingshan—-Mazhongshan com-
posite arc. Accordingly, there was likely an accretionary
prism in the Hanshan arc, which later underwent subduc-
tion and accretion, and the Heiyingshan—Hanshan arc and
the Mazongshan arc may have amalgamated forming a
composite arc in the Carboniferous—Early Permian. In this
paper, we therefore suggest that this composite arc is called
the Mazongshan arc, which mainly consists of Carbonifer-
ous igneous and sedimentary rocks.
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Tectonic setting

On the major element discrimination diagram (Fig. 7b),
most of the mafic rocks are defined as calc-alkaline, except
for one sample that plots in the tholeiitic field. Calc-alka-
line volcanic rocks are widespread in and typical of mature
oceanic island arcs and active continental margin arcs,
except for a few that occur in rifts (Sheth et al. 2002). We
consider that the petrochemical features of the calc-alkaline
volcanic rocks in the Mazongshan arc are most consistent
with generation in an island arc. In addition, basalts erupted
in volcanic arcs often show enrichments in Sr, K, Rb, and
Ba (and sometimes Th) relative to Ta to Cr (Pearce 1982).
Volcanic arc calc-alkaline basalts and shoshonites are usu-
ally enriched in alkalis and alkaline earth elements, and the
elements of Th, Ce, P, and Sm, and have a low abundance
of incompatible element such as Ta, Nb, Zr, Hf, Ti, Y, and
Yb (Pearce 1982). Accordingly, our granodiorites and pyro-
clastic rhyolites have an enrichment in large ion lithophile
elements (LILE) such as Rb, Ba, and Pb (except for sample
11pcs14-2), and a depletion in high field-strength elements
(HFSE) (e.g., Nb and Ta) (Fig. 8a, c). These geochemi-
cal relations are similar to those in volcanic arcs (Pearce.
(1982). Our samples also have a slight enrichment in LREE
compared with the HREE (Fig. 8b, d). Taken together, all
these variables suggest that the granodiorites and pyroclas-
tic rhyolites were generated in an island arc and were con-
taminated by fluids that were likely mobile in such a supra-
subduction zone.

Comparison with the Dananhu-Bogda arc in eastern
Tianshan

The East Tianshan Orogenic Collage, located to the west
of the BOC, underwent complex subduction and accre-
tion processes in the Late Paleozoic, and it was formed by
accretion of many island arcs, ophiolites, oceanic islands,
and accretionary wedges (Xiao et al. 2004; Windley et al.
2007). The East Tianshan Orogenic Collage and BOC are
roughly separated by the Xingxingxia and the Pochengshan
fault (Fig. 11). Tectonically, the East Tianshan Orogenic
Collage in NW China is divisible (south to north) into the
Central Tianshan arc, the Kanggurtag—Yamansu fore-arc
basin, the Dananhu—Bogda arc, the Xiaopu intra-arc basin,
and the Harlik arc (Fig. 11) (Xiao et al. 2004).
Petrochemical and age data of igneous rocks from the
Mazongshan arc suggest correlation with the Dananhu—
Bogda arc in the East Tianshan Orogenic Collage (Fig. 11).
Firstly, considering the major element distributions in the
AFM diagram (Fig. 7), the geochemical characteristics of
rocks in the Mazongshan arc are comparable to those of
equivalent rocks from the Bogda arc, most of them plotting
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in the basalt and rhyolite fields (Fig. 7a). In common with
the Bogda arc, rocks in the Mazongshan arc are defined as
calc-alkaline and volcanic except for one sample that plots
in the tholeiitic field (Fig. 7b). Chen et al. (2011) proposed
that these geochemical features indicate a bimodal high-K
calc-alkaline affinity, which is characteristic of a rift tec-
tonic setting.

Secondly, on the trace element diagrams, the basalts
are characterized by high abundances of Th, U, and Pb
and depletions in Nb, Ta, and P (Fig. 8e, f), and the rhyo-
lite samples show an affinity to aluminous A-type granites
with enrichments in K + Na, Zr, Ce, and depletions in P,
Nb, Ta, and Ti (Chen et al. 2011) (Fig. 8g, h). And all sam-
ples (except for 11pcs14-2) have enrichments in large ion
lithophile elements (LILE) such as Rb, Ba, and Pb, and
depletions in high field-strength elements (HFSE) (e.g., Nb
and Ta) (Fig. 8a, c). In addition, the rhyolites in the Bai-
yanggou area (Fig. 11) are characterized by depletions of
Ba, Nb, and Sm, and enrichments in Rb, Th, and Zr, and
the basalts by a LERR-enriched pattern and depletions in
Ba, Nb, and Zr, and enrichments in Rb, Th, Ti, Ce, and Hf
(Shu et al. 2011). In the Yiqi-Xiaohongxia area (Fig. 11),
the basalts have high Al (Al,0; = 16.2-16.68%) and are
slightly enriched in incompatible elements Ba, Zr, Hf, and
LREE, but relatively depleted in Nb-Ta and Th (Wang
et al. 2010a). The rhyolites in this area belong to the high-K
calc-alkaline series, are relatively rich in trace elements Rb,
Th, Zr, Hf, K, and significantly depleted in Ba, Sr, P, Ti,
Nb, Ta (Wang et al. 2010a). In all, the rocks (particularly
basalts and rhyolites) in the Bogda area are geochemically
analogous to those in the Mazongshan arc, which are like-
wise enriched in large ion lithophile elements (LILE) and
depleted in high field-strength elements (HFSE).

Thirdly, LA-ICP-MS dating of zircons from four rhyo-
lites and two basalts in the Bogda arc by Chen et al. (2011)
yielded Early Permian ages ranging from 295.8 + 2.8 to
293.3 &+ 1.7 Ma. A porphyritic gabbro has a (SHRIMP) zir-
con U-Pb age of 288 & 3 Ma, and a rhyolite a (LA-ICPMS)
zircon U-Pb age of 297 + 2 Ma (Shu et al. 2011), and two
rhyolites in the Yigi-Xiaohongxia area east of the Bogda
arc have Rb-Sr ages of 278 £ 2 Ma (lo) and 296 + 2 Ma
(1o) (Wang et al. 2010a). And from the Mazongshan arc,
we have obtained new ages of 308.1 £ 3.8 Ma for a grano-
diorite and 319.6 + 3.4 Ma for a volcanic rock. The above
data demonstrate that the magmatic Dananhu-Bogda and
Mazongshan arcs were both generated in Late Carbonifer-
ous to Permian times.

The petrochemical data and isotopic ages of the Bogda
arc by Chen et al. (2011), Shu et al. (2011), and Wang et al.
(2010a) are all very close to our results from the Mazong-
shan arc. However, there are diverse opinions about the
tectonic setting of the Bogda arc. For example, Chen et al.
(2011) suggested that the bimodal rocks were generated
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in a post-orogenic continental rift. Shu et al. (2011) also
believed that the Baiyanggou olistostrome and accompany-
ing bimodal volcanic rocks were linked to an extensional
setting that developed on the south of the present Bogda
Shan. Wang et al. (2010a) pointed out that the significant
depletion in Nd and Ta, and the enrichment in Rb in the
Bogda rhyolites are similar to those of rhyolites in conti-
nental rifts, which were generated by melting of lower
crust with plagioclase as an important relic mineral in the
source. Finally, while studying the bimodal basalts and rhy-
olites in the Hongshankou area in the Central Tiashan (East
Tianshan Orogenic Collage in Fig. 11), Chen et al. (2013)
reported that the mafic (~347 Ma) and felsic (~344 Ma)
rocks are enriched in light rare earth elements (LREE) and
large ion lithophile elements (LILE), and are depleted in
high field-strength elements (HFSE), and so proposed that
the island arc-type bimodal character reflected back-arc
extensional magmatism induced by subduction of the Jun-
ggar plate during the Late Paleozoic.

Accordingly, we put forward that these basaltic—rhy-
olitic rocks were formed in an arc-related tectonic setting,
rather than in a post-orogenic rift tectonic setting, for the
following reasons: (1) The basalts in the Bogda area have
high Al (Wang et al. 2010a, b; Chen et al. 2011), and high
Al (>16%) basalts are typical of an arc-related setting; (2)
Pearce (1982) demonstrated that volcanic arc calc-alkaline
basalts usually have enrichments of alkali and alkaline
earth elements and Th, Ce, P, and Sm, and a low abundance
of incompatible elements such as Ta, Nb, Zr, Hf, Ti, and
Yb. The geochemical data for the volcanic rocks (basalts
and rhyolites) in the Bogda arc and the Mazongshan arc
are consistent with this conclusion of Pearce (1982). These
bimodal rocks are commonly generated in an island arc and
contaminated by fluids that are likely present in a supra-
subduction zone.

We therefore suggest that the bimodal calc-alkaline vol-
canic rocks formed in a rifted arc and not in a post-orogen-
esis rift affected by a mantle plume. Such an arc-related,
subduction-related rift setting could be an inter-arc, intra-
arc or back-arc basin or rifted margin. Rifted arcs are com-
mon in archipelagos, like present-day Indonesia, which
typically have several arcs with fore-, intra-, and back-arc
basins.

Implications and tectonic evolution

The tectonic settings of the BOC and East Tianshan Oro-
genic Collage in the Late Carboniferous to Early Permian
have long been controversial; post-orogenic extensional
rifts (Zuo et al. 1990b; Gong et al. 2003; Xia et al. 2008;
Wang et al. 2010a; Chen et al. 2011; Shu et al. 2011; Su
et al. 2011) or orogenic subduction/accretion arcs (Xiao
et al. 2010; Guo et al. 2012; Tian et al. 2014; Zhou et al.
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2016). Our new structural, geochemical, and isotopic age
data integrated with much published literature lead to the
conclusion that the Mazongshan arc in the central BOC
could only have formed in an arc-related, subduction-
related tectonic setting, which may have been a rifted arc
such as an inter-arc basin. We cannot agree with a post-oro-
genic rift setting controlled by a mantle plume (Xia et al.
2008; Su et al. 2011).

Many tectonic models have been proposed for the late
evolution of the BOC (Zuo et al. 1990b; Gong et al. 2003;
Xiao et al. 2010; Tian et al. 2014) and East Tianshan Oro-
genic Collage (Xiao et al. 2004; Chen et al. 2011; Shu et al.
2011). From our new data in combination with the effi-
cacies of these models, we are now able to present a new
model (Fig. 12), which better portrays the timing and tec-
tonic evolution of the main terranes in the Late Paleozoic to
earliest Mesozoic in the BOC and East Tianshan Orogenic
Collage. The main orogenic process was the accretion of
an arc/accretionary prism to a composite arc. Our new tec-
tonic evolutionary model illustrated in Fig. 12 is explicable
as follows:

1. In the Early Carboniferous (Fig. 12a), on the north-
ern side of the Liuyuan Ocean (a branch of the Paleo-
Asian Ocean), the composite Huaniushan—Dundun-
shan arc that had formed in the Early Paleozoic (Tian
et al. 2014) was accreted to the Mazongshan arc on a
northerly dipping subduction zone. On the northern
side of the Central Tianshan Ocean, the Dananhu—Har-
lik composite arc was connected along strike to the
Mazongshan arc to the east. On the southern side of the
Liuyuan Ocean, southward subduction led to the for-
mation of the Shibanshan arc on the northern margin
of the Dunhuang Block (Guo et al. 2012). The Central
Tianshan arc formed by north-dipping subduction of
the South Tianshan ocean in front of the Tarim block
(Xiao et al. 2004, 2015). The Tarim block might have
been accreted to the Central Tianshan arc to the north,
or may have been accreted to the Dunhuang block to
the east (Xiao et al. 2010). This might explain why
the Tarim block was bordered by a passive continental
margin, while the Dunhuang block was an active conti-
nental margin in the Late Paleozoic.

2. In the Late Carboniferous, north of the Liuyuan—Cen-
tral Tianshan Ocean, the composite Huaniushan—Dun-
dunshan arc was rifted forming the Queershan arc to
the north of the Hongshishan inter-arc basin in the
BOC, and the Harlik arc to the north of the correla-
tive Xiaopu inter-arc basin in the East Tianshan Oro-
genic Collage (Xiao et al. 2004). At this stage, bimodal
calc-alkaline volcanic rocks formed in both the BOC
and East Tianshan Orogenic Collage, which were in
arc-related, subduction-related rift tectonic settings.

In addition, the Huaniushan—-Dundunshan arc accreted
to the Mazongshan arc, forming the Huoshishan—Niu-
juanzi ophiolitic mélange—Fig. 12b (Tian et al. 2014).

3. In the Early Permian (Fig. 12c), the Hongshishan inter-
arc ocean in the BOC and the Xiaopu inter-arc ocean
in the East Tianshan Orogenic Collage closed, form-
ing the Hongshishan ophiolitic mélange. At this stage,
because of the north-dipping subduction of the Liuy-
uan Ocean plate, in the BOC the Hongyanjing inter-arc
basin formed between the Huaniushan—Dundunshan
arc and the Mazongshan (Tian et al. 2015). Similarly,
the Tu-Ha Basin formed between the Dananhu arc and
the Bogda arc to the west. The Central Tianshan arc
might have got accreted to the Dananhu arc forming
an ophiolitic mélange zone. In addition, the Tarim and
Dunhuang blocks began to be mutually amalgamated,
forming a huge accretionary wedge between them.
Early Permian Alaskan-type mafic—ultramafic com-
plexes formed by subduction of a middle ocean ridge
on the northern part of the Shibanshan arc (Ao et al.
2010; Xiao et al. 2010).

4. In the End-Permian to Early Triassic, in the BOC area
the Liuyuan Ocean closed, forming the Liuyuan ophi-
olitic mélange (Fig. 12d), while the Kumishi Ocean (or
south Tianshan Ocean) closed in the East Tianshan Oro-
genic Collage forming the Kumishi ophiolite. The final
suture zone is cryptic, the position of which is below the
toe of the pre-collisional accretionary complex after the
closure of the intervening ocean (Xiao et al. 2013). The
first-order tectonic boundary is the cryptic suture that
separates the upper plate sequences (accretionary com-
plex, fore-arc and arc) from the lower plate sequences
(passive margin and basement of the craton) (Xiao et al.
2013). It was this cryptic suture that recorded the ter-
mination of the consumed South Tianshan Ocean in the
East Tianshan Orogenic Collage and Liuyuan Ocean in
the BOC (Fig. 12d). In previous studies, the ophiolitic
mélanges and backstop arcs were commonly interpreted
misleadingly as the major suture zones.

All the arcs, basins, ophiolitic mélanges, and accretion-
ary wedges mutually amalgamated to form the East Tian-
shan Orogenic Collage and BOC in the southern CAOB.
The first episode of exhumation in the northern Tarim,
occurring in the Mid-Permian to Triassic, is here sug-
gested to be induced by docking of the Tarim Craton and
final amalgamation of the CAOB (Zhang et al. 2016). In
the Mid-Mesozoic, intense intra-continental deformation
took place in the BOC (Zheng et al. 1996; Zhang and Cun-
ningham 2012), in South Mongolia (Johnson et al. 2001;
Lamb et al. 2008) and on the China—Mongolia boundary
(Davis et al. 2001). This intraplate deformation produced
a number of major overthrusts with displacements of over
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«Fig. 12 Schematic tectonic diagrams illustrating the evolution of the
Beishan Orogenic Collage and the East Tianshan Orogenic Collage
in the Paleozoic, where there are four phases of subductions and col-
lisions: a in the Early Carboniferous, the Huaniushan—-Dundunshan
composite arc was accreted to the Mazongshan arc, which is corre-
lated with the Harlik—-Dananhu composite arc to the west. The Shiba-
nshan formed in the northern margin of the Dunhuang Block, and
the Central Tianshan arc formed by north-dipping subduction of the
Tarim block; b Late Carboniferous extensional stage, when two arcs
and one inter-arc basin formed because the composite arcs rifted: the
Queershan arc formed to the north of the Hongshishan inter-arc basin
in the BOC area, and the Harlik arc formed to the north of the Xiaopu
inter-arc basin. Bimodal calc-alkaline volcanic rocks erupted in arc-
related, subduction-related rifted arcs; ¢ Early Permian. The Hongsh-
ishan Ocean and the Xiaopu Ocean closed, forming the Hongshishan
ophiolitic mélange in the BOC and the Kelameili ophiolitic mélange
in the Central Tianshan Orogenic Belt. In addition, the Hongyanjing
inter-arc basin formed between the Huaniushan—-Dundunshan arc and
the Mazongshan in the BOC, while the Tu-Ha Basin formed between
the Dananhu arc and the Bogda arc to the west; Notice that on the
north margin of the Shibanshan arc, many ridge subduction-related
Alaskan-type mafic—ultramafic complexes formed therein (Ao et al.
2010; Xiao et al. 2010); d in the End-Permian to Early Triassic, the
Liuyuan Ocean closed in the BOC area forming the Liuyuan ophi-
olitic mélange, while the Kumishi Ocean (or South Tianshan Ocean)
closed in the Central Tianshan Orogenic Belt forming the Kumishi
ophiolite. A cryptic suture zone (modified after Xiao et al. 2013),
which separates the upper plate (accretionary complex, fore-arc, and
arc) from the lower plate with its passive margin and basement of the
craton. All arcs, basins, ophiolitic mélanges, and accretionary wedges
mutually amalgamated to form the East Tianshan Orogenic Collage
and the Beishan Orogenic Collage, which belong to the southernmost
central CAOB

120-180 km in Beishan—Gobi and southern Mongolia
(Zheng et al. 1996).

Conclusions

The following conclusions can be drawn from our field and
structural relations, and petrochemical and geochronologi-
cal data of the Mazongshan arc and the Hongyanjing Basin.

1. The southern Mazongshan arc mainly consists of the
Baishan Group that includes volcanic rocks and con-
glomerates, intruded by granodiorites. Permian to Tri-
assic sediments were deposited in the northern margin
of the Hongyanjing Basin and later strongly deformed.
The boundary between the arc and the basin is the
Pochengshan fault, which consists of ~1-km-wide
mylonites and fault breccias.

2. The Mazongshan arc contains basaltic and pyroclas-
tic rhyolite that have calc-alkaline geochemical sig-
natures with an enrichment in large ion lithophile ele-
ments (LILE) such as Rb, Ba, and Pb, and a depletion
in high field-strength elements (HFSE) (e.g., Nb and
Ta). Also, the volcanic rocks show a slight enrichment
in the LREE compared with the HREE. We conclude

that these bimodal rocks were generated in an oceanic
island arc and contaminated by fluids that were likely
produced in a supra-subduction zone.

3. The granodiorite and pyroclastic rhyolite from the
Mazongshan arc have zircon ages of 308.1 £+ 3.8 Ma
and 319.6 + 3.4 Ma, respectively. Comparing the
petrology, geochemistry, and age of the Mazongshan
arc with equivalent data from the Bogda arc in the East
Tianshan Orogenic Collage to the west, the Bogda arc
is almost identical in all respects to the Mazongshan
arc. We suggest that the bimodal calc-alkaline volcanic
rocks in the Bogda and Mazongshan arcs were formed
in a rifted subduction-generated arc, and not in post-
orogenic rifts affected by mantle plumes. We therefore
conclude that the volcanic rocks were extruded in inter-
arc, intra-arc or back-arc basins or rifting margins.

4. Combining with data from our previous studies in the
BOC and East Tianshan Orogenic Collage, we present
a new model for their tectonic evolution from the Early
Carboniferous to the Early Permian—Early Triassic,
which better illustrates the evolution of different ter-
ranes and their accretionary and collisional events. The
final suture zone in the BOC and East Tianshan Oro-
genic Collage is cryptic. It separates the upper plate
units (accretionary complex, fore-arc and arc) from the
lower plate units (passive margin and cratonic base-
ment).
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Appendix: Analytical methods
Major and trace elements

Fresh igneous rocks (including the intrusive rocks 11pcs13-
2, 1lpcsl3-3, and 1lpcsl4-2, and the extrusive rocks
11pcs15-2, 11pcs18-3, 11pcsl8-4, 11pcs20-1, 11pes21-2,
11pcs23-2, 11pes24-2, and 11pcs24-3) were selected for
major and trace element analysis in the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS)
in Beijing.

For major element analyses, mixtures of whole-rock
powder (0.5 g) and Li,B,0; + LiBO, (5 g) were heated
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and fused into glass disks and analyzed by X-ray fluores-
cence spectroscopy (XRF) with an AXIOS Minerals spec-
trometer. The analytical uncertainties were generally within
0.1-1% (RSD). Loss on ignition (LOI) was obtained using
0.5 g powder heated to 1100 °C for 1 h. For trace element
analyses, whole-rock powders (40 mg) were dissolved
in distilled HF + HNOj; in Teflon screw-cap capsules at
200 °C for 5 days, dried, and then digested with HNO; at
150 °C for 1 day, and the final step was repeated. Dissolved
samples were diluted to 49 ml with 1% HNOs;, and 1 ml
500 ppb indium was added to the solution as an internal
standard (In). Trace elements and REE abundances were
determined by inductively coupled plasma mass spectrom-
etry (ICP-MS) using a Finnigan MAT ELEMENTI spec-
trometer, which has analytical uncertainties within 5% for
most elements. All the major and trace element analyses
are listed in Supplementary Table 1.

Zircon cathodoluminescence and geochronology

Two igneous rocks, 11pcs18 and 11pcs13 from the Mazong-
shan arc (Fig. 3), were selected for zircon U-Pb dating.
After sample crushing, >100 zircon grains were sorted by
standard heavy liquid and magnetic techniques. Representa-
tive zircons were selected and mounted on adhesive tape,
then enclosed in epoxy resin, and polished. CL images were
made using a SX51 Electron Probe Microanalyzer for high-
resolution imaging and spectroscopy at the IGGCAS. The
acceleration voltage during the CL imaging was 15 kV.

For all the samples, isotopic measurements were taken
using an Agilent 7500a quadrupole (Q)-ICPMS at the
LA-MC-ICPMS laboratory of the IGGCAS in Beijing.
207pb/2%Ph and 2°°Pb/>*8U ratios were calculated using
GLITTER 4.0 (Griffin et al. 2008). Standards were one zir-
con 91500 and one Gj-1. The relative standard deviations
of reference values for 91500 were set at 2%. Detailed ana-
lytical procedures and experimental parameters are listed in
Xie et al. (2008). The age data are shown in Supplementary
Tables 2 and 3.
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