Geoscience Frontiers 10 (2019) 195—-212

HOSTED BY

journal homepage: www.elsevier.com/locate/gsf

Contents lists available at ScienceDirect

China University of Geosciences (Beijing) Gfa(s;ﬁﬁ'éﬁg

Geoscience Frontiers

Research Paper

Ages and Hf isotopes of detrital zircons from the Permian strata in the
Bengbatu area (Inner Mongolia) and tectonic implications

Bing Xu*®, Guochun Zhao

Check for
updates

, Jianhua Li ™€, Dongxing Liu?, Bo Wang", Yigui Han ",

Paul R. Eizenhéfer ¢, Xiaoran Zhang”, Wenzhu Hou", Qian Liu”

aState Key Laboratory of Continental Dynamics, Department of Geology, Northwest University, Xi'an 710069, China
b Department of Earth Sciences, The University of Hong Kong, Pokfulam Road, Hong Kong, China

CInstitute of Geomechanics, Chinese Academy of Geological Sciences, Beijing 100081, China

d Department of Geology and Environmental Science, University of Pittsburgh, Pittsburgh, PA, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 22 April 2018
Received in revised form

26 July 2018

Accepted 13 August 2018
Available online 30 August 2018
Handling Editor: M. Santosh

Keywords:

Detrital zircon

U-Pb dating

Hf isotope

Central Asian Orogenic Belt
Subduction

Back-arc basin

The Central Asian Orogenic Belt (CAOB) was built up through protracted accretion and collision of a
variety of terranes/micro-continents during Neoproterozoic—Mesozoic time. To understand potential
links among Paleozoic subduction and accretionary processes that were operative during the develop-
ment of the southeastern CAOB, we conducted a combined U-Pb and Hf-isotope analysis of detrital
zircons from previously defined Devonian, Carboniferous and Early Permian strata in the Bengbatu area,
Inner Mongolia. Detrital zircons from (meta-) sandstones in these strata commonly yield major Paleozoic
age populations at ca. 300—261 Ma, 351-300 Ma and 517—419 Ma, and also give several Precambrian
ages that range from 2687 Ma to 544 Ma. The youngest ages redefine the deposition of all these strata to
be in the Middle Permian (Wordian—Capitanian) or later, much younger than previously considered.
These ages, coupled with regional magmatic records, support an interpretation of most surrounding
areas as possible detritus sources, including the Mongolian arcs to the north, the Northern Accretionary
Orogen to the south, and the intervening Erenhot—Hegenshan Ophiolite Belt. Zircons with magmatic
ages of ca. 500—350 Ma and ca. 300—261 Ma display a large range of eygt) values (—13.97 to +15.31),
whereas ca. 350—300 Ma zircons are dominated by positive egg(t) values (+0.14 to 4-16.00). These results
support the occurrence of two significant shifts of the zircon eyg(t) values, which has tectonic implica-
tions for the understanding of the Carboniferous—Permian evolution of the southeastern CAOB. A
marked shift from mixed to positive zircon eyg(t) values at 350—330 Ma likely manifests the incipient
opening of the Hegenshan Ocean, due to the slab rollback of the subducting Paleo-Asian Oceanic lith-
osphere. Another shift from positive to mixed zircon eyg(t) values at ca. 300 Ma likely corresponds to a
tectonic switch from syn-orogenic subduction-related to post-orogenic extensional setting, genetically

related to the tectonic collapse of a formerly overthickened crust.
© 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

vast orogenic belt was built up through Neoproterozoic—Mesozoic
accretion and collision of a series of terranes, including island arcs,

The Central Asian Orogenic Belt (CAOB) is one of the largest
accretionary orogenic collages in the world (e.g., Sengér et al., 1993;
Xiao etal., 2003, 2009a, b; Windley et al., 2007). It is bounded to the
north by the Siberian craton, to the west by the East European block
and to the south by the Tarim and North China cratons (Fig. 1). This
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seamounts, fore-arc and back-arc basins, and micro-continents
(Wang and Liu, 1986; Sengor and Natal'in, 19964, b; Xu and Chen,
1997; Xiao et al., 2003, 2004, 2009a, b, 2010, 2015; Kroner et al.,
2011; Xu et al.,, 2013; Xiao and Santosh, 2014; Han et al., 2015,
20164, b; Chen et al., 2017a). The accretionary and collisional pro-
cesses, starting at ~750 Ma and lasting till Early Triassic time,
resulted in (1) the closure of the Paleo-Asian Ocean (PAO) (Xiao
et al, 2003, 2009a, b, 2013, 2015; Eizenhofer et al.,, 2014; Han
et al,, 2015; Zhang et al., 2015a; Zhu et al., 2015), (2) the assembly
of Eurasia, including the amalgamation of the Tarim and North
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Figure 1. Tectonic subdivision of central and east Asia showing the Central Asian Orogenic Belt and surrounding major cratons/blocks (modified after Li, 2006). A square outlines the

position of Fig. 2.

China cratons in the south, the East European and Siberian blocks in
the north, and some microcontinents, terranes and arcs in or be-
tween the blocks (Heubeck, 2001; Torsvik and Cocks, 2004), and (3)
considerable Phanerozoic juvenile crustal growth (Sengor et al.,
1993; Eizenhofer et al., 2015b).

Despite much advancement made in understanding of formation
and evolution of the CAOB, several issues continue to be uncertain,
especially regarding when and how the Paleo-Asian Ocean subducted
and closed to assemble the Eurasia. Competing tectonic models
emphasizing different accretionary processes include: (1) progressive
subduction and accretion associated with the closure of a single major

ocean (e.g., Sengor et al, 1993; Sengdr and Natal'in, 1996a, b;
Yakubchuk, 2004), (2) accretion of several complexes onto continen-
tal margins or within oceanic domains (e.g., Mossakovsky et al., 1993;
Fedorovskii et al.,, 1995), and (3) punctuational subduction and colli-
sion among several micro-continents and arcs with bidirectional
subduction polarity (e.g., Xiao et al., 2003, 20093, b; Briggs et al., 2007;
Windley et al,, 2007; Kelty et al., 2008). In addition, controversy has
focused on the timing of final closure of the Paleo-Asian Ocean, with
some researchers invoking that the ocean has been closed since Late
Devonian to Early Carboniferous time (e.g., Tang, 1990; Shao, 1991; Xu
and Chen, 1997), whereas others argue that the ocean was not closed
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until the Late Permian to Early Triassic (e.g., Hsii et al., 1991; Sengor
et al, 1993; Xiao et al., 2003, 2009a; Miao et al., 2008; Eizenhofer
et al,, 2014, 2015a).

In southeastern CAOB, the Erenhot-Hegenshan Ophiolite Belt
occupies an intermediate position between two terranes termed
the Northern Accretionary Orogen and the Uliastai Continental
Margin (Fig. 1; Jian et al., 2008, 2010; Eizenhofer et al., 2014). This
belt records wealthy information regarding how the two terranes
amalgamated, and is crucial for differentiating among the above-
stated models and understanding the architecture of south-
eastern CAOB. Important processes operating in the southeastern
CAOB systems include crustal shortening and retro-arc foreland
basin development, ophiolite emplacement, arc-related and post-
orogenic magmatism, crustal extension and back-arc basin devel-
opment (e.g., Chen et al., 2000; Shi et al., 2003, 2004; Miao et al.,
2008; Jian et al., 2008, 2012; Xu et al., 2013; Zhang et al., 2014;
Tong et al., 2015; Hu et al., 2015). Although most of these pro-
cesses have been well understood in their own right, the potential
links and feedbacks among them remain unclear, especially on (1)
how tectono-magmatism evolved in response to the development
of the inferred Hegenshan Ocean from ophiolites during the sub-
duction of the Paleo-Asian Ocean (Robinson et al., 1995, 1999; Miao
et al., 2008; Eizenhofer et al., 2015a); and (2) how events in the
retro-arc/back-arc, arc, and fore-arc related to each other.

Detrital zircons are physically robust records that serve well to
trace magmatic evolution of provenance terranes, and to establish
the linkage between major terranes by comparing age distributions
(Cawood et al., 2012). Zircon Hf isotopic systematics has been proven
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particularly useful in distinguishing between orogenic processes
dominated by the reworking of ancient crust and those dominated
by additions of juvenile crust (Collins et al., 2011). In this study, a
combined U-Pb and Hf-isotope analysis of detrital zircons has been
conducted in Permian strata of the Bengbatu area, western Erenhot-
Hegenshan Ophiolite Belt. The Permian strata are chosen because the
detrital zircons therein potentially contain more comprehensive
magmatic records than those from any older strata. The reported
detrital zircon age patterns and variations in Hf isotopic ratios pro-
vide new insights into Paleozoic multiple subduction and accre-
tionary processes that combined to build southeastern CAOB.

2. Geological background and sample descriptions
2.1. Regional geology

The CAOB in Chinese Inner Mongolia, also termed “Manchurides”
(Sengor and Natal'in, 19964, b) or “Great Xinganling-Inner Mongolian
orogenic belt” (Yin and Nie, 1996), is an ENE-trending tectonic
collage composed of micro-continents, arcs, accretionary complexes,
and remnants of ophiolites (Xiao et al., 2003, 2009a, b; Shi et al.,
2003; Li et al.,, 2011; Jian et al,, 2012; Xu et al,, 2013; Zhao et al,,
2014). In the Inner Mongolia, the CAOB can be divided into five
litho-tectonic units. They are, from south to north, the Southern
Accretionary Orogen, the Solonker Suture Zone, the Northern
Accretionary Orogen, the Erenhot-Hegenshan Ophiolite Belt, and the
Uliastai Continental Margin (Fig. 2). The Southern Accretionary
Orogen comprises the Bainaimiao arc and the Ordor Sum complex;
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Figure 2. Geological sketch map of the southeastern CAOB (modified after IMBGMR, 1991; Xiao et al., 2009b; Jian et al., 2010).
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the former is composed of calc-alkaline tholeiitic basalts, minor felsic
lavas and granitoids (Shao, 1989; Nie and Bjerlykke, 1999; Zhang
et al., 2014), whereas the latter consists of ophiolites, high-pressure
metamorphic rocks and granitic gneisses (Wang and Liu, 1986;
Xiao et al,, 2003; Li, 2006; Miao et al., 2007). The Solonker Suture
Zone, marked by extensive outcrops of Permian—Early Triassic
ophiolites (Wang and Liu, 1986; Miao et al., 2007; Jian et al., 2008), is
considered as the site of final closure of the eastern segment of the
Paleo-Asian Ocean (Eizenhofer et al, 2014). The Northern Accre-
tionary Orogen, extending westward into the Hutag Uul block in
Mongolia, consists of several accretionary and metamorphic com-
plexes, including the Baolidao and Xilinhot complexes (Shi et al.,
2003; Chen et al., 2009). The Baolidao complex, formed in the Late
Carboniferous, consists of gabbroic diorite, quartz diorite, tonalite
and granodiorite (Chen et al., 2000, 2009; Miao et al., 2007; Xu et al.,
2013). The Xilinhot complex, extending for ~ 150 km from Erdaojing
to Honger, consists of schist, paragneiss, orthogneiss, amphibolite
and ultramafic rocks (Shi et al., 2003; Li et al,, 2011). The Erenhot-
Hegenshan Ophiolite Belt contains several ophiolitic fragments,
which are composed of dunite, gabbro, sheeted dikes, tholeiitic pil-
low basalt, radiolarian chert and coral limestone (Tang, 1990; Tang
and Yan, 1993). The ophiolitic rocks are overlain by ~10 km thick
Carboniferous—Permian transgressive sequences, which represent
post-collisional sedimentation following the closure of the Hegen-
shan ocean (IMBGMR, 1991; Shen et al., 2006). Recent recognition of
~354 Ma gabbros in the north Hegenshan and east Erenhot led
many authors (e.g. Jian et al., 2012; Zhang et al., 2015c) to infer that
the Hegenshan Ophiolite Belt extends further to the west, through
the Erenhot into Mongolia. The Uliastai Continental Margin lies be-
tween Erenhot and Uliastai, and may extend westward into the
Nuhetdavaa terrane in Mongolia as part of the Mongolian arcs
(Badarch et al., 2002; Eizenhofer et al., 20154, b). The basement of the
Uliastai Continental Margin is composed of Proterozoic gneiss, schist,
and quartzite. The basement rocks were unconformably overlain by
Paleozoic sedimentary rocks, which were extensively intruded by
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Devonian to Carboniferous arc-related, calc-alkaline and alkaline
magmatic rocks, indicating that the Uliastai Continental Margin
evolved into an active continental margin in Devonian—
Carboniferous time (Badarch et al., 2002; Xiao et al.,, 2003).

2.2. Stratigraphy of the Bengbatu area

The Bengbatu area, located ~ 35 km to the northeast of Erenhot,
represents the western terminal of the Erenhot-Hegenshan
Ophiolite Belt in China (Fig. 2). The area is characterized by wide-
spread Permo—Carboniferous volcano-sedimentary rocks that un-
conformably overlie the Devonian strata. The Devonian strata are
composed of quartz schist, tuff, silicic slate, siltstone, and limestone
lenticles (Fig. 3; IMBGMR, 1991; Li et al., 1996). The Carboniferous
strata contain the Benbatu Formation in the lower part and the
Amushan Formation in the upper part (IMBGMR, 1965, 1991). The
Benbatu Formation is composed of greywacke, sandstone, siltstone,
tuff and andesite, depositing in a shallow marine environment
(IMBGMR, 1965, 1991). The Amushan Formation is characterized by
a fining-upward sedimentary succession that comprises conglom-
erate, pebbly greywacke, feldspathic sandstone, laminated silt-
stone, and interbedded tuff, andesite and limestone (IMBGMR,
1965, 1991; Yang et al,, 2015). The Permian strata, characterized
by clastic-volcanic rock assemblages, can be divided into two series,
i.e,, the Early Permian Baoligaomiao Formation and the Middle to
Late Permian Zhesi Formation (IMBGMR, 1965, 1991; Shao et al.,
2014; Fig. 4). The Baoligaomiao Formation, about 1.2 km thick, is
composed of tuffaceous/carbonaceous/sandy slate, tuff, andesite
and sandstone. The Zhesi Formation, about 1.5 km thick, is
composed of conglomerate, sandstone, greywacke and minor
tuffaceous rocks in the lower part, and slate, shale, tuff, sandstone
and interbedded fossiliferous limestone in the upper part. The
above-stated Devonian—Permian rock sequences were intruded by
Carboniferous to Early Cretaceous plutons (IMBGMR, 1991; Meng,
2003; Wang et al., 2011; Daoudene et al., 2012). Recently, an Early
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Figure 4. Stratigraphic column of the Permian strata in the Bengbatu area (modified after IMBGMR, 1965, 1991). The sample locations are shown on the stratigraphic column.

Carboniferous (ca. 353—345 Ma) ophiolitic suite was recognized
~40 km to the southeast of the study area and is composed of
serpentinized ultramafic rocks, gabbros, mafic lavas and minor
plagiogranite dikes, probably forming in a back-arc tectonic setting
(Zhang et al., 2015c).

2.3. Sample descriptions

Eight rock samples were collected from the previously defined
Devonian, Carboniferous and Early Permian strata. Their locations
are shown in Figs. 3 and 4.

Two rock samples (EH16A and EH15H) were collected from the
southern part of the Bengbatu area. Sample EH16A is a fine lithic
arenite composed principally of quartz (~40%—45%), feldspar
(~20%—25%) and rock fragments (~27%, mainly igneous type)
(Fig. 5a and b). Sample EH15H is a dark gray meta-sandstone,
containing quartz (~5%), lithic fragments (~25%), feldspar
(~25%—30%) and alteration products ( ~30%—40%) such as epidote
and chlorite (Fig. 5c and d). The two samples are characterized by
pervasive development of salty cleavages (Fig. 5a and c), which
accommodate shortening via pressure solution.

Five rock samples were collected from the Permian Zhesi For-
mation in the northern Bengbatu area (Fig. 3). Among them, three
samples (EH20A, EH20E and EH20F) are grayish-red fine to medium
lithic arenites, dominantly composed of moderate quartz ( ~20%—
25%), abundant rock fragments (~40%—55%) and low to moderate
feldspar (~8%—15%) (Fig. 5e and f). The remaining two samples
(EH21B and EH21D) are bedded russet fine feldspathic arenites, and
consist primarily of immature-textured quartz (~15%—20%),
abundant feldspar (~45%—55%), moderate lithic fragments
(~20%—22%) and minor biotite (~1%—3%) (Fig. 5g and h).

Sample EH22 is a strongly foliated meta-sandstone composed of
quartz (~70%—78%) and mica (~15%—18%) (Fig. 5i and j). Within

the sample, the foliation is prominent and defined by planar
arrangement of biotites, elongated quartz aggregates, and compo-
sitional layering (Fig. 5j).

3. Analytical methods
3.1. Sample preparation

Zircon grains were handpicked under a binocular microscope
from heavy minerals of samples processed by conventional crush-
ing, heavy-liquid and magnetic separation techniques at the
Langfang Regional Geological Survey, Hebei Province, China.
Randomly selected zircon grains were mounted in epoxy resin and
polished to expose their interior. Zircons were then photographed
under transmitted and reflected light through optical microscope.
Cathodoluminescence (CL) imaging was performed on a FEI Quanta
400 FEG environmental scanning electron microscope equipped
with an Oxford energy dispersive spectroscopy and a Gatan CL3+
detector at the Northwest University in Xi’an, China. The obtained
CL images reveal the internal structures of zircons and indicate
potential target sites for U-Pb analysis.

3.2. Zircon U-Pb geochronology

Zircon U-Pb dating was carried out using a laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) in-
strument at the State Key Laboratory of Continental Dynamics at
the Northwest University in Xi'an, China. The LA-ICP-MS was
assembled by an ArF-excimer 193 nm laser ablation system (GeoLas
200M, MicroLas, Germany) and a quadrupole ICP-MS (Agilent
7500a). Laser spot size was between 30 pm and 40 pm, and laser
frequency was 10 Hz. High-purity helium was used as carrier gas,
which was mixed with a make-up gas of high-purity argon before
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#Sample EH16A

Figure 5. Field and microscopic pictures of representative rocks from the sedimentary strata in the Bengbatu area. Abbreviations: Q—quartz; F—feldspar; L—lithic fragment;

Bi—Biotite.

entering the ICP-MS to achieve stable and optimum conditions,
resulting in negligible contribution of 2**Hg to 2°4Pb (count rate of
the mass 204 for blank <100 counts per second). Detailed instru-
mental settings and analytical procedures refer to Diwu et al.
(2012) and Liu et al. (2008).

Off-line raw data were processed using the ICPMSDataCal 8.6
program (Liu et al., 2010b) to obtain U-Th-Pb isotopic ratios and
elemental concentrations. The Harvard zircon 91500 was used as a
standard for isotopic ratio correction. Concentrations of U, Th and
Pb were calculated by using NIST 610 as an external standard and
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29sj as an internal standard. Zircon standard GJ-1 was analyzed as
an unknown and yielded a weighted mean 2°6Pb/?38U age of
601.3 & 1.0 Ma (MSWD = 1.7, n = 64), which is in good agreement
with the recommended TIMS age of 600.4 + 0.6 Ma (Jackson et al.,
2004). In all analyzed zircon grains, the common Pb correction was
not necessary due to the low signal of common 2%*Pb and high
206pp204pp, [soplot (ver. 3.23) program (Ludwig, 2003) was used to
plot concordia diagrams and probability density distribution plots,
and for age calculations. 2°°Pb/>*8U ages were used for zircons
younger than 1.0 Ga, while 2°/Pb/2%°Pb ages were used for ones
older than 1.0 Ga. The analytical data are presented on U-Pb con-
cordia diagrams with 2¢ errors.

3.3. Zircon Hf isotopic analysis

Zircon Hf isotopes were determined using a 193 nm Ar-F exci-
mer laser ablation system (RESOlution M-50-LR) attached to a
multi-collector ICPMS (Neptune Plus) at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (CAS), China. The
concordant zircons were selected, and zircon Lu-Hf isotope ana-
lyses were conducted on them, targeting the pits generated by U-Pb
analyses. Helium was used as the carrier gas during laser ablation. A
beam diameter of 45 um and a pulse rate of 6 Hz were used during
laser ablation with a surface energy density approximate to 80 mJ/
cm?. Ablation time for each analysis was 29 s. Detailed analytical
procedures and principles of isobaric interference corrections are
documented in Wu et al. (2006). Penglai standard zircons used as
reference material were measured to check instrument reliability
and stability, and yielded an average '®Hf/"77Hf ratio of
0.282890 + 0.000010 (1 standard deviation, n = 73). The result is
comparable within errors to the reference value of
0.282906 =+ 0.000010 recommended by Li et al. (2010).

Zircon initial 78Hf/"7Hf ratios were calculated using measured
76Lu/"7Hf and ®Hf/"Hf ratios and ®Lu decay constant of
1.867 x 10~ yr~1 (Séderlund et al., 2004). To calculate eyt) values,
we adopted a present-day 76Lu/"’Hf value of 0.0332 and a
176Hf/177Hf value of 0.282772 for the chondritic uniform reservoir
(CHUR) (Bouvier et al., 2008). Depleted mantle model ages (Tpm1)
were calculated with reference to a depleted mantle reservoir having
present-day 7®Lu/"’Hf value of 0.0384 and '®Hf/"Hf value of
0.283251 (Griffin et al., 2004). Crustal model ages (Tpm2) were
calculated by assuming that the parental magma from which each
zircon crystallized was originated from an average continental crust
(176Lu/7Hf = 0.015, Griffin et al., 2004) which was derived from the
depleted mantle.

4. Results
4.1. Zircon morphology and Th/U ratios

Detrital zircon grains from the eight samples range from 30 to
240 pm in length, and have length/width ratios of 1-6.4 (Fig. 6).
These zircons exhibit different grain morphologies: most zircons
are euhedral to subhedral; a few zircons are rounded or sub-
rounded, indicating a higher degree of reworking. Based on the
cathodoluminescence (CL) images, these zircons can be grouped
morphologically into three types: (1) grains with concentric,
oscillatory zoning; (2) concentric oscillatory zoned cores with
narrow high luminescent, structureless rims; and (3) irregular
grains with partially developed crystal faces or planar banded
growth zones, similar to those from gabbroic rocks (Fig. 6). Overall,
the type (1), (2) and (3) zircons account for ~90%, ~5% and ~ 5% of
all analyzed zircons, respectively (Fig. 6). Most of the type (1) and
(3) zircons and oscillatory-zoned cores in type (2) zircons have Th/
U ratios of >0.4 (Appendix Table 1), consistent with an igneous

origin. The structureless rims in the type (2) zircons represent
metamorphic overgrowths on magmatic cores. However, the origin
of the metamorphism remains undetermined, as these meta-
morphic rims are too narrow to be dated. Detailed zircon U-Th-Pb
isotopic data are listed in Appendix Table 1. To ensure the efficient
quality, U-Pb analyses that show large variations of signals and/or
large age discordance (not between 90% and 110%) were discarded.

4.2. Zircon U-Pb ages and Hf isotopes

4.2.1. Lithic arenites from the Zhesi Formation

Total 55 concordant analyses were obtained from the detrital
zircons of sample EH20A, and they define a wide range of 2°’Pb/>%Pb
(>1.0 Ga) and 2%5Pb/?*8U (< 1.0 Ga) ages from 2546 Ma to 266 Ma. On
the probability density distribution plots, the Paleozoic ages (40
analyses) are prominent and show two major peaks at ~319 Ma and
~420 Ma, and two minor peaks at ~345 Ma and ~459 Ma (Fig. 7a
and b). The other 15 analyses yield Precambrian ages, ranging from
2546 Ma to 715 Ma. Among all obtained ages, the youngest age is
266 + 2 Ma, with discordance of <10%.

Total 73 concordant analyses were conducted on the detrital
zircons of sample EH20E, and they show a spread of 2°’Pb/?%pb
and 296pb/%38U ages between 2058 Ma and 273 Ma. Among these
zircons, fifty-seven zircons yield Paleozoic ages that are manifested
by a major peak at ~304 Ma and two minor peaks at ~401 Ma and
~459 Ma (Fig. 7c and d); sixteen zircons yield Precambrian ages
that range from 2058 Ma to 544 Ma. The youngest concordant
(discordance<7%) zircon yields an apparent 2°°Pb/?38U age of
273 + 2 Ma.

A total of 67 concordant analyses were obtained from the
detrital zircons of sample EH20F, and they define a wide range of
207pp296pp and 2%6pb/238U ages from 2687 Ma to 283 Ma. Of these,
57 concordant analyses of oscillatory-zoned zircons yield Paleozoic
ages, which show a major peak at ~331 Ma and minor peaks at
~292—312 Ma, ~351 Ma, ~370 Ma and ~437 Ma (Fig. 7e and f);
the remaining 10 analyses give Precambrian ages, ranging from
2687 Ma to 778 Ma. The youngest zircon yields a 2°°Pb/?33U age of
283 + 2 Ma (discordance <7%).

A total of 144 dated zircons from the above-stated three samples
were analyzed for Hf isotopes. These zircons show highly variable
epf(t) values, ranging from —20.61 to +15.31 (Fig. 8a—f). Their initial
176Hf/177Hf ratios range from 0.281012 to 0.282980, corresponding
to the depleted mantle two-stage Hf model ages (Tpmz) of
3473—423 Ma. Among these Paleozoic zircons, the lowest eyf(t)
value (—13.97) occurs in a relatively young zircon with a 236pb/238u
age of 497 Ma (Spot #17 in sample EH20A), corresponding to the
lowest 76Hf/77Hf ratio of 0.282075 and the oldest Hf model age
(Tpmz) of 2340 Ma (Appendix Table 2).

4.2.2. Feldspathic arenites from the Zhesi Formation

A total of 51 concordant analyses were conducted on the detrital
zircons of sample EH21B. Similar to other samples from the Zhesi
Formation, there are abundant zircons that record Paleozoic ages,
forming an age cluster between 472 Ma and 271 Ma with a major
peak at ~316 Ma and minor peaks at ~275 Ma, ~333 Ma and
~376 Ma (Fig. 7g and h). Among these Paleozoic ages, the youngest
age is 271 + 2 Ma, with discordance of <9%.

A total of 68 valid ages were obtained from detrital zircons of
sample EH21D. Among these, almost all zircons give Devonian to
Permian (418—265 Ma) 2%Pb/238U ages except for one Silurian
grain that has a 2%6Pb/238U age of 445 + 4 Ma (discordance <5%).
Among these ages, the Carboniferous to Permian ages display a
major peak at ~319 Ma and two minor peaks at ~286—296 Ma and
~335 Ma (Fig. 7i and j). The youngest age is 265 + 2 Ma, with
discordance of <5%.
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Figure 6. Cathodoluminescence (CL) images for detrital zircons from eight rock samples collected from the Bengbatu area.

A total of 73 dated zircons from the above-stated two samples
were analyzed for Hf isotopes. Almost all zircons show positive
epf(t) values of 5.66—16.00 except for one spot that has a negative
value of —0.55 (spot #15 in sample EH21D) (Fig. 8g and h). Their
initial 7®Hf/"7Hf ratios range from 0.282688 to 0.283041, corre-
sponding to the depleted mantle two-stage Hf model ages (Tpnz) of
1340—294 Ma. Among these zircons, the lowest eyg(t) value (—0.55)
occurs in a young zircon with a 23%Pb/?38U age of 278 Ma (Spot #15
in sample EH21D), corresponding to a relatively low 76Hf/"7Hf
ratio of 0.282891 and the oldest Hf model age (Tpm2) of 1340 Ma
(Appendix Table 2).

4.2.3. Meta-sandstone (sample EH22) from the north Yixigen area

A total of 47 concordant ages were obtained for meta-sandstone
sample (EH22) collected in the north Yixigen area. These ages
define a relatively narrow spread of 2%6Pb/238U ages between 496
Ma and 268 Ma (Fig. 9a and b). On the probability density distri-
bution plots, all obtained ages display a major peak at ~302 Ma and
a minor peak at ~283 Ma. Among these ages, the youngest age is
268 + 2 Ma, with discordance of <5%.

A total of 35 dated zircons were analyzed for Hf isotopes. All
zircons show positive eyq(t) values of 1.36—11.96 (Fig. 10a). Their

initial "6Hf/77Hf ratios range from 0.282510 to 0.282949, corre-
sponding to the depleted mantle two-stage Hf model ages (Tpmy) of
1376—538 Ma. Among these spots, the lowest eygt) value (+1.36)
occurs in the oldest zircon with a 23%Pb/?38U age of 496 Ma (Spot
#46 in sample EH22), corresponding to the lowest "®Hf/77Hf ratio
of 0.282510 and the oldest Hf model age (Tpy2) of 1376 Ma
(Appendix Table 2).

4.2.4. Lithic arenites from the south Yixigen area

Samples EH15H and EH16A are lithic arenites collected from the
south Yixigen area. Total 77 concordant ages have been obtained
from the detrital zircons of sample EH15H. Similar to other samples
from the Zhesi Formation, there are abundant zircons that record
late Paleozoic ages, forming a very narrow age cluster between 361
Ma and 288 Ma with a major peak at ~317 Ma and two minor
peaks at ~343 Ma and ~303 Ma (Fig. 9c and d). Among these
zircons, the youngest zircon yields an apparent 2°°Pb/?2%U age of
288 + 2 Ma (discordance <5%).

A total of 63 analyses were conducted on 63 zircon grains from
sample EH16A. Of these, 60 concordant analyses yield Paleozoic
236pp 238 ages of 458—261 Ma, which show a major peak at ~277
Ma and two minor peaks at ~305 Ma and ~262 Ma (Fig. 9e and f);
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Figure 9. U-Pb concordia and probability diagrams of zircon ages of the remaining three rock samples (EH22, EH15H and EH16A) from the Bengbatu area.

the remaining three analyses give Precambrian ages, ranging from
2680 Ma to 2010 Ma. The youngest zircon yields a 2°6Pb/233U age of
261 + 2 Ma, with discordance of <6%.

A total of 63 dated zircons from the above-stated two samples
were analyzed for Hf isotopes. These zircons show highly variable
ep(t) values, ranging from —17.15 to +14.04 (Fig. 10b—d). Their
initial 76Hf/77Hf ratios range from 0.281023 to 0.282957, corre-
sponding to the depleted mantle two-stage Hf model ages (Tpp2) of
3669—466 Ma. Notably, almost all Paleozoic zircons show positive
epf(t) values of 0.14—14.04 except for two spots that have negative
values (—3.08 for spot #8 in sample EH15H and —6.67 for spot #18
in sample EH16A) (Fig. 10b and d). The Precambrian zircons
generally show negative eyt) values from —17.15 to —0.4 except for
one zircon that has a positive eygt) value of 0.94 (Spot #4 in sample
EH16A) (Fig. 10c). Among these Paleozoic zircons, the lowest eyg(t)
value (—6.67) occurs in a relatively young zircon with a 226pb/238U
age of 423 Ma (Spot #18 in sample EH16A), corresponding to the
lowest 76Hf/77Hf ratio of 0.282323 and the oldest Hf model age
(Tpwmz) of 1827 Ma (Appendix Table 2).

5. Discussion

5.1. Depositional ages and some redefinitions in the published
geological map

Due to the lack of robust age constraints and the limitations of
early dating techniques, some information in published geological

maps remains uncertain or loosely constrained, particularly on the
ages and structural relations of major lithological units. The large
uncertainty hampers understanding of the overall tectonic evolu-
tion. As discussed below, our detrital zircon ages provide new
constraints that allow some redefinitions of major lithological units
and structures in published geological maps.

The strata that we studied in the south Yixigen area were pre-
viously presumed to deposit during Early Carboniferous time
(IMBGMR, 1965, 1991). However, our results reveal that the youn-
gest concordant zircons (discordance <6%) from the strata (samples
EH15H and EH16A) give ages of ~288 Ma and ~261 Ma (Fig. 9c-f),
and yield the youngest age peak at ~262 Ma (Fig. 9f). As a result,
the age of 261 Ma represents the best estimate for the maximum
depositional age, which is consistent with the youngest age peak at
~262 Ma in sample EH16A. This allows a redefinition of the
deposition of the south Yixigen strata to be in the Middle Permian
(Capitanian) or later, much younger than previously suspected.
Such a redefinition requires the south Yixigen strata to have a fault
or unconformity contact with the Carboniferous strata to the north,
rather than the previously assumed depositional contact. Similarly,
the strata that we studied in the north Yixigen area, previously
thought to be deposited during Middle Devonian time (IMBGMR,
1965, 1991), have been redefined as the Middle Permian
or younger strata, due to new recognitions of abundant
Carboniferous—Permian zircons and the youngest zircon at ~268
Ma and the youngest age peak at ~270 Ma of detrital zircons from
sample EH22 (Fig. 9a and b).
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Figure 10. Plots of eyf(t) vs. U-Pb ages of detrital zircons from rock samples EH22, EH15H and EH16A. CHUR: Chondrite Uniform Reservoir.

The deposition of the Zhesi Formation was traditionally thought
to have occurred during Early Permian time (IMBGMR, 1965, 1991).
Wang et al. (2004) recognized conodont fauna from the Zhesi
Formation and assigned an ambiguous Wordian to Capitanian age
for its deposition. In this study, the youngest concordant zircons
(discordance<10%) from five samples within the Zhesi Formation
yield ages ranging from 283 Ma to 265 Ma (Fig. 7a—j), and the
youngest age peak of detrital zircons from sample EH21D is ~266
Ma (Fig. 7j), both consistent with previous age determinations by
Chen et al. (2015). These ages indicate that the Zhesi Formation was
deposited at some time after ~265 Ma. Such an age determination
is supported by the following two lines of evidence from the fossils
and the sedimentary contact with age-constrained rock suites: (1)
the recognition of conodont fauna from the Zhesi Formation allows
assigning a Middle Permian age for its deposition (Wang et al.,
2004); and (2) the Hegenshan ophiolite suites—unconformably
overlain by the Zhesi Formation—were demonstrated to be
emplaced before 280 Ma (Zhou et al,, 2015), implying that the
deposition of the Zhesi Formation must have postdated 280 Ma.

5.2. Provenances

Most detrital zircons from all samples exhibit oscillatory zoning
and dominantly angular to sub-angular shape (Fig. 6), testifying to
magmatic grains derived from near-source regions. Apart from
several Precambrian grains that range from 2687 Ma to 544 Ma,

three main Paleozoic age populations of detrital zircons have been
commonly revealed: ca. 300—261 Ma, 351-300 Ma, and 517—419
Ma (Figs. 7, 9 and 11).

The 300-261 Ma detrital zircons are abundant and form a sub-
ordinate age population in the compilation of all dated zircons
(Figs. 7, 9 and 11). Highly variable Hf isotopes (—5.68 to +12.12) of
the zircons suggest that they were derived from mixed magmas
related to reworking of ancient crust and mantle differentiation.
Contemporaneous magmatic events, commonly associated with
post-collisional orogenic collapse and crustal extension, occurred
mainly in adjacent Mongolian arcs and the Northern Accretionary
Orogen, including: (1) the 290—276 Ma calc-alkaline bimodal vol-
canic suites and peralkaline-alkaline A-type granites in the Mon-
golian arcs (Hong et al., 1994; Zhang et al., 2011, 2015b; Tong et al.,
2015); (2) the ~284—274 Ma bimodal volcanic rocks (Zhang et al.,
2008; Chen et al., 2014) and intrusive plutons (Bao et al., 2007a) in
Xi Ujimqgin Banner; and (3) the ~285—276 Ma Xilinhot A-type
granites in the Northern Accretionary Orogen (Shi et al., 2004; Tong
etal., 2015). Accordingly, it is possible that the 300—261 Ma detrital
zircons were sourced from the Mongolian arcs and the Northern
Accretionary Orogen.

The 351-300 Ma detrital zircons are most abundant in all dated
samples (Figs. 6, 8 and 10). A conspicuous feature of these zircons is
their highly positive eygt) values, implying that the parental
magmas were differentiated from the depleted mantle. Synchro-
nous arc-related magmas that resulted from the northward
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Figure 11. Comparison of age populations of the Permian sedimentary successions in
the Bengbatu area with those of surrounding possible provenance terranes.

subduction of the Paleo-Asian Oceanic lithosphere have been
widely documented in the Mongolian arcs and the Northern
Accretionary Orogen, including: (1) the ~350—300 Ma calc-
alkaline magmas (e.g., granodiorites, andesites, quartz monzo-
nites, and quartz diorites) in South Mongolia (Kovalenko et al.,
2006; Yarmolyuk et al., 2008; Blight et al., 2010; Wainwright
et al., 2011); (2) the 350—340 Ma granitoids and gneissic granites
in north of the Gobi-Altai Zone (Kréner et al., 2010); (3) the ~310
Ma gabbroic diorites and 322—316 Ma granitoids from the Balidao
magma suite (Chen et al., 2000, 2009; Hu et al., 2015); and (4) the
330—313 Ma quartz diorites and granitoids in the Xilinhot area (Bao
etal., 2007b; Liu et al., 2010a; Zhou, 2012). In addition, CL images in
some 351—300 Ma zircons exhibit partially developed crystal faces
or planar banded growth zones (Fig. 6), characterizing zircons
crystallized from gabbroic rocks (Baines et al., 2009; Grimes et al.,
2009; Koglin et al., 2009; Jian et al, 2012). Notably, gabbroic

rocks are mainly distributed in the Erenhot-Hegenshan Ophiolite
Belt, and recent SHRIMP and SIMS U-Pb zircon dating results yield
ages of 356—346 Ma for their emplacement. Examples include:
354 + 5 Ma and 353 + 4 Ma for two gabbros from the eastern
Erenhot ophiolite (Zhang et al., 2015c¢); 356 £+ 5 Ma and 346 4+ 2 Ma
for two gabbros from the Xi-Ujimqi and Diyanmiao ophiolites
(Songetal., 2015); and 354 4 7 Ma for a gabbro from the Hegenshan
ophiolite (Jian et al., 2012). As a result, we infer that the 351-300
Ma detrital zircons were derived from three major provenance
terranes: (1) the Mongolian arcs; (2) the Erenhot-Hegenshan
Ophiolite Belt; and (3) the Northern Accretionary Orogen.

The 517—419 Ma detrital zircons form another subordinate age
population in all dated zircons (Figs. 7,9 and 11). Highly variable Hf
isotopes (—13.97 to +15.31) of the zircons reflect a source hetero-
geneity that implies a mixed origin of parental magmas, related to
the melting of both ancient and juvenile crustal material. In the
adjacent Northern Accretionary Orogen and the Mongolian arcs,
early Paleozoic arc-related magmatic rocks that record the sub-
duction of the Paleo-Asian Ocean, accretion and forearc generation
are extensively distributed, including (1) the 498—418 Ma calc-
alkaline plutons (e.g., plagiogranites, gabbros, tonalities, granodi-
orites, and quartz diorites) that constitute an early to mid-Paleozoic
arc system in the Baiyanbaolidao area (Xu and Chen, 1997; Chen
et al., 2000; Shi et al., 2003, 20054, b; Zhang et al., 2004; Jian
et al., 2008); (2) the ~421 Ma arc magmas and ~452—437 Ma
migmatites in the Xilinhot area (Shi et al., 2003; Xue et al., 2009; Ge
et al.,, 2011); (3) the 477—431 Ma alkaline to calc-alkaline magmas
(e.g., orthogneisses, amphibolites and gneissic granites) in the
Hutag Uul block (Yarmolyuk et al., 2005; Jian et al., 2010; Li et al,,
2010); and (4) the ~502—411 Ma calc-alkaline magmas that
constitute an island arc-forearc system in South Mongolia (Helo
et al.,, 2006; Demoux et al., 2009; Kroner et al., 2010, 2011).
Therefore, the Northern Accretionary Orogen and the Mongolian
arcs were two potentially important sources for 517—419 Ma
detrital zircons.

Less frequently Precambrian detrital zircons have been locally
detected in Permian samples (Figs. 7, 9 and 11). To the south of the
study area, despite extensive Precambrian rocks in North China
(Zhao et al., 2006; Zhao and Cawood, 2012; Chen et al., 2017b),
recent studies indicate that the intervening Paleo-Asian Ocean was
not closed and prevented the detritus entering the study area
during Middle Permian time (e.g., Eizenhofer et al., 2015a, b), thus
ruling out the possibility of the North China-derived contributors.
Instead, the Mongolian arcs might be a significant provider of
Precambrian detritus, by considering the voluminous Precambrian
magmatism associated with assemblage and break-up of Rodinia
therein (Wang et al., 2001; Demoux et al., 2009; Kroner et al., 2010,
2011; Rojas-Agramonte et al., 2011).

To sum up, possible source terranes that could have delivered
clastic sediment to the Bengbatu area during Middle Permian time
are the Mongolian arcs to the north, the Northern Accretionary
Orogen to the south, and the intervening Erenhot-Hegenshan
Ophiolite Belt.

5.3. Tectonic implications

In view of the above-stated provenance terranes, detrital zircons
in the Bengbatu area contain wealthy information regarding
episodic magmatism in the Mongolia arcs, the Northern Accre-
tionary Orogen, and the Erenhot-Hegenshan Ophiolite Belt of
southeastern CAOB. A compilation of Paleozoic detrital zircon Hf
isotopes is presented in Fig. 12, and shows the following zircon
epf(t)-time patterns: ca. 500—350 Ma and ca. 300—261 Ma zircons
that are characterized by a large spread of eyf(t) values (—13.97
to +15.31), and ca. 350—300 Ma zircons that are dominated by
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Figure 12. Plot of eyg(t) vs. U-Pb ages of detrital zircons for all studied rock samples from the Permian strata in the Bengbatu area. CHUR: Chondrite Uniform Reservoir.

positive eygt) values (+0.14 to +16.00). Two abrupt changes be-
tween mixed and positive eyg(t) values occur at ca. 350—330 Ma and
ca. 300 Ma. As discussed below, the Hf isotope variations, combined
with regional magmatic records, provide crucial constraints on the
Paleozoic tectonic evolution of southeastern CAOB.

During Early Ordovician to Devonian time, the northward
subduction of the Paleo-Asian oceanic lithosphere led to pro-
gressive accretion of the Northern Accretionary Orogen onto the
Uliastai Continental Margin, forming a coherent terrane in
southeastern CAOB (Fig. 13a). The melting of the mantle wedge,
induced by hydrous fluids released during dehydration reactions
in the subducting lithosphere (e.g., Defant and Drummond, 1990),
produced voluminous ~490—417 Ma calc-alkaline arc magmatic
rocks in the coherent terrane (e.g., Chen et al., 2000; Shi et al.,
2003, 20054, b; Jian et al., 2008, 2010; Kroner et al., 2010, 2011).
Zircons from the magmatic rocks in this study display highly
variable eyf(t) values of (-9.92 to +15.31) (Fig. 12), probably
resulting from potential incorporation of supracrustal sedimen-
tary components into magma sources during reworking of juve-
nile arc-derived crust.

During Early Carboniferous time, the Hegenshan Ocean was
opened and separated the Northern Accretionary Orogen from the
Uliastai Continental Margin (Xu et al, 2017; Fig. 13b). The
~350—335 Ma Eastern Erenhot and Hegenshan ophiolites (Zhang
et al,, 2015c; Zhou et al,, 2015), as the remnants of the oceanic
lithosphere, represent the best manifests of the assumed ocean
opening. Our results reveal a significant shift from mixed to positive
epf(t) values at ca. 350—330 Ma (Fig. 12), possibly recording incip-
ient opening of the ocean. We interpret the ocean opening as back-
arc extension resulting from slab rollback of the subducting Paleo-
Asian Oceanic lithosphere (Xu et al., 2017). This interpretation
provides a causative mechanism for the significantly increased
ey(t) values (Fig. 12), as the back-arc extension generally involves
more contribution of mantle-derived juvenile material to magma
sources (e.g., Kemp et al,, 2009; Collins et al., 2011). Accordingly,
regional Carboniferous volcano-clastic rocks might represent
sedimentary infills in a back-arc basin (Xu et al., 2017). During or
soon after the ocean opening/spreading, the northward subduction
of the Hegenshan Oceanic lithosphere beneath the Uliastai Conti-
nental Margin, as revealed by deep seismic reflection profiling

(Zhang et al., 2014), might have occurred (Fig. 13b). This led to the
generations of regional 350—310 Ma arc-related magmas to be
related to the Hegenshan Ocean subduction, in addition to the
Paleo-Asian Ocean subduction (Chen et al., 2000; Kovalenko et al.,
2006; Yarmolyuk et al., 2008; Blight et al., 2010; Wainwright et al.,
2011).

During Early Permian time, the final consumption of the
Hegenshan Ocean led to the closure of the back-arc basin
accompanied by the Hegenshan ophiolite emplacement (Zhou
et al., 2015), which was responsible for amalgamation of the
Northern Accretionary Orogen and the Uliastai Continental
Margin along the Erenhot-Hegenshan Ophiolite Belt (Fig. 13c).
Given that the Zhesi Formation and its equivalents unconformably
overlie the Hegenshan ophiolites (Zhou et al., 2015), they might
represent post-orogenic deposition that postdated the closure of
the back-arc basin. This also gives plausible explanations for
provenance determinations that the Bengbatu area received
detritus from the Mongolian arcs to the north and the Northern
Accretionary Orogen to the south during Middle Permian time.
Notably, sedimentary rocks of the Zhesi Formation were bounded
to the north by a normal fault (Fig. 3). This normal fault appears to
dominate the crustal subsidence and sedimentary infilling of the
Zhesi Formation, indicating an extensional tectonic setting for the
deposition of the Zhesi Formation. The inferred crustal extension
is further supported by regional-scale A-type and bimodal mag-
matism during Permian time (Shi et al., 2004; Bao et al., 2007a;
Zhang et al., 2008; Zhou, 2012; Shao et al., 2014; Li et al., 2015).
These A-type and bimodal magmatic rocks yield U-Pb zircon ages
of 290—270 Ma, indicating that regional crustal extension might
have commenced in the Early Permian (e.g., Zhang et al., 2011,
2015b; Shao et al., 2014; Tong et al., 2015). Accordingly, a signif-
icant tectonic switch from syn-orogenic subduction-related arc
setting to post-orogenic extensional setting during Early Permian
time might have existed. The switch is also manifested by the
prominently decreased eyg(t) values at ca. 300—290 Ma (Fig. 12),
which requires a greater crustal input into magma sources. Geo-
dynamically, we interpret the extension as resulting from the
post-orogenic collapse of the formerly overthickened -crust
possibly related to the Late Carboniferous closure of the back-arc
basin.
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Figure 13. Schematic model for tectonic evolution of the southeastern CAOB during Ordovician to Early Permian time.

6. Conclusions

In situ zircon U-Pb and Hf-isotopic data have been determined
for previously defined Devonian, Carboniferous and Early Permian
strata in the Bengbatu area. Our results, combined with regional
magmatic records, allow drawing the following main conclusions:

(1) Detrital zircons from these strata yield major age populations:
ca. 300—261 Ma, 351-300 Ma, 517—419 Ma and 2687—544 Ma.
Among them, the youngest ages redefine all these strata to
have been deposited during Middle Permian (Wordian-
Capitanian) time or later, much younger than previously
considered.

(2) The possible detrital sources that could have delivered clastic
sediments to the Bengbatu area in the Middle Permian are the
Mongolian arcs to the north, the Northern Accretionary Orogen
to the south, and the intervening Erenhot-Hegenshan Ophiolite
Belt.

(3) Zircons with magmatic ages of ca. 500—350 Ma and ca.
300—260 Ma zircons display a large spread of eyft) values
(—13.97 to +15.31), whereas ca. 350—-300 Ma zircons are
dominated by positive eygt) values (+0.14 to +16.00).

(4) Two abrupt changes between mixed and positive eygt) values
occur at ca. 350—330 Ma and ca. 300 Ma. The former possibly
manifests the incipient opening of the Hegenshan Ocean, due
to slab rollback of the subducting Paleo-Asian Oceanic
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lithosphere, whereas the latter likely corresponds to a major
tectonic switch from syn-orogenic subduction-related to post-
orogenic extensional setting, most likely related to extensional
collapse of the formerly overthickened crust.
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