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ABSTRACT. The Xar Moron River fault zone, located in the eastern segment of the
Central Asian Orogenic Belt (CAOB), represents the intensely debated final collision
zone of the Siberian Craton (SC) and North China Craton (NCC). To determine the
tectonic evolution of the eastern segment of the CAOB, we undertook petrography
and zircon U-Pb dating of the Huanggangliang and Linxi formations in the Wufendi
and Xingfuzhilu areas along the Xar Moron River. Petrographic analysis of Permian
sandstones revealed a close relationship between the sedimentary and orogenic sour-
ces suggesting short transport distances. A sample from the Huanggangliang
Formation yielded detrital zircon U-Pb ages ranging from 2653 Ma to 265 Ma, with
three age populations: at 2653 to 2443 Ma, 1935 to 1764 Ma, and 482 to 265 Ma,
whereas samples from the Linxi Formation yielded detrital zircon U-Pb ages ranging
from 3363 Ma to 257 Ma, with four age populations: at 2705 to 2403 Ma, 2011 to
1203 Ma, 571 to 375 Ma, and 356 to 257 Ma. The age spectrum differences of sand-
stones on both banks indicate that the Xar Moron River fault zone is the final colli-
sion zone of the eastern segment of the CAOB. The sandstone of Huanggangliang
Formation yielded a weighted mean age of 265.76 1.5 Ma, suggesting that the main
deposition of the Huanggangliang Formation was during the Middle Permian. In
addition, a comparison of the youngest age in the sedimentary rocks with U-Pb ages
obtained for pyroclastic rock implies that the Linxi Formation formed in the late
Permian. The results of our study support the view that the final closure of the east-
ern segment of Paleo-Asian Ocean (PAO) occurred during late Permian to earliest
Triassic times.

Key words: Xar Moron River, Central Asian Orogenic Belt, Huanggangliang and
Linxi Formations, detrital zircon U-Pb isotopic dating, Paleo-Asian Ocean

introduction

The Central Asian Orogenic Belt (CAOB), also known as the Altaids (Sengör and
others, 1993; Sengör and Natal'in, 1996), is the largest accretionary orogen in the
world (Sengör and Natal'in, 1996), which formed by accretion of island arcs, ophio-
lites, oceanic islands, seamounts, accretionary wedges, oceanic plateaus and micro-
continents and evolved from about 1000 Ma to 250 Ma (Jahn and others, 2000;
Kröner and others, 2007; Windley and others, 2007; Han and others, 2015; Zhang and
others, 2016; Liu and others, 2017a). This enormous orogenic belt extends from the
Urals via Kazakhstan, Tien Shan, Altai, and Mongolia to the Pacific (Windley and
others, 2007; Jian and others, 2008; Liu and others, 2017a; Zhou and others, 2018)
and lies between the Siberian Craton (SC) to the north, the Tarim and North China
(NCC) cratons to the south and the East European Craton to the west (Jian and
others, 2008; Xiao and others, 2013; Xiao and others, 2015, fig. 1A). The CAOB
underwent a complicated process of arc-continent collision that recorded the breakup
of the Rodinia supercontinent and the creation of the Eurasian supercontinent (Xiao
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and others, 2003; Windley and others, 2007; Li and others, 2008; Kröner and others,
2015; Zhao and others, 2018). Despite numerous investigations, there are still many
controversies mainly related to the timing and suture zone locations of the block

Fig. 1. (A) Outline map of the southeastern CAOB (modified after Jahn and others, 2000; Jian and
others, 2010; Shi and others, 2018; the inset map of figure 1A compiled after Jahn and others, 2000). (B)
Sketch geological map of the eastern segment of the CAOB (modified after Jian and others, 2010; Shi and
others, 2016).
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amalgamations and the final closure time of the Paleo-Asian Ocean (PAO, Sengör
and others, 1993; Liu and others, 2017a; Eizenhöfer and Zhao, 2018, and references
therein). At present, most scholars agree that the Solonker Suture Zone (SSZ) was the
last collision suture zone of the North China and the Siberian cratons (Sengör and
Natal'in, 1996; Li, 2006; Windley and others, 2007; Xiao and others, 2015; Xiao and
others, 2018). According to the regional structure and stratigraphic characteristics, it
has been proposed that the two plates collided during the Late Devonian to Early
Carboniferous (Tang, 1990; Shao, 1991; Xu and Chen, 1997), at the Late Permian
(Sengör and Natal'in, 1996), or during the Late Permian and Middle Triassic (Xiao
and others, 2003, 2015; Li, 2006; Li and others, 2009; Zhang and others, 2009;
Eizenhöfer and others, 2014).

The Xing'an-Mongolian Orogenic Belt (XMOB) (fig. 1B) comprises the main
part of the eastern segment of the CAOB, with the Siberian Craton in the north, the
North China Craton in the south, and the western Pacific Plate in the east (Sengör
and Natal'in, 1996; Jahn and others, 2004; Li and others, 2006). It records a huge
amount of information regarding how the two blocks (NCC and SC) amalgamated
and the subsequent subduction of the West Pacific plate underneath the Eurasian
continent. It is vital not only for understanding the sedimentary formation of the
CAOB but also to recognizing its interaction with surrounding tectonic units
(Windley and others, 2007; Li and others, 2013). There are two different views on the
tectonic evolution of this region since the early Paleozoic, especially on the final clo-
sure time and location of the PAO in recent years.

Some workers have suggested that the final suture of the CAOB was along the
Hegenshan ophiolite belt or even further north along the mélange zone of South
Mongolia (Tang, 1990; Bao and others, 2007; Liu and others, 2009). However, a popu-
lar interpretation about the tectonic history of the CAOB is that the SSZ marked the
final amalgamation of this area (Li and others, 2006; Li and others, 2009; Zhang and
others, 2009; Xiao and others, 2009; Eizenhöfer and others, 2014; Xiao and others,
2015). The main two views on the final closure time of the PAO are as follows: (1) the
collision occurred in the late Permian to Early Triassic (Eizenhöfer and Zhao, 2018;
Xiao and others, 2018; Wu and others, 2020) and that the evolution of the XMOB was
similar to that of the Pacific Rim accretionary orogen. During the Paleozoic, there
were multi-period subduction and island arc accretion processes in the PAO (Chen
and others, 2000; Miao and others, 2008; Song and others, 2015), which formed the
Hegenshan and Baolidao subduction-accretion systems in the north, and the Ondor
Sum subduction-accretion system in the south (Xiao and others, 2003); (2) the colli-
sion occurred in the late Silurian or Early-Middle Devonian (Tang, 1990; Shao, 1991;
Xu and others, 2013) and that the Central Inner Mongolia region entered a new
crustal evolution stage under an extensional tectonic setting from the Carboniferous
to Permian (Shao and others, 2014).

Even so, compared with the well-researched NW China region of the western
CAOB (Xiao and others, 2003; Windley and others, 2007; Kröner and others, 2010;
Pirajno and others, 2011; Tang and others, 2015; Xiao and others, 2015; Liu and
others, 2017c, 2017d; Han and Zhao, 2018), current research is relatively weak in the
eastern segment of the CAOB. Our current work is to better understand the interac-
tion between respective tectonic elements within the PAO and the provenance contri-
bution and relation of surrounding blocks to involved sedimentary basins. One of the
effective methods to resolve the above disputes is to make a detailed study of the sedi-
mentary formations at the end of late Palaeozoic in key areas.

The Solonker-Xar Moron Suture Zone has long been considered to mark the
location of the final disappearance of the PAO in the eastern segment of the CAOB
(Xiao and others, 2003; Liu and others, 2017a), which is one of the most significant
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suture zones formed during the evolution of the eastern segment of the CAOB. The
Huanggangliang and Linxi formations in central Inner Mongolia occur on both sides
of the Xar Moron River, respectively, which provide information on relationships
between major tectonic blocks. Major tectonic units can be identified by comparing
age distributions of sandstones from two sides of the Xar Moron River to well-defined
“age-fingerprints” of likely provenance terrane candidates (Eizenhöfer and others,
2014). Detrital zircons in sandstone are resistant to weathering and possess an inher-
ently stable U-Pb isotopic system, which preserve the age record of their original host
rocks (Lee and others, 1997; Cherniak and Watson, 2001; Kosler and Sylvester, 2003).
Therefore, detrital zircon chronology is a potentially powerful tool to constrain depo-
sitional age, sedimentary provenance, regional palaeogeography, and tectonic rela-
tionships between major tectonic blocks (Krogh and Keppie, 1990; Lee and others,
1997; Sircombe and Freeman, 1999; Cawood and Nemchin, 1999; Hu and others,
2013). In this present study, an integrated approach incorporating field observation
and measurement, framework petrography and detrital zircon U-Pb geochronology
has been used to constrain both the provenance and maximum age of deposition of
the Huanggangliang and Linxi formations. Our results provide constraints on their
position relative to the collision between the North China and Siberian cratons, the
final closure time of the PAO, and evidence for the evolution of the tectonic setting of
the eastern segment of the CAOB.

geological setting

The SSZ has long been considered to mark the location of the final disappear-
ance of the PAO in the eastern segment of the CAOB (Xiao and others, 2003; Jian
and others, 2008) (fig. 1B). This suture zone records the terminal evolution of the
CAOB in Inner Mongolia (Xiao and others, 2003) and tectonically separates the two
orogenic belts (Sengör and others, 1993), described here as the Southern Orogenic
Belt (SOB) and Northern Orogenic Belt (NOB; Jian and others, 2008). A major tec-
tonic unit of the SOB (fig. 1B) includes the Ondor Sum subduction-accretion com-
plex (Hu and others, 1990; Xiao and others, 2003) which contains turbidites,
olistostrome mélanges, and blueschists, in a nearly E-W trending ophiolite belt about
200 km long and 25 km wide (Hu and others, 1990; Wang and others, 1991). It also
includes the Bainaimiao arc that borders the NCC fault (Hu and others, 1990;
Johnson and others, 2001). The NOB (fig. 1B) forms a north-dipping thrust belt,
which from south to north includes the Xilinhot metamorphic complex (Tang,
1990), the Erdaojing subduction-accretion complex (Xu and Chen, 1997), and an
extensive TTG pluton (Chen and others, 2000; Jian and others, 2008).

The late Paleozoic stratigraphy of the region is discontinuously exposed along
the Xar Moron River, whereas upper Paleozoic, especially Permian, strata are more
widespread (BGMRIM, 1991, fig. 2). The lithology across the Xar Moron River is
dominated by the Linxi and Huanggangliang formations, and some late Paleozoic gra-
nitic and undeformed Mesozoic granitic intrusions (fig. 2).

The middle Permian Huanggangliang Formation conformably overlies the
Dashizhai Formation and is divided into an upper and a lower member, all of which
are dominated by clastic sedimentary rocks. The lower member is 1568m thick and
composed of grayish-green fine-grained sandstone, black slate and sandy conglomer-
ate; the upper member is 1110m thick and composed of purplish-red sandstone, silt-
stone, and slate interbedded with conglomerate (BGMRIM, 1991, fig. 3A). The
Huanggangliang Formation is a marine sedimentary succession and is unconformably
overlain by the generally fine- grained clastic Linxi Formation (BGMRIM, 1991).

The Linxi Formation occupies an extensive area in eastern Inner Mongolia and
unconformably overlies the Zhesi Formation (equivalent Permian strata to the south

sandstones in Southern and Northern margins of Xar Moron River, 155



of the Xar Moron River are named the Huanggangliang Formation, Shen and others,
2006). It is characterized by alternating sandstone, siltstone, and slate suggesting a tur-
biditic origin, although typical turbiditic patterns are rare (BGMRIM, 1991, figs. 3B
and 3C). In addition, large numbers of bryozoan and sponge spicule fossils were dis-
covered in the thick limestone layers and lenses of the upper part of the Linxi
Formation in eastern Inner Mongolia which revealed that the late upper Permian in
the Linxi area is consistent with either a marine environment or a marine-dominated
sedimentary environment (Zhang and others, 2014a).

sampling and analytical methods

We collected sandstone samples from the Huanggangliang and Linxi formation
(fig. 2). Our samples of Huanggangliang Formation in the Wufendi area are composed
of purplish-red sandstone (fig. 2). Three samples from Linxi Formation were collected
from the typical section in the Xingfuzhilu area, where grayish-green fine sandstone,
gritstone and conglomerate are exposed. Moreover, one sample was from a tuffaceous
pyroclastic rock (figs. 4E and 4F). The sandstone samples were chosen for analysis by
SHRIMP U-Pb dating of detrital zircons. The locations of the samples are given in table
1 and are shown in figure 3C.

Samples were first crushed mechanically, sieved and then separated by standard
heavy liquid and electromagnetic techniques. Zircons were extracted randomly from
the heavy mineral concentrate by hand-picking under a binocular microscope,
mounted in epoxy, and polished to expose the cores of individual grains, in order to
reveal internal structures. The grain mount was then photographed in reflected light,
cleaned, and gold-coated. For SHRIMP U-Pb analysis, grain growth structures were
imaged using cathodoluminescence (CL). Cathodoluminescence imaging was done
on a scanning electron microscope (HITACHI S3000-N) fitted with a GATAN Chroma
at the Beijing SHRIMP Center, Institute of Geology, Chinese Academy of Geological
Sciences.

U-Pb zircon ages were obtained using a SHRIMP housed at the Beijing SHRIMP
Center, Institute of Geology, Chinese Academy of Geological Sciences, and the analyt-
ical procedures followed that of Williams (1997). Spot sizes were 25 to 30lm and the
surface of the analysis site was rastered for 3min prior to each analysis to remove

Fig. 2. Sketch geological map of the Xar Moron River region (modified after BGMRIM, 1991; the
location is shown in fig. 1B). Sample sites are also given.

156 X. Wu and others—Shrimp U-Pb Dating of Detrital Zircons from the Permian



the gold coating. Data were determined by taking 3 to 5 scans on 90Zr2
16O1, 204Pb1,

Background, 206Pb1, 207Pb1, 208Pb1, 238U1, 232Th16O1, 238U16O1. Standard zircon
M257, with an age of 561.36 0.3 Ma and U content of 840ppm (Nasdala and others,
2008), was used to calibrate U and Th content. Reference zircon TEMORA (417 Ma,
Black and others, 2003) was analyzed during the session to calibrate the U-Pb age of
the unknown. Common Pb corrections were made using the measured 204Pb.
Uncertainties for each analysis are at 1r. Data were processed using the Excel-based
Squid (Ludwig, 2001) and Isoplot (Ludwig, 2003) programs.

results

Sandstone Petrography
The grain size of sample 18CFLO1 of the Huanggangliang Formation (figs. 4A

and 4B) is between 1.5 to 2.5mm, containing moderate quartz (56wt.%, including
39wt.% of monocrystalline quartz and 17wt.% of polycrystalline quartz), and abun-
dant lithic fragments (34wt.%, mainly igneous fragments), with minor feldspar (2wt.
%, mainly plagioclase) and a minor proportion of muscovite (7wt.%). The matrix
consists of fine-grained lithic fragments, with subordinate white mica and zircon as

Fig. 3. (A) Permian stratigraphic column of the Wufendi area in the southern of Xar Moron River,
(B) stratigraphic column of Triassic-Permian strata of the Xingfuzhilu area in the northern of Xar Moron
River (modified after BGMRIM, 1991), (C) a cross section of detailed sequences with structural attitudes
from figure 3B.
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Fig. 4. Field photographs of the studied sandstones (A, C, E, G, I) and photomicrographs of detrital
components of (B, D, F, H, J) under cross-polarized light. Abbreviations: Qm, monocrystalline quartz; Pl,
plagioclase; Ms, muscovite; Lv, volcanic rock fragment; Lm, metamorphic rock fragment; Ls, sedimentary
rock fragment.
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accessory minerals. The sandstone is immature, with low degrees of rounding and
sorting, which indicates short transport and rapid burial (fig. 4B). Moreover, the
directional arrangement of quartz and muscovite suggests that they may have under-
gone deformation. On the plot of Qt–F–L (fig. 5A) and Qm–F–Lt (fig. 5B), the sam-
ples fall into the field of recycled orogenic and transitional recycled orogenic,
respectively.

The sedimentary rocks of Linxi Formation (figs. 4C, 4D, 4G and 4H) are charac-
terized by a moderate proportion of quartz (36–43wt.%), minor feldspar (4–6wt.%),
abundant lithic fragments (44–47wt.%, mainly igneous fragments) and a small pro-
portion of muscovite (7–13wt.%), except for sample 18CFL05 (figs. 4I and 4J), which
is a medium-grained lithic sandstone. Overall the matrix of sandstones from the Linxi
Formation mostly consists of fine-grained lithic fragments, with medium to fine-
grained texture (1.0–2.5mm). Other samples also contain a large amount of intersti-
tial materials (matrix content more than 15%) and thus can be classified as lithic gray-
wackes. All are immature with subangular to subrounded detrital grains, moderately
sorted, which also indicates short transport and rapid burial. All also have argilla-
ceous/tuffaceous cements. Notably, the abundant igneous fragments imply their
main source was magmatic rocks. On the plot of Qt–F–L (fig. 5A) and Qm–F–Lt (fig.
5B), all the samples fall into the field of recycled orogenic and transitional recycled
orogenic, respectively. In summary, these sandstones were deposited near their source
area.

U-Pb Isotopic Dating of Detrital Zircons
Zircon data from the Huanggangliang and Linxi formations are shown in supple-

mentary table 1, http://earth.geology.yale.edu/%7eajs/SupplementaryData/2020/
Wu. To ensure quality, a few U-Pb analyses showing large variations of signals or large
age discordance were discarded as explained below. We used 206Pb/238U ages for zir-
cons with ages of <1000 Ma and 207Pb/206Pb ages for zircons older than 1000 Ma.

Sample of the Huanggangliang Formation
Ninety-five zircon grains from the Huanggangliang Formation sandstone sample

18CFL01 were chosen for U-Pb isotopic dating. The zircon grains are subhedral to eu-
hedral in shape and range from 80 to 200lm in size. Most of these zircons have oscil-
latory zoning in CL images (fig. 6A) with high Th/U ratios (0.11–4.29) and only 3

Fig. 5. Discrimination plots of Qt–F–L (A) and Qm–F–Lt (B) (Parameters follow Dickinson and
Suczek, 1979; Dickinson and others, 1983; Dickinson, 1985). Abbreviations: Qt, total quartz; Qm, mono-
crystalline quartz; F, total feldspar; L, lithic fragments; and Lt = L 1 Qp (polycrystalline quartz).
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grains have ratios below 0.1. The former indicate a magmatic origin. The zircons show
a wide range of concordant ages (figs. 7 and 8A). The detrital zircon ages range from
2653 to 265 Ma, but a dominant group of zircon ages are distributed between 500 Ma
and 370 Ma. The histogram (fig. 8A) shows three main age populations: (1) 265 to
488 Ma (n ¼ 64), with a significant peak at ;442 Ma; (2) 1764 Ma to 1935 Ma (n ¼
10), with an age peak at;1863 Ma; (3) 2443 to 2653 Ma (n ¼ 14), with an age peak at
;2538 Ma. In addition, two concordant analyses record the youngest ages of 265 Ma
and 266 Ma.

Samples of the Linxi Formation
One hundred and one zircon grains from the Linxi Formation sandstone sample

18CFL02 were chosen for U-Pb isotopic dating and 93 zircons are concordant (fig. 7).
Zircon grains range from 50 to 150lm in size and exhibit a primary subhedral to eu-
hedral shape (fig. 6B). Nearly all of the zircons have oscillatory zoning (fig. 6B), indi-
cating their magmatic origin, as does their high Th/U ratios (0.14–2.83), with only 3
grains below 0.1. The SHRIMP U-Pb ages span from 3363 to 263 Ma and cluster
around two main populations on a normalized probability plot: 413 to 263 Ma (n ¼
31) and 571 to 430 Ma (n ¼ 28), with age peaks at ;274 Ma and ;448 Ma, respec-
tively. In addition, detrital zircons with ages greater than 1000 Ma yielded abundant
207Pb/206Pb ages from 3363 to 908 Ma (n ¼ 33), showing two age peaks at ;2511 Ma
and;1844 Ma, respectively.

Eighty-two zircon grains from sample 18CFL04 were chosen for U-Pb isotopic dat-
ing and 5 were discarded because of high discordance (fig. 7). Similar to sample
18CFL02, zircon grains range from 50 to 150lm in size and exhibit a primary subhe-
dral to euhedral shape (fig. 6C). CL imaging reveals that most grains have oscillatory
zoning (fig. 6C), indicating their magmatic origin, as does high Th/U ratios (0.11–
1.35), with only one grain below 0.1. The detrital zircon ages range from 2584 to 257
Ma (fig. 8C), and zircon ages are mostly in the group of 257 to 320 Ma (n ¼ 23) and
413–535 Ma (n ¼ 14), with age peaks at ;276 Ma and ;424 Ma, respectively. Forty
Proterozoic zircons yield ages from 859 Ma to 2584 Ma, with age peaks at ;1574 Ma,
;1923 Ma and;2525 Ma, respectively.

One hundred zircon grains from sample 18CFL05 were chosen for U-Pb isotopic
dating and 5 were discarded because of high discordance (fig. 7). Zircon grains are
subhedral to euhedral in shape and range from 100 to 200lm in size; they also exhibit
magmatic oscillatory zoning in CL images (fig. 6D), indicating their magmatic origin,
as does their high Th/U ratios (0.11–1.63), with only one grain below 0.1. These
grains yielded U-Pb ages (fig. 8D) ranging from 3041 Ma to 260 Ma, with major age
populations between 387 and 260 Ma (n ¼ 15), 511 to 404 Ma (n ¼ 25), 2189 to 1425
Ma (n ¼ 34), and 3041 to 2263 Ma (n ¼ 13). The youngest detrital zircon age is
2606 3 Ma.

Sample 18CFL03 is a tuffaceous pyroclastic rock. Nineteen zircons were chosen
for U-Pb isotopic dating, and fifteen zircons are concordant. These zircon grains are
generally stubby to elongate and range from 80 to 200lm in size and exhibit oscilla-
tory zoning in CL images (fig. 6E). Th/U ratios range from 0.36 to 0.71, with an aver-
age value of 0.55. We conclude that these analyzed zircons are of magmatic origin.
The zircons are predominantly late Paleozoic in age (254–259 Ma) and yielded several
older zircon grains (25366 13 Ma; 4386 4 Ma; 2836 2 Ma; 2756 3 Ma). The older
zircon grains are considered to be xenocrysts captured either from the nearby
Permian volcanic arc rocks or sedimentary rock debris (fig. 6E 4.1, 5.1) during magma
ascent. Therefore, these ages are not considered in the calculation of the weighted
mean average age. Zircon grains yield a weighted mean 206Pb/238U age of 256.76 1.1
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Ma (MSWD ¼ 2.1; fig. 11), which is similar to the youngest zircon age for the Linxi
Formation obtained in this paper.

In general, most zircons from all samples show magmatic oscillatory zoning,
though a small number of grains underwent metamorphic growth either as single zir-
cons or as rims (fig. 6). All Th/U ratios range from 0.01 to 4.29, with most above 0.1.
Most zircons are subhedral to euhedral in shape, with slight abrasion, suggesting that
the source rocks were relatively close and had undergone short-distance transporta-
tion. These indicate that most zircons from the samples are of magmatic origin and
are not far traveled.

discussion

The Depositional Age of Huanggangliang and Linxi Formations
The depositional age of the Huanggangliang Formation along the Xar Moron

River area had been estimated to be middle Permian based on fossils and correlations
with fossil-bearing sections (BGMRIM, 1991), which is indeed an effective method.
However, the method of isotopic dating provides a more reliable constraint on the
maximum depositional age for the strata. The youngest zircon in this study is 2656 7
Ma in the Huanggangliang Formation, which together with fossils (BGMRIM, 1991),
confirms that its deposition age was middle Permian. In addition, an undeformed fel-
sic dike intrudes the Huanggangliang Formation between the Early Triassic and
Middle Triassic, meaning its deposition age is older than the Early Triassic (2426 3
Ma; Eizenhöfer and others, 2014). Furthermore, we summarized already published
detrital zircon data of Huanggangliang Formation, with a dominant single age peak
ranging from 246 Ma to 279 Ma (supplementary table 2, http://earth.geology.yale.
edu/%7eajs/SupplementaryData/2020/Wu), yielding a weighted mean age of
265.76 1.5 Ma (MSWD ¼ 2; fig. 9), which is basically consistent with the two
youngest zircons (265 Ma and 266 Ma) we obtained from the Huanggangliang
Formation. Therefore, we conclude that the Huanggangliang Formation was de-
posited in the middle Permian.

We found that the youngest age of sample 18CFL04 from Linxi Formation to
be 2576 8 Ma, which suggests the Linxi Formation probably was deposited
after that time. In addition, the weighted mean 206Pb/238U ages of eleven zircons
from the volcaniclastic unit is 256.76 1.1 Ma (fig. 10), which is coeval with that of the
youngest detrital zircon ages from the Linxi Formation and previous studies

Fig. 7. Zircon U-Pb concordia diagrams for detrital zircons collected from the Huanggangliang and
Linxi Formations.
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(Eizenhöfer and others, 2014; Han and others, 2015), suggesting that the Linxi
Formation was mainly deposited during the late Permian. Eizenhöfer and others (2014)
presented the youngest zircon age of 2536 3 Ma from the Linxi Formation on the north
side of the Xar Moron River. Also the youngest reported zircon age is ;255 Ma in the
Linxi area (Han and others, 2015). Along with our new results, we conclude that the
depositional age of the Linxi Formation was late Permian.

Fig. 8. Age distribution diagram for the Huanggangliang and Linxi formations in the Xar Moron River
region. The bottom right inset figures within each U-Pb Concordia diagram are histograms of the Paleozoic
zircons.
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Overview of Zircon U-Pb Ages from Potential Source Terranes
In this section, previously published detrital zircon U-Pb ages of Permian strata

from adjacent terranes with potential affinities, including NCC, NOB, SOB and the
Mongolian microcontinent (fig. 11) are reviewed. Other provenance terranes such as
the SC and the Tarim Craton due to their far geographic locations were less likely to
have contributed to the sedimentary system in the study region and are excluded
from further mention.

The North China Craton
The NCC is one of the main tectonic elements of the Asian tectonic collage,

which is characterized by significant magmatic and metamorphic rocks of ;1.85 Ga
and ;2.5 Ga (fig. 11A, Zhao and others, 2002; Zhao and others, 2005; Zhai and

Fig. 9. Plot of weighted mean 206Pb/238U age of the Huanggangliang Formation.

Fig. 10. Plot of weighted mean 206Pb/238U age of the tuffaceous pyroclastic rock.
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others, 2005; Wang and others, 2009; Wang and others, 2010; Piper and others, 2011,
fig. 11A). Following its Paleoproterozoic (;1.85 Ga) consolidation, the NCC under-
went the final break away from the Columbia supercontinent, with a transition to a
Paleo-Asian ocean tectonic collage in the period ;1.32 to 1.35 Ga (Zhang and others,
2009). In addition, Grenvillian (;0.9–1.0 Ga) magmatic, metamorphic events at the
northern margin of NCC have been reported (Peng and others, 2011; Fu and others,
2015; Liu and others, 2017b).

The Southern Orogenic Belt
The major tectonic units of the SOB include the Ondor Sum subduction-accre-

tion complex (Hu and others, 1990; Xiao and others, 2003) which contains turbidites,
olistostrome mélanges, and blueschists, in a nearly E-W trending ophiolite belt about

Fig. 11. Comparison of the age population of the Permian sandstones in the Xar Moron River region
with those of surrounding major regional provenance terranes: (A) from the NCC (data from Rojas-
Agramonte and others, 2011), (B) from Mongolia microcontinent and Songliao-Xilihot blocks (Rojas-
Agramonte and others 2011; Li and others, 2011; Sun and others, 2013), (C) from the Paleozoic magmatic
rocks in the NOB (data from Shi and others, 2004; Bao and others, 2007; Zhang and others, 2008; Liu
and others, 2012; Xu and others, 2012; Li and others, 2014; Li and others, 2015; Hu and others, 2015; Li
and others, 2016; Yang and others, 2016; Zhu and others, 2016a; Zhu and others, 2016b; Kong and others,
2017) (D) from the Paleozoic magmatic rocks in the SOB (data from Fan and others, 2009; Li and others,
2010; Zhao and others, 2011; Li and others, 2012; Lu and others, 2012; Wang and others, 2013; Luo and
others, 2013; Feng and others, 2013; Zhang and others, 2013; Zhang and others, 2014b; Zhang and others,
2016; Li and others, 2016; Xin and others, 2016; Wang and others, 2016; Zhao and others, 2016; Xue and
others, 2018), (E) from the Permian sedimentary rocks in the northern Xar Moron River (this study and
Han and others, 2012; Eizenhöfer and others, 2014; Chen and others, 2017; Chen and others, 2016; Han
and others, 2017, supplementary table 2, http://earth.geology.yale.edu/%7eajs/SupplementaryData/
2020/Wu), (F) from the Permian sedimentary rocks in the southern Xar Moron River (this study and
Eizenhöfer and others, 2014, supplementary table 2), G and H are from the Paleozoic detrital zircon ages
of E and F, respectively. (Color shaded bars show the main ages peaks, and diagrams on the right are
enlargements from the diagrams on the left of the populations with ages between 200 and 600 Ma).
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200 km long and 25 km wide (Hu and others, 1990). It also includes the Bainaimiao
arc that borders the NCC fault (Hu and others, 1990; Johnson and others, 2001). The
SOB is characterized by a discontinuous early to late Paleozoic magmatic belt and the
overall lithology is dominated by Permian volcanic arc rocks and volcaniclastic sedi-
mentary rocks (BGMRIM, 1991). Abundant early to late Paleozoic ages of magmatic
rocks from ;518 to ;240 Ma (fig. 11D) have been reported in this belt (Liu and
others, 2003; Jian and others, 2008; Lu and Li, 2009; Li and others, 2010; Tong and
others, 2010; Zhang and others, 2013; Zhang and others, 2014b). The Permian sedi-
mentary rocks exposed in the SOB include detrital zircon U-Pb ages clustering at 324
to 245 and 498 to 394 Ma, with significant age peaks at 269 Ma and 442 Ma, respec-
tively (fig. 11F).

The Northern Orogenic Belt
The NOB forms a north-dipping thrust belt consisting, from south to north, of

the Xilinhot metamorphic complex (Tang, 1990), the Erdaojing subduction-accretion
complex (Xu and Chen, 1997), and the Baiyanbaolidao pluton (Chen and others,
2000; Jian and others, 2008), extending over 1000 km from east to west. In recent
years, based on these data, reported data for the metamorphic basement constituents,
cover sequences, and formation ages in different blocks, Liu and others (2017a) pro-
posed that the Paleozoic tectonic divisions are, from west to east, the Erguna block,
the Xing'an block, the Songliao-Xilinhot block and the Jiamusi block. The NOB is
characterized by sporadically exposed early to mid-Paleozoic magmatic rocks and
;500 Ma Pan-African metamorphic rocks (Jian and others, 2008; Zhou and others,
2012) and the lithology is dominated by late Paleozoic volcanic arc rocks and volcani-
clastic strata (BGMRIM, 1991). Early to late Paleozoic magmatic rocks are widely dis-
tributed in this belt, with ages of ;500 to ;250 Ma (fig. 11C, Xiao and others, 2003;
Shi and others, 2004; Zhang and others, 2008; Miao and others, 2008; Wilde and
others, 2010; Tang and others, 2011; Zhou and others, 2012; Chen and others, 2014;
Hu and others, 2015). The Permian sedimentary rocks in this belt are dominated by
the 350 to 238, 544 to 350, 1970 to 1750 and 2650 to 2400 Ma age populations and
other sporadically distributed detrital zircons from 1640 to 650 Ma (fig. 11E).
Although the U-Pb age spectrum of zircons in the NOB displays very similar detrital
zircon U-Pb ages with those of the SOB, the former have an abundant Pan-African
ages with an age peak at ;500 Ma, which is related to the Pan-African orogenic event.
For example, Zhou and others (2012) proposed that the Songliao block in the NOB
has Pan-African basement and represents fragments that rifted from northern
Gondwana.

The Mongolia-Songliao-Xilinhot Block
The Mongolian arcs extend along the northern margin of Chinese Inner

Mongolia and represent an assemblage of Paleozoic arcs and Precambrian microconti-
nents which successively were accreted onto the SC during the subduction of the PAO
(Badarch and others, 2002; Xiao and others, 2003; Windley and others, 2007).
Formation ages for the Mongolian microcontinent range from the Paleoproterozoic
to late Paleozoic and have detrital zircon U-Pb ages clustering at 600 to 350 Ma, 1020
to 700 Ma and 2570–1240 Ma (Rojas-Agramonte and others, 2011). The Songliao-
Xilinhot block is located in central NE China and mainly covered by the Songliao
Basin, and consists of two sub-blocks (the Songliao and Xilinhot blocks). Considered
from the geotectonic view, the Mongolia-Songliao-Xilinhot block is located in the
NOB, so we regard it as part of the NOB (fig. 1B). The Mongolian-Songliao-Xilinhot
block is characterized by preponderantly Pan-African ages with an age peak at ;509
Ma (fig. 11B), displaying very similar detrital zircon U-Pb age spectra with those of the
NOB.
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Provenance Analysis and Implications for Tectonic Evolution Provenance of the
Huanggangliang and Linxi Formations

The Permian sandstones in both formations show sub-rounded shapes with poor
sorting and low maturation of texture and components, indicating short transport
and rapid accumulation. In addition, their abundant lithic fragments (mainly vol-
canic, fig. 4, table 1) show that their provenance was mainly magmatic rocks, which is
consistent with the moderate to high Th/U ratios of detrital zircons. The petrography
analysis results suggest that the provenance of the Permian sandstones in both forma-
tion was mainly from an arc collision-orogenic belt. The NOB and SOB with abundant
magmatic rocks are clearly the provenance of these Permian sandstones.

A total of 308 detrital zircon U-Pb ages were compiled from the Huanggangliang
Formation and they show four main age clusters at 330 to 220 Ma, 500 to 370 Ma,
1920 to 1760 Ma, 2660 to 2400 Ma and without distinct age peaks between 1700 and
500 Ma. In addition, the collected samples from the Zhesi and Linxi formations
yielded detrital zircon U-Pb ages ranging from 3400 Ma to 230 Ma, with four age
clusters: at 350 to 230 Ma, 540 to 360 Ma, 2000 to 1700 Ma, 2600 to 2400 Ma and a
broad peak from 1600 and 700 Ma without other pronounced age peaks (figs. 11E
and 11F). Such age spectra of detrital zircons with ages of 350 to 220 Ma and 540 to
360 Ma in the study area indicate that early and late Paleozoic rocks were their pre-
dominant source. The NOB and SOB, both characterized by early to late Paleozoic
magmatic rocks (for example: Xiao and others, 2003; Shi and others, 2004; Jian
and others, 2008; Zhang and others, 2013) are the most potential source terranes.
In addition, Hf isotopic data of Permian sedimentary sandstones of the Linxi and
Huanggangliang formations (supplementary table 3, http://earth.geology.yale.
edu/%7eajs/SupplementaryData/2020/Wu) were taken from Eizenhöfer and
others (2018) with their eHf values mostly ranging from ;-20 to ;115. The plots of
eHf (t) values vs. U-Pb ages (fig. 12, supplementary table 3, http://earth.geology.yale.
edu/%7eajs/SupplementaryData/2020/Wu) for sandstones of the Huanggangliang
and Linxi formations further support that the NOB and SOB were their major prove-
nance (figs. 11A and 11B). However, their contribution to the early and late
Paleozoic age population of Permian sedimentary rocks would be indistinguishable.

South of the Xar Moron River, samples collected from the Huanggangliang
Formation exhibit a simple zircon age spectrum (figs. 11F and 11H). The age spec-
trum for the southern samples is similar in the NOB (fig. 11C) and the SOB (fig.
11D), so we cannot discriminate which was their provenance according to age com-
parison. The absence of Pan-African age populations and Neoproterozoic zircons

Fig. 12. Plots of detrital zircon eHf(t) values vs. U-Pb ages for Permian sandstones. (A) Linxi
Formation; (B) Huanggangliang Formation (data from Eizenhöfer and others, 2018).
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(;1000–700 Ma) and the U-Pb age spectra of samples from south of Xar Moron River
further support the differences in provenance on either side of the Xar Moron River,
(fig. 11F). Precambrian zircon age populations of ;2000–1700 Ma and ;2660 to
2400 Ma occur in all samples. Although ;1800 Ma and ;2500 detrital zircons occur
both in the NCC and NOB, the ;500 Ma metamorphic event did not take place in
the NCC (Rojas-Agramonte and others, 2011). The specific peak age of ;503 Ma is
quite different from that of the NCC (fig. 11A) and more Neoproterozoic zircons
(;1000–700 Ma) were present in the samples collected in the north than in those col-
lected in the south. Therefore, we can use the difference between them as a break-
through for provenance analysis. Moreover, the eHf values for the;1800 Ma and 2500
Ma zircons are consistent with those reported for the NCC, indicating minor prove-
nance from the NCC.

To the north, complex patterns were found in the zircon age spectra of the col-
lected samples. This indicates that in exposed tectonic units, the zircon age spectra
are different from each other and the provenance became more complex compared
to those from south of the Xar Moron River. The Archean to Paleoproterozoic age
peaks (;2504 Ma and ;1835 Ma) detected north of the Xar Moron River are similar
to those from the NOB and NCC (figs. 11A and 11B), with positive eHf (t) values. A
few zircons plot in the NCC field of eHf (t) values vs. U-Pb ages, suggesting a prove-
nance component from the south of the study area (NCC). The negative eHf (t) values
yielded by some Paleozoic zircons display stronger shifts toward positive eHf values,
which may indicate crustal reworking of this block (fig. 12). Notably, the range of 540
to 490 Ma with a peak at 503 Ma yielded by the northern samples (fig. 11G) could also
be found in the NOB and Mongolian micro-continent (Rojas-Agramonte and others,
2011; Zhou and others, 2012), but not the NCC. Hence, the NOB has obvious Pan-
African ages relative to the SOB, which is important to distinguish the provenance of
Permian sandstones on both sides of the Xar Moron River. However, Pan-African ages
were reported in the early Paleozoic metamorphosed sedimentary rocks from the
Bainaimiao arc belt in the SOB (Zhang and others, 2014c). Assuming that provenance
of the samples from the NCC and the SOB, the Pan-African zircons (540–490 Ma with
a peak at 503 Ma) and Neoproterozoic zircons (;1000– ;700 Ma) from the Zhesi
Formation come from the SOB, then, these two age populations should also have
occurred in the southern samples from the Huanggangliang Formation (equivalent
Permian strata to the north of the Xar Moron River are called the Zhesi Formation),
but this is not the case. The absence of Pan-African and Neoproterozoic zircons in the
northern samples suggests that the zircon ages of Permian sedimentary rocks col-
lected on both sides of the Xar Moron River may have different material sources.
Furthermore, Chen and others (2015) obtained southward paleocurrents from the
Zhesi Formation to the north of Solonker Suture Zone, which offers evidence of a
northern provenance. The Neoproterozoic zircons (;1000–700 Ma) detected in the
samples from the northern margin of the river were likely derived from the Xilinhot
block (Li and others, 2011; Sun and others, 2013). Thus, we speculate that the prove-
nance of the samples from north of the Xar Moron River may have come from the
NOB and were mixed with a small amount of NCC material.

In summary, the zircon ages of Permian sedimentary rocks collected on both
sides of the Xar Moron River show significant differences: the northern samples
have abundant Pan-African zircon ages, together with Neoproterozoic zircons, while
the samples from south of the river lack these two characteristic age populations.
Hence, we conclude that the provenance of the Permian sedimentary rocks from the
northern margin of the Xar Moron River was Mongolia, NOB and a small amount of
Mesoproterozoic-Paleoproterozoic zircons may be from the NCC. We also conclude
that the early and late Paleozoic zircons from the southern margin originated mostly
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from the SOB and also that a number of Precambrian zircons may also have been con-
tributed by the NCC.

Implications for the Tectonic Evolution of the Eastern Segment of the CAOB
The location of the final collision of the North China and Siberia cratons is con-

troversial. Some workers proposed that the final suture of the PAO was along the
Heihe-Hegenshan belt (Tang, 1990; Miao and others, 2007; Miao and others, 2008).
However, most scholars strongly support that the Solonker-Xar Moron-Changchun-
Yanji belt was the final closure suture of the PAO based on tectonic, magmatic petrol-
ogy, and sedimentology observations (Xiao and others, 2003; Li and others, 2006; Wu
and others, 2007a; Xiao and others, 2009; Jian and others, 2010; Liu and others, 2010;
Sun and others, 2013; Xiao and others, 2015; Han and others, 2015). In addition, this
view is supported by discontinuous outcropping of ophiolites, syn-collisional granites,
radiolarian cherts and strongly deformed rocks along the suture (Sun and others,
2004; Li and others, 2007; Wu and others, 2007b).

Detrital zircon age spectra of sandstones derived from magmatic rocks record sur-
rounding magmatic events (Hawkesworth and others, 2010). The samples of sedimen-
tary rocks on both sides of the Xar Moron River have age populations of early
Paleozoic and late Paleozoic (figs. 11G and 11H), which indicate the existence of at
least two main periods of magmatism in this area. The early Paleozoic age groups
from both sides of the Xar Moron River with significant peaks at ;434 Ma and 442
Ma, respectively (figs. 11G and 11H), are consistent with the ages of the early
Paleozoic subduction-collision related magmatic rocks that outcrop in the NOB and
SOB (Jian and others, 2008; Zhang and others, 2013; Zhang and others, 2014a). In
the early to middle Permian, extensive extension took place in the northern continen-
tal block, while the southern continental block showed strong subduction with con-
sumption of a ridge-trench system (Jian and others, 2010). This is consistent with a
large number of late Paleozoic detrital zircons recorded from two sides of the Xar
Moron River. To the north of Sonid Left Banner, there are abundant alkaline granitic
magmatic rocks (Hong and others, 1994). There are also widespread rift-related bi-
modal volcanic rocks in the Xi Ujimqin Banner (Zhang and others, 2008), which are
concluded to be the products of asthenosphere upwelling and underplating.
Abundant early to middle Permian magmas and volcanics were intruded and erupted,
respectively, along the near east-west-trending midline of the NOB and were added to
the source of the upper Linxi Formation.

The age of ophiolites between the Hegenshan and the Ondor Sum-Xar Moron
suture zones (Miao and others, 2007; Miao and others, 2008) implies that the PAO
was still in a narrow ocean setting. In addition, Shang (2004) made a detailed survey
of the paleontology of Permian deep marine strata which confirmed that the PAO still
existed during the Guadalupian period and at least during this period, some deep ba-
sinal sedimentation occurred. Interestingly, Zhang and others (2014a) found large
numbers of bryozoan and sponge spicule fossils in the thick limestone layers and
lenses of the upper part of the Linxi Formation in the Guandi section of Linxi County
in eastern Inner Mongolia, thus suggesting that the sedimentary environment was a
shallow sea. As we have discussed above, the Permian sedimentary rocks on both sides
of the Xar Moron River have obviously different provenance, suggesting that there
was a wide and deep ocean between them during the Permian, possibly the PAO. The
Permian sedimentary rocks from the northern margin of the river have NOB and
Mongolian micro-continent affinity. However, the age spectrum from the southern
margin samples are consistent with the recent report of Chen and others (2016), who
consider that their provenance is related to the SOB and the NCC. Furthermore, our
age results imply that the provenance of sandstones from the Linxi Formation on the
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north side of the Xar Moron River may have been derived from the basement rocks of
NCC, which may indicate the onset of the final collision between the northern margin
of the NCC and the SC. Therefore, an ocean existed during the late Permian accord-
ing to the evidence above and the sedimentary rocks of the Linxi Formation that were
deposited during this period. The final collision is concluded to be located in the
Solonker-Mandula-Xar Moron area, which extends from the Solonker eastwards
through the Mandula area, the Xar Moron river, through central Jilin Province to the
Yanji area and marks the final collision zone between the two active continental mar-
gins of the Siberian and North China cratons. Soon after entering the post-collision
stage at the northern margin of the NCC, the PAO closed. Recently, more and more
post-collisional granites have been reported in central Inner Mongolia (Li and others,
2007; Shi and others, 2007; Lian and others, 2021) suggesting that the eastern seg-
ment of the CAOB went into post-orogenic extension.

conclusions

Based on a systematic SHRIMP U-Pb isotopic study of detrital zircons and petro-
graphic analysis of Permian sedimentary rocks on the northern and southern margins
of the Xar Moron River, and previous studies, we offer the following conclusions:

We conclude that the deposition of the Linxi Formation occurred in the late
Permian, based on the tuffaceous pyroclastic sediment with a weighted mean
206Pb/238U age of 256.76 1.1 Ma (MSDW ¼ 2.1, n ¼ 11). Sandstone provenance is
concluded to have come from recycled orogenic material and underwent short dis-
tance transportation. The age spectrum of the Permian sandstones in the northern of
Xar Moron River is similar to the Northern Orogenic Belt and Mongolia microconti-
nent. However, the age spectrum of Permian sandstones in the southern margin of
the river is similar to the SOB and NCC. In the Middle Permian and before, there was
no mixing of provenance on both sides. Until the deposition of the Linxi Formation,
a small amount of basement material from the NCC came to the opposite bank, indi-
cating that the PAO had closed. These observations indicate that the Xar Moron River
fault zone is the final collision zone of the eastern segment of the CAOB and the final
closure of the eastern segment of the PAO occurred during late Permian-earliest
Triassic times.
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