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Abstract

During late Carboniferous time, the residual ocean basin gradually closed in West Junggar and
only a small amount of seawater remained in the Hala’alat Mountain area, where discussions of
provenance and tectonics are limited. In this study, LA-ICP-MS U–Pb dating and heavy min-
eral identification are conducted on the upper Carboniferous tuffaceous sandstones from the
Hala’alat andAladeyikesai formations in theHala’alatMountain area. The results reveal the low
maturity of the clastic sediments, indicating proximal deposition. The Hala’alat Formation
detrital zircons present a single peak (c. 330Ma). Speculatively, the primary provenance is
the Boshchekul–Chingiz Arc, and the secondary sources are the Darbut Tectono-Magmatic
Belt and island arcs in the basin. The main peak and provenance of the Aladeyikesai
Formation are similar to those of the Hala’alat Formation. Moreover, several age groups,
namely, 370–344Ma, 427–404Ma and 478–476Ma, potentially correspond to provenances
of the Darbut Tectono-Magmatic Belt, the Boshchekul–Chingiz Arc and the Kujibai–
Hongguleleng Ophiolitic Mélange Belt. In addition, the maximum depositional ages of the
Hala’alat and Aladeyikesai formations calculated are 314.6 ± 1.54Ma and 330.8 ± 0.61Ma,
respectively. Comprehensive analysis shows a relatively singular provenance of the Hala’alat
Formation. While the provenance of the Aladeyikesai Formation shows inheritance, the prov-
enance area extends northwards to the Kujibai–Hongguleleng Ophiolitic Mélange Belt.
Furthermore, the closure of the Junggar Ocean during Carboniferous time caused the potential
source region of the Hala’alat Mountain area to migrate northeastwards from BarleikMountain
to Xiemisitai Mountain. This study provides a basis for the analysis of regional geological
evolution.

1. Introduction

West Junggar is located in the southern Central Asian Orogenic Belt and has a complex tectonic
background and rich mineral resources. Hala’alat Mountain (HLM) is located on the NWmar-
gin of the Junggar Basin and is an extension of Zaire Mountain (ZRM) in the NE direction. The
Mahu Sag in the south is an important oil exploration area (Xiao et al. 2008; Zhang et al. 2011;
Choulet et al. 2012b) (Fig. 1). Geochronology and provenance analysis of the upper
Carboniferous strata in the HLM area is helpful for understanding the sedimentary system,
the distribution and characteristics of source rocks, and the evolutionary role of tectonics
and palaeogeography in the Junggar Basin.

At present, research on Carboniferous strata inWest Junggar mainly focuses on stratigraphic
correlation and tectonic evolution (Jian et al. 2005; Geng et al. 2011; Yang et al. 2016; Yin et al.
2017); this research provides references for provenance analysis of the HLM area in West
Junggar in terms of the tectonic background, palaeogeographic pattern, etc. However, few stud-
ies have reported on the provenance of the upper Carboniferous sedimentary rocks in the HLM
area. Previous research on the upper Carboniferous strata in the HLM area has mainly deter-
mined the stratigraphic ages, reconstructed the sedimentary environment (Tao et al. 2017; Ma,
2018) and tectonic background (Zong et al. 2014; Gong & Zong, 2015; Xiang, 2015) through
palaeontological analysis (Wei, 1983; Wang et al., 1987), dated effusive rocks (Xiang et al.
2013a,b; Li, G. Y. et al. 2016) and conducted geochemical and other analyses. Only Tao
et al. (2013) studied the provenances of the sedimentary rocks of the Hala’alat Formation in
the HLM area through geochemistry; their findings suggested that the main provenance is
the Saur magmatic arc and that the secondary provenances are the Boshchekul–Chingiz Arc
(BCA) and the oceanic arc in the Kexia area.
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This research studies the sandstones of the upper Carboniferous
Hala’alat and Aladeyikesai formations in the HLM area. Through
detrital zircon U–Pb geochronology, petrographic characteristics
and heavy mineral analysis, this paper comprehensively analyses
the source of the upper Carboniferous clastic rocks in the HLM
area and investigates potential provenances, which are combined
with the surrounding stratigraphic distribution observations, igne-
ous zircon geochronology data and regional tectonic characteris-
tics. This paper provides a scientific basis for studying the
characteristics of source-to-sink systems and tectonic evolution.

2. Overview of regional geology

West Junggar is mainly composed of the Zharma–Saur Arc
(ZhSA), the Kujibai–Hongguleleng Ophiolitic Mélange Belt
(KHOMB) and the BCA in the north, an accretionary complex
in the central area and a magmatic arc in the south (Fig. 1)
(Windley et al. 2007; Zhang et al. 2011; Liu et al. 2017).
Moreover, the Darbut Tectono-Magmatic Belt (DTMB) in central

West Junggar consists of the Darbut Ophiolitic Mélange, ZRM
and HLM.

During the Devonian Period, the Junggar Ocean in the central
and northern West Junggar area widely subducted and collaged to
form an archipelago arc-basin system. With the subsequent evolu-
tion of the residual Junggar Ocean (Yang et al. 2015), the scale of
the ocean basin gradually decreased along with its closure. West
Junggar experienced two different stages of tectonic evolution,
namely, a fore-arc basin in early Carboniferous time and a residual
sea in late Carboniferous time (Xiang, 2015). During early
Carboniferous time, the HLM–ZRM area began to receive large-
scale inputs of peripheral pyroclastic materials (Gao et al. 2013),
and the Xibekulas Formation, Baogutu Formation and Telegula
Formation were successively deposited, forming a set of continu-
ous and thick marine terrigenous clastic rocks. The detrital sedi-
ments came from the effusive rocks of the island fore-arc type
that formed in the same period (Guo et al. 2010; Geng et al.
2011; Xiang, 2015). In late Carboniferous time, regional large-scale
regression occurred, and only a small amount of seawater
remained in the HLM area (Zong et al. 2014). A set of

Fig. 1. (Colour online) (a) Simplified geological map of West Junggar (modified after Yang, 2012). The red triangles are the locations of the sampling points. The red box shows the
location of the study area. (b) Regional geological sketch of Hala’alat Mountain in West Junggar. Modified after a new 1:50 000 geological survey report from the China Geological
Survey (Li, G. Y. et al. 2016). (c) Simplified cross-section and (d) simplified stratigraphic column of Hala’alat Mountain, West Junggar.
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volcanic-terrigenous clastic strata of bathyal to littoral-neritic
facies was deposited: during the sedimentary period of the
Hala’alat Formation, magmatic activity was intense and the con-
tent of volcanic clasts in the sediments was high (Li, G. Y. et al.
2016); the resulting Aladeyikesai Formation is dominated by
terrigenous clastic rocks in littoral-neritic facies and is the upper-
most layer of preserved marine sediments in the HLM area (Peng
et al. 2016). By the end of late Carboniferous time, all the seawater
in the HLM area had retreated, and a large-scale intracontinental
orogeny began. A set of molasse formations in alluvial fan – fan
delta facies represented by the Jiamuhe Formation was deposited
above the Aladeyikesai Formation in angular unconformity
(Table 1), indicating that the residual ocean basin in West
Junggar finally closed during the end of the late Carboniferous
period (Gong & Zong, 2015; Zhang, 2020).

3. Sample collection and petrological characteristics

In this study, tuffaceous sandstone samples of the upper
Carboniferous Hala’alat and Aladeyikesai formations were col-
lected in the HLM area. The sampling locations and layers are
shown in Figure 1. Contact, alteration and fractured zones were
avoided asmuch as possible to ensure that the samples were weakly
altered, relatively fresh and representative.

3.a. Sedimentary and microscopic characteristics

3.a.1. Hala’alat Formation
The samples collected from the Hala’alat Formation in this study
are tuffaceous fine- to medium-grained feldspar lithic sandstone,
with sample numbers of S9-1 and S9-3, and the sampling location
is 85° 51 0 7″ E, 46° 14 0 35″N. The field section shows clear strati-
graphic bedding, and the sedimentary cycles include volcanic brec-
cia and tuffaceous sandstone from bottom to top (Fig. 2a, b).

The hand specimens are grey and massive in structure. The
detritus mainly consists of debris (65 %), feldspar (22 %), quartz
(3 %) and interstitial materials (10 %), with grain sizes ranging
from 0.1 to 1 mm and occasional gravel grains. Most of the debris
grains are angular and subangular, with poor sorting, high contents
of debris and feldspar, and low overall textural and compositional
maturity, indicating that the debris grains have not been trans-
ported for a long distance and are relatively proximal products.
Among these grains, the feldspars are intermediate-basic plagio-
clase with twinned crystal characteristics and wider twinned crystal
seams. Some of the grain surfaces are degraded owing to alteration.
The quartz surfaces are cleaner and lack alteration. The interstitial
fillings are mainly tuff. The lithic fragments are mainly tuff debris
and andesite debris, minor gabbro-diabase debris and occasional
acidic effusive rock or siliceous rock debris (Fig. 2c, d). The sand-
stone petrology indicates that the provenance is adjacent inter-
mediate-basic igneous rocks.

3.a.2. Aladeyikesai Formation
The samples collected in this study are fine-grained tuffaceous feld-
spar lithic sandstones, with sample numbers S8-4 and a sampling
location of 85° 35 0 11″ E, 46° 12 0 23″N. Field observations indicate
that the rocks are grey overall with clear and graded bedding.
Tuffaceous sandstone and volcanic breccia are interbedded
(Fig. 3a–c).

According to microscopic observations, the samples are com-
posed of debris (65–70 %), feldspar (15–20 %), quartz (10 %)
and interstitial materials (5 %), with grain sizes ranging from 0.1

to 0.25 mm. Among these components, feldspars are generally
altered, contain multiple twins and are mainly plagioclases and
occasionally alkaline feldspars. Their petrographic characteristics
are similar to those of the aforementioned Hala’alat Formation
sandstone (Fig. 3d, e), indicating that the sediments are mainly
from nearby igneous rocks, but the tuff content is lower than that
of the Hala’alat Formation sandstone.

3.b. Assemblage and characteristics of heavy minerals

Heavy mineral identification and analysis was carried out on the
aforementioned sandstone samples and pyroclastic samples of
the Hala’alat Formation (sample number: S10-2; sampling point
location: 85° 53 0 52″ E, 46° 15 0 57″N). The above procedures were
completed by Chengxin Geological Services Co., Ltd, Langfang,
Hebei Province.

The results show that the contents of all types of iron ores in
the samples are generally higher (Table 2). The heavy mineral
assemblage of the Hala’alat Formation sandstone is magnetite–
epidote–ilmenite–hornblende. The heavyminerals in the pyroclas-
tic sandstone aremainly pyroxene andminor serpentine, which is a
special light mineral, and the heavy minerals have a relatively high
unstable mineral content and low maturity. The Aladeyikesai
Formation sandstone mainly has a heavy mineral assemblage of
leucoxene–Cr-spinel–apatite dominated by stable heavy minerals.

4. Test method and data processing

Zircon separation, selection, sample target preparation and pho-
tography were completed by Chengxin Geological Services Co.,
Ltd, Langfang, Hebei Province. Cathodoluminescence (CL) images
were taken by a scanning electron microscope (Gatan MonoCL3þ
X). The selected zircon grains have smooth surfaces and are trans-
parent under transmitted light, reflected light and CL imaging. The
spots for dating were selected in the areas without cracks and inclu-
sions, but no bias in the shapes and sizes of detrital zircons was
present.

Zircon U, Th and Pb isotope data were obtained by laser abla-
tion inductively coupled plasma mass spectrometry (LA-ICP-MS)
at the State Key Laboratory of Continental Dynamics,
Northwestern University. A detailed description of the method
is presented in the Appendix.

Data processing was carried out by ICPMSDataCal 11.8 soft-
ware, common lead correction was conducted by software devel-
oped by Andersen (2002) and age calculations and harmonic
plot drawings were completed by ISOPLOT 2.49. The age proba-
bility density map was drawn using detritalPy software (Sharman
et al. 2018) by selecting zircon concordance degrees between 90 %
and 100 %, and the maximum sedimentary age was calculated.

5. Analysis results

5.a. Zircon characteristics and genesis

The zircon U–Pb geochronology of the upper Carboniferous tuffa-
ceous sandstones (samples S9-3 from the Hala’alat Formation and
S8-4 from the Aladeyikesai Formation) in the HLM area was ana-
lysed, and the results are shown in online Supplementary Material
Tables S1 and S2, respectively.

Under the microscope, the zircons tested in this study generally
have the following characteristics: most of them have complete
crystal shapes, high automorphic degrees and granular or short
columnar shapes, while a few have long columnar and elliptical
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granular shapes. The zircon surfaces are slightly rough, with black
inclusions. Few zircon cracks and edges are corroded. The long/
short ratios of the zircon grains are 1.2–3.0, and most are within
1.5–2.0, and the grain diameters are 50–200 μm. The grain diam-
eters of the detrital zircons from the Hala’alat Formation are
mainly in the range of 50–120 μm, while those from the
Aladeyikesai Formation are in the range of 60–150 μm. Most

detrital zircons are poorly rounded and angular to subangular,
with no obvious transport traces.

Th/U ratios are related to zircon genesis (Belousova et al. 2002):
magmatic zircons have a higher Th/U ratio (>0.4), while metamor-
phic zircons have a lower Th/U ratio (<0.1). In the two samples in
this study, almost all zircons have clear oscillating zones (Figs 4a,
5a), and fan-shaped zoning occurs in a few zircon grains.

Table 1. Characteristics of the Carboniferous strata of Hala’alat Mountain, West Junggar

System Series Formation Index

Contact rela-
tionship with
overlying
strata Lithologic feature

Depositional
system

Stratigraphic
deposit age Tectonism

Permian Lower Jiamuhe C2-
P1j
(?)

Angular
disconformity

The lower part is composed of
intermediate-acidic continental
effusive rocks and pyroclastic
rocks. The upper part is a molasse
formation.

Continental
facies

Residual
ocean
basin
eventually
closed

Carboniferous Upper Aladeyikesai C2a Angular
disconformity

Mainly clastic and calcareous
clastic rocks with more biolithite
lenses.

Littoral-
neritic facies

Basalt:
303.8 ± 2.4 Ma
(Xiang, 2015)

Residual
ocean
basin
received
sedimentHala’alat C2h Conformity The lower part is mainly effusive

rocks and pyroclastic rocks and
contains more limestone lenses.
The upper part is mainly powder
fine-grained turbidites, and the
content of coarse terrigenous
clastic sediments increases
gradually upwards, with few
bioclastic limestone bands.

Abyssal-
neritic facies

Rhyolite:
304.5 ± 3.1 Ma

Pyroxene
andesite:
306.9 ± 5.5 Ma
(Li, G. Y. et al.
2015)

Lower Telegula C1t Angular
disconformity

The pyroclastic rocks are coarser
in the lower part and finer in the
upper part, with high siliceous
content in the upper part
intercalated with siliceous rocks
and fewer intermediate-basic
volcanic rocks.

Neritic facies Silicalite:
316 ± 21 Ma (Li
et al. 2000)

Tuffite:
319.5 ± 3.0 Ma
(Qiao & Zhao,
2020)

Tuff:
328.1 ± 1.8 Ma
(Wang & Zhu,
2007)

Baogutu C1b Conformity Fine-grained pyroclastic rocks with
good stratification and well-
developed bedding partially
intercalated with fewer coarser-
grained pyroclastic rocks and limy
lenses.

Littoral-
neritic facies

Andesite:
345.6 ± 6.2 Ma
(Tong et al.
2009)

Altered tuff:
342.6 ± 4.3 Ma,
328.4 ± 3.7 Ma,
336.5 ± 2.5 Ma
(An et al. 2019)

Tuff:
332.1 ± 3.0 Ma
(Guo et al.
2010),
325.6 ± 3.5 Ma
(Qiao & Zhao,
2020)

Xibekulas C1x Conformity Coarser-grained pyroclastic rocks
with poor stratification and
undeveloped bedding intercalated
with fewer fine-grained pyroclastic
rocks, with synsedimentary
biological limestone blocks.

Abyssal
facies

Tuff:
336.3 ± 2.5 Ma
(Guo et al.
2010)

The relatively new and old sequence and ages of the Xibekulas, Baogutu and Telegula formations are controversial. Some scholars believe that the Jiamuhe Formation was deposited in late
Carboniferous time (Zong et al. 2014).
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Approximately 80 % of the zircon grains have Th/U ratios greater
than 0.4 (see online Supplementary Material Tables S1 and S2),
indicating that the zircons are of magmatic origin.

5.b. Detrital zircon U–Pb ages

From the 96 tested zircon grains in sandstone samples from the
Hala’alat Formation, the U–Pb concordance degrees of 84 zircon
grains range from 90 % to 100 % (Fig. 4c). The ages of most zircons
are 340–320Ma (Fig. 4d). An obvious peak occurs at 330 Ma and
accounts for 74 % of the total, indicating that the provenance is rel-
atively simple and is mainly from early Carboniferous igneous
rocks. In addition, 9 % of zircon grains are Devonian, 9 % are late
Carboniferous and a few are Ordovician and Silurian (Fig. 4b).

A total of 100 age measurement points were analysed for the
sandstone samples from the Aladeyikesai Formation. Among these
points, 88 zircons have a high concordance degree, almost all of
which plot on the concordia line. Only a few grains plot below
the concordia line, which may be caused by Pb loss due to hydro-
thermal activity (Fig. 5c). Zircon grains range in age from
319.9 ± 3.5 Ma to 484.9 ± 5.3 Ma, with most of the data concen-
trated within 320–380Ma. Sixty-six per cent of the zircons are
early Carboniferous, 23 % are Devonian and 11 % are late
Palaeozoic (Fig. 5b). The age distribution curve shows a multipeak

form, with a primary peak age of 331Ma (Fig. 5d) and secondary
peak ages of 343Ma, 365Ma, 405Ma, 424Ma and 477Ma, indi-
cating a relatively complex provenance.

In conclusion, the ages of zircons in the Hala’alat and
Aladeyikesai formations are concentrated in the range of
335–325Ma, and the main peak ages are similar, indicating that
the zircons may have the same provenance. However, several
secondary peaks are present in the Aladeyikesai Formation, sug-
gesting that the source of the Aladeyikesai Formation may be
more complex than that of the Hala’alat Formation.

6. Discussion

6.a. Maximum depositional age (MDA)

The youngest detrital zircon age is one of the commonly used
methods to estimate the maximum depositional age (MDA)
(Sharman et al. 2018). The youngest single grain (YSG) data will
indicate a younger age than the true age of deposition, mainly
owing to Pb loss, and the inherent lack of reproducibility dimin-
ishes confidence in the reliability of this approach (Gehrels, 2014).
From a statistical point of view, the youngest-age measures based
on multiple grain ages provide solutions to this bias towards youn-
ger ages, and multiple grain ages are more consistently compatible

Fig. 2. (Colour online) (a, b) Field photographs of the Hala’alat Formation on Hala’alat Mountain. (c, d) Photomicrographs of selected sandstone samples under (c) plane-polar-
ized and (d) cross-polarized light. Abbreviations of minerals: A – andesite; Ac – acidic effusive rock; Ash – volcanic ash; F – feldspar; G – gabbro; Lv – volcanic lithic fragment;
Q – quartz; T – tuff.
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with depositional ages (Dickinson & Gehrels, 2009). The mean age
YC1σ(2þ) of the youngest cluster (n≥ 2) of grains that have over-
lapping ages at 1σ has higher accuracy (Zhao et al. 2020); thus, we
use YC1σ(2þ) to evaluate the MDA. In addition, if the sediment
came from simultaneous continuous volcanic activity, the MDA
can usually effectively define the depositional age of the stratum
(Dickinson & Gehrels, 2009).

Based on detrital samples from this study, the MDAs (YSG,
YPP, YC1σ(2þ) and YC2σ(3þ)) are calculated, and the results
are shown in Table 3 and Figure 6. The YC1σ(2þ) of the
Hala’alat Formation sandstone is 314.6 ± 1.54 Ma (Fig. 6b), indi-
cating that the rock was not deposited earlier than the
Moscovian in the late Carboniferous period, which is consistent
with the ages of rhyolite (304.5 ± 3.1 Ma) and pyroxene andesite
(306.9 ± 5.5 Ma) in this stratum (Li, G.Y. et al. 2015). The
YC1σ(2þ) of the Aladeyikesai Formation sandstone is
330.8 ± 0.61 Ma (Fig. 6a), indicating that the stratum depositional
time was not earlier than the Serpukhovian in the early

Carboniferous period, which is consistent with the absolute age
measured from basalt (303.8 ± 2.4 Ma, Xiang, 2015) and the rela-
tive age represented by palaeontological fossils (late Carboniferous,
Kasimovian, Peng et al. 2016).

Theoretically, the weighted average age of the youngest zircon
in the Aladeyikesai Formation should be less than that in the
Hala’alat Formation, but the test results show the opposite.

According to the geological background of the study area, vol-
canic activity was occurring during the deposition of the Hala’alat
Formation (Zong et al. 2014; Li, G. Y. et al. 2016), and a tuffaceous
composition accounts for a large proportion. Most detrital zircons
likely came from effusive rocks in the same sedimentary period,
and the provenance was relatively singular. However, the
Aladeyikesai Formation is dominated by neritic terrigenous clastic
rocks (Gong & Zong, 2015; Peng et al. 2016), and detrital zircons
are mainly from old surrounding sedimentary strata. Therefore,
the MDA of the Hala’alat Formation provides a better constraint
than that of the Aladeyikesai Formation.

Fig. 3. (Colour online) (a–c) Field photographs of the Aladeyikesai Formation on Hala’alat Mountain. (d, e) Photomicrographs of selected sandstone samples under (d) plane-
polarized and (e) cross-polarized light. Abbreviations of minerals: A – andesite; Ash – volcanic ash; F – feldspar; Lv – volcanic lithic fragment; Q – quartz; T – tuff.
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6.b. Provenance analysis

Owing to the complex provenance system of the sedimentary basin
and the wide distribution of igneous rocks in the same period, it is
difficult to explore the provenance of the upper Carboniferous
rocks in the HLM area. Therefore, it is necessary to compare evi-
dence, such as petrological characteristics, chronological charac-
teristics, heavy mineral assemblages and palaeocurrents, with the
potential provenance area to more accurately locate the prov-
enance area and assess the tectonic evolution.

6.b.1. Parent rock properties of the provenance area
It is necessary to determine the parent rock properties and poten-
tial source areas based on information from heavymineral assemb-
lages. Iron, titanium, chromium and other metal deposits are often
associated with basic igneous rocks (Tian, 2015), while magnetite,
ilmenite and chromite are abundant in the upper Carboniferous
sandstone samples of the HLM area. Moreover, some Cr-spinel
and pyroxene are present. Combinedwith a large amount of andes-
ite debris and a small amount of gabbro-diabase debris, as observed
under the microscope, these results indicate that the parent rocks
are mainly intermediate-basic igneous rocks. The pyroclastic rock
samples of the Hala’alat Formation also show that they are mainly
andesite-basalt breccia with a large amount of pyroxene and a
small amount of serpentine, which also corroborates the hypoth-
esis. On the other hand, the upper Carboniferous samples contain a
small amount of automorphic–subautomorphic magmatic zircons.
Combined with a certain amount of apatite, intermediate-acidic
igneous rocks may be the parent rocks.

The epidote content in the sandstone samples of the Hala’alat
Formation is higher. The epidote not only has ametasomatic meta-
morphic origin but also a magmatic origin. The former may be
related to epidotization when igneous rock intrudes the surround-
ing rock, and the latter is mainly produced in calc-alkaline granitic
rocks (Zhao et al. 2019). The ophiolitic mélange is also subject to
alteration and provides minerals such as serpentine, zoisite or epi-
dote (Chen et al. 2008; Zhao et al. 2013). Zhao et al. (2019) studied
epidote in the Triassic heavy minerals in the northwestern Mahu
Sag, Junggar Basin, and believed that it was mainly magmatic epi-
dote and that the parent rock was probably intermediate-acidic
igneous rock in West Junggar. The epidote may be inherited in
the upper Carboniferous in adjacent sedimentary areas.
Considering the limited distribution of metamorphic rocks in
West Junggar, these minerals are more likely to come from inter-
mediate-acidic igneous rocks.

Based on the heavy mineral assemblage reported here, the
parent rocks of the upper Carboniferous strata in the HLM area
are likely mainly intermediate-basic igneous rocks followed by
intermediate-acidic igneous rocks (Table 4). According to the dis-
tribution of strata around the HLM area, andesite, basalt and tuff
are widely distributed throughout West Junggar. Granite also
intrudes into each tectonic unit. Ophiolitic mélange and inter-
mediate-basic dykes are also well developed. All of these igneous
rocks may be potential sources. Therefore, the provenance cannot
be identified only by heavy mineral assemblages. It is necessary to
clarify the stratigraphic distribution characteristics and chrono-
logical framework of potential provenance areas and combine
heavy mineral information with zircon U–Pb chronology to com-
prehensively investigate the provenance.

Notably, the sample size of the heavymineral analysis is limited.
Considering the size-sorting effect of coarse clastic rocks, the con-
clusions derived from the parent rock properties indicated by theTa
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heavy mineral assemblages in this study should be cautious. The
conclusions need the support of more samples or other experimen-
tal data, such as mudstone geochemistry characteristics.

6.b.2. Provenance locations and related rock types
Tao et al. (2013) measured the palaeocurrent directions of 23
groups of foreset laminae of the Hala’alat Formation sandstone
in the HLM area, revealing two provenances, namely, provenances
from the south and north, during the late Carboniferous period,
and the northern provenance contributed more to sedimentation.
Their study is helpful for inferring the provenance locations in
this paper.

The main peak age of the Hala’alat Formation sandstone is
similar to that of the Aladeyikesai Formation sandstone, which
is 330 Ma; this age accounts for the highest proportion of all
age data, indicating that early Carboniferous igneous rocks are
the main source. The igneous rocks with this peak age are mainly
distributed in three regions throughoutWest Junggar: (1) Granite
bodies extensively intruded into the Tarbgatay, E’min and Saur
mountains to the north of the HLM area (this area is part of
the late Palaeozoic ZhSA) at 335–320 Ma in the early
Carboniferous period (Choulet et al. 2012a; Gao et al. 2014;
Jin, 2016; Zhang et al. 2017; Zhang, C. et al. 2018). (2) The
western sections of Xiemisitai Mountain and Saier Mountain

in the BCA mainly contain early Carboniferous intermediate-
acidic effusive rocks, and the zircon U–Pb ages are
331 ± 2.4 Ma (dacite) (Yi et al. 2014) and 331 ± 9 Ma (basalt)
(Geng et al. 2011). (3) The zircon U–Pb ages of the HLM–
ZRM area (i.e. late Palaeozoic DTMB) are 345–325 Ma, and
the lithology is mostly basalt, andesite, tuff (Xu et al. 2012)
and granite intrusions (Duan et al. 2019). Li, D. et al. (2015) sug-
gested that during early Devonian – early Carboniferous times,
the ZhSA was combined with the BCA and Junggar terrane,
and the ZhSA and HLM were divided by the BCA (Zhang,
2020), which may have been unfavourable for the transport of
sediments from the ZhSA to HLM. As mentioned in Sections
3.a, 3.b and 5.a, the sedimentation in the study area occurred near
the source, and Tao et al. (2013) suggested that the northern
provenance supplied more sediments than the southern prov-
enance. In addition, the zircons developed in the mafic rocks
are usually rare and small; therefore, the method of detrital zircon
U–Pb dating is biased to reflect more contributions of the felsic
rocks. Based on the above discussion, the early Carboniferous
intermediate-acidic effusive rocks distributed in the BCA were
likely the primary source, and the early Carboniferous intermedi-
ate-acidic igneous rocks of the DTMB were likely the secondary
source, but the presence of detrital fragments originating from the
ZhSA cannot be excluded.

Fig. 4. (Colour online) Zircon dating results of the sandstones from the Hala’alat Formation on Hala’alat Mountain. (a) Cathodoluminescence photographs. (b) Pie chart of ages.
Note that the stratigraphic age division is based on the International Chronostratigraphic Chart (2020) (Cohen et al. 2013, updated). (c) U–Pb age concordia diagram. (d) Histogram
of the age distribution.
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It is worth noting that the Junggar Ocean northwards-sub-
ducting basin system resulted in the formation of an island arc
basin system, and several island arc systems of the late
Palaeozoic are present beneath the Mesozoic–Cenozoic strata in
the northern Junggar Basin (Li, D. et al. 2015). For example,
Carboniferous island arc effusive rocks developed in the
Zhongguai area on the NW margin and mainly include andesite,
basalt and rhyolite (Li, D. et al. 2014; Li, D. et al. 2016). Therefore,
combined with the south to north palaeocurrent data (Tao et al.
2013), these Carboniferous island arcs inside the basin in the
southern part of the study areamay have also provided some clastic
sediments.

In addition to the main peak at 330Ma, the sandstone of the
Aladeyikesai Formation has multiple peaks. The detrital zircons
with secondary peaks of 370–344Ma (Late Devonian – early

Carboniferous) are consistent with the ages of intermediate-basic
effusive rocks, intermediate-acidic intrusions and ophiolitic
mélange in the DTMB. For example, the U–Pb age of zircon in
andesite measured in the Sartohai area is 345.6 ± 6.2 Ma (Tong
et al. 2009), in diorite is 344.4 ± 6.8 Ma (Geng et al. 2011) and
in andesite is 344 ± 3Ma (Geng et al. 2011); these areas are south
of the Darbut Fault. The ages of the gabbro-diabase near the
Darbut Fault vary from 347Ma to 368Ma (Chen et al. 2013;
Tian, 2015; Yang et al. 2019). Therefore, multistage arcmagmatism
developed in the DTMB during 360–325Ma (Xu, 2012); thus, the
DTMB may have provided terrigenous clastic sediments.

Zircons with ages mainly within 427–404Ma (late Silurian –
Early Devonian) may be related to a series of Darbut Ophiolitic
Mélange with zircon ages from 420 to 390 Ma that is present in this
area (Xu et al. 2006; Gu et al. 2009; Li, G. et al. 2014), and

Fig. 5. (Colour online) Zircon dating results of the sandstones from the Aladeyikesai Formation on Hala’alat Mountain. (a) Cathodoluminescence photographs. (b) Pie chart of
ages. Note that the stratigraphic age division is based on the International Chronostratigraphic Chart (2020) (Cohen et al. 2013, updated). (c) U–Pb age concordia diagram. (d)
Histogram of the age distribution.

Table 3. Age comparisons of the youngest detrital zircons from different upper Carboniferous units in the Hala’alat Mountain area

Formation Sample No. YSG (Ma) YPP (Ma) YC1σ(2þ) (Ma) YC2σ(3þ) (Ma)

C2a S8-4 319.9 ± 3.51 331 330.8 ± 0.61 330.5 ± 0.6

C2h S9-3 311.6 ± 3.41 330 314.6 ± 1.54 316.3 ± 1.31

YSG – youngest single grain age; YPP – youngest graphical age peak controlled by more than one grain age; YC1σ(2þ): youngest 1σ grain cluster −mean age of the youngest two or more grains
that overlap in age at 1σ; YC2σ(3þ): youngest 2σ grain cluster − mean age of the youngest three or more grains that overlap in age at 2σ.
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intermediate-acidic igneous rocks from the BCA with ages of 430–
390Ma from the north may also be present (Chen et al. 2010;
Zheng, B. et al. 2019). The latter are more likely the main source
rocks.

The early Ordovician zircon ages of 478–476Ma correspond
better to the Hongguleleng Ophiolitic Mélange (cumulate gabbro,
472 ± 8.4 Ma) (Zhang & Guo, 2010), E’min Ophiolitic Mélange
(gabbro, 476 ± 2Ma) (Zheng, R. G. et al. 2019) and Kujibai
Ophiolitic Mélange (gabbro, 478.3 ± 3.3 Ma) (Zhu & Xu, 2006).
The above ophiolites and the Hoboksar Ophiolitic Mélange (gab-
bro, 484 ± 3Ma) on the north side formed during the same period
(Du & Chen, 2017) and comprise a large E–W-striking ophiolitic
mélange belt, indicating that the Ordovician zircons may have
come from the KHOMB.

6.c. Provenance evolution

Previous studies have shown that (1) the sediments of the
Xibekulas Formation in the HLM–ZRM area mainly came from
igneous rocks, indicating that magmatic activity was high during
early Carboniferous time in the peripheral Baogutu area (i.e.
southeastern DTMB) and the Devonian System in the
Tiechanggou area (i.e. northwestern DTMB) in the north, and a
small number of older zircons came from the Mayile Ophiolitic
Mélange and the adjacent Ordovician–Silurian strata (i.e. southern
West Junggar) (Zhang et al. 2015; An et al. 2019). (2) The sources

of the Baogutu Formation were probably theMiddle Devonian and
early Carboniferous intermediate-acidic effusive rocks and the
middle Silurian Mayile ophiolitic mélange in the Barleik
Mountain area (Liao et al. 2015). (3) The clastic source of the
Telegula Formation may mainly be from the early
Carboniferous intermediate-acidic island arc effusive rocks in
the western margin of HLM and Xiemisitai Mountain (Liao
et al. 2015; Zhang et al. 2015). (4) The potential provenances of
the Hala’alat Formation were primarily related to the early
Carboniferous intermediate-acidic effusive rocks of the BCA,
and the secondary provenances were the early Carboniferous inter-
mediate-acidic igneous rocks distributed in the DTMB and the
early Carboniferous island arc in the basin. In addition, a few detri-
tal fragments might originate from the ZhSA. (5) The Aladeyikesai
Formation inherited the provenance system of the Hala’alat
Formation and mixed with the provenance of the late Devonian
– early Carboniferous igneous rocks in the DTMB, the Silurian–
Devonian intermediate-acidic igneous rocks from the BCA and
the Ordovician KHOMB.

According to the comparative analysis (Fig. 7a), the source of
the upper Carboniferous Hala’alat Formation in the HLM area
is relatively singular. The main zircon age peak of the
Aladeyikesai Formation is similar to that of the Hala’alat
Formation, with similar petrology, indicating that the provenance
system has a certain inheritance. Several robust peaks are in the age
range of 427–344Ma, and the proportion of measuring points

Fig. 6. (Colour online) Maximumdepositional
age of the upper Carboniferous strata of
Hala’alat Mountain. (a) Aladeyikesai
Formation sandstone. (b) Hala’alat
Formation sandstone. Legend: blue (bottom)
– youngest single grain age (YSG); red (middle)
– weighted average age (YC1σ); green (top) –
weighted average age (YC2σ); horizontal white
bar – average age; vertical black bar – 1σ
uncertainty; vertical grey bar – 2σ uncertainty.
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increases. It is possible that during late Carboniferous time, the clo-
sure of the Junggar Ocean uplifted the older strata of the BCA and
the DTMB to the surface and caused denudation. The age distri-
bution also includes some early Ordovician ages (480–475Ma),
indicating that the provenance area extends northwards to
the KHOMB.

Additionally, for the Carboniferous sedimentary samples in the
Hala’alat–Zaire mountains, calculations are made to determine the
difference between the measured crystallization age for a detrital
zircon grain and the depositional age of the succession in which
it occurs, plotted as cumulative proportion curves (Fig. 7b).

Cawood et al. (2012) established detrital zircon spectra with differ-
ent age distribution patterns reflect the sedimentary tectonic envi-
ronment. Convergent plate margins are characterized by a single
age peak with a similar synsedimentary age. Using this pattern,
the depositional ages are very similar to the crystallization ages
of themajor detrital zircons, which is a typical feature of arc-related
basins (Fig. 7c). The tectonic background in which the Hala’alat
and Zaire mountains formed was a convergent setting during
Carboniferous time (Cawood et al. 2012).

Considering that the proximal sedimentation is obviously con-
trolled by the regional tectonic pattern, the change in the detrital

Fig. 7. (Colour online) (a) Probability density plots of detrital zircon U–Pb ages of the Carboniferous sedimentary rocks in the Hala’alat–Zaire mountains, West Junggar. (b) The
cumulative proportion curves based on the differentia between the crystallization ages of detrital zircons and deposition ages of the samples. (c) Model of the cumulative pro-
portion curves of detrital zircons in different tectonic settings (Cawood et al. 2012). A – convergent settings; B – collisional settings; C – extensional settings. Detrital zircon age data
adapted from the (1) Xibekulas Formation (Zhang et al. 2015); (2) Xibekulas Formation (An et al. 2019); (3) Xibekulas Formation (Chen et al. 2013); (4) Xibekulas Formation (Zhang
et al. 2021); (5) Baogutu Formation (Zhang et al. 2021); (6) Telegula Formation (Zhang, P. et al. 2018); (7) Telegula Formation (Choulet et al. 2012b); (8) Telegula Formation (Zhang,
P. et al. 2018); and S8-4, S9-3 (this study).

Table 4. Heavy mineral classifications and characteristics of the upper Carboniferous samples from Hala’alat Mountain

Formation
Main minerals
(>10 %)

Secondary minerals
(1–10 %) Minor minerals (≤1 %) Parent rock properties

C2a Leucoxene, Cr-spinel Apatite, zircon Garnet, hornblende Mainly intermediate-basic igneous rocks followed by
intermediate-acidic igneous rocks

C2h Epidote, ilmenite,
magnetite

Hornblende, chromite,
pyroxene

Garnet, zircon, apatite,
epidote

Mainly intermediate-basic igneous rocks followed by
intermediate-acidic igneous rocks
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zircon age distribution in the sedimentary area has a certain indica-
tive value for the tectonic evolutionary history. Based on the analy-
sis, the source regions of the HLM–ZRM area migrated
northeastwards from the Barleik Mountain area to the
Xiemisitai Mountain area from early to late Carboniferous times
(Fig. 8). This migration may be related to the regional tectonic
activities in the same period: as the residual ocean basin was gradu-
ally filled, the Carboniferous seawater in the middle of West
Junggar retreated from southwest to northeast to the HLM area,
and the depocentre also migrated from south to north and from
west to east; these processes are almost consistent with research
results reported by Zong et al. (2014), Gong & Zong (2015),
Liao et al. (2015) and Zhang et al. (2015).

7. Conclusions

Through provenance analysis, this study determined the parent
rock properties and age composition of the upper Carboniferous
sedimentary strata in the HLM area, thereby providing a basis
for further characterizing the sediment transport path and tectonic
sequence – sedimentary response and evolutionary history of the
whole Junggar Basin.

(1) To determine the timing for the formation of upper
Carboniferous strata in the Hala’alat Mountain area,
YC1σ(2þ) age is selected to evaluate the MDA. The
Hala’alat and Aladeyikesai formations sandstones show
YC1σ(2þ) ages of 314.6 ± 1.54 Ma and 330.8 ± 0.61 Ma,
respectively. The U–Pb age derived from the Aladeyikesai
Formation is greater than that of the underlying Hala’alat
Formation, so it cannot be used to constrain the MDA.

(2) The sandstone petrology of the Hala’alat Formation sandstone
onHLM reveals that its provenance is proximal to the deposits,
including angular to subangular grains, rich volcanic lithic
fragments, and an immature to submature composition and
texture. The main heavy minerals include magnetite, epidote,

ilmenite and hornblende. It is likely that the primary parent
rocks are mainly intermediate-basic igneous rocks, and the
minor parent rocks are local intermediate-acidic igneous
rocks. The zircon age spectrum has only one main peak
(330Ma), indicating that the sediments mainly came from
the early Carboniferous intermediate-acidic effusive rocks of
the BCA, and the secondary sources were the early
Carboniferous intermediate-acidic igneous rocks distributed
in the DTMB and the early Carboniferous island arc in the
basin. In addition, a few detrital fragments might originate
from the ZhSA.

(3) The petrological characteristics of the Aladeyikesai Formation
sandstone are similar to those of the Hala’alat Formation, indi-
cating that the formations both had proximal sedimentation.
The heavymineral assemblage is leucoxene–Cr-spinel–apatite.
It is likely that the parent rocks weremainly intermediate-basic
igneous rocks, followed by intermediate-acidic igneous rocks.
The main peak value of the zircon age spectrum is 331Ma, and
the sandstone likely inherited the provenance system of the
Hala’alat Formation. Several secondary peaks at 370–
344Ma, 427–404Ma and 478–476Ma indicate that they
may have come from the late Devonian – early
Carboniferous igneous rocks in the DTMB, the Silurian–
Devonian intermediate-acidic igneous rocks from the BCA
and the Ordovician KHOMB, respectively.

(4) The provenance of the upper Carboniferous Hala’alat
Formation in the HLM–ZRM area is generally singular, while
the provenance system of the Aladeyikesai Formation has a
certain inheritance. Moreover, the closure of the Junggar
Ocean during late Carboniferous time caused the older strata
in the BCA and the DTMB to be uplifted to the surface and
denuded. Also, the provenance area extends northwards to
the KHOMB.

(5) From early Carboniferous to late Carboniferous times, the
potential source areas in the HLM–ZRM area migrated north-
eastwards from the Barleik Mountain area to the Xiemisitai

Fig. 8. (Colour online) Schematic map of potential Carboniferous source areas in the Hala’alat–Zaire mountains area showing that the source regions migrated northeastwards
from the Barleik Mountain area to the Xiemisitai Mountain area from the (a) early to (b) late Carboniferous period. Note: The West Junggar terrane is subdivided into northern,
central and southern parts in different colours. The northern West Junggar comprises the ZhSA, KHOMB and BCA. The tectonic boundaries are simplified from Figure 1. The
samples are from the DTMB (see data sources in Fig. 7). The capital letters indicate the potential parent rock ages in each tectonic unit.
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Mountain area, which may be related to the tectonic activities
in the same period. As the residual ocean basin was gradually
filled, the Carboniferous seawater in the middle of West
Junggar retreated from southwest to northeast to the HLM
area, and the depocentre also moved from south to north
and from west to east.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S0016756822000735
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Appendix.: LA-ICP-MS U–Pb analytical techniques

Laser sampling was performed using a RESOlution S155-LR
193 nm laser ablation system coupled to an Agilent 7900 ICP-
MS. The laser spot size was 40 μm in diameter, the shot frequency
was 5 Hz and the energy density was 6 J cm−2. The ablated materi-
als were conveyed into the ICP-MS by a stream of high-purity
helium gas with a flux of 280 mL min−1. The sampling method
was single-point ablation, and the data acquisition mode was peak
jumping (20 ms per isotope for each cycle). The procedure for

individual analysis included 10 seconds for the blank, 40 seconds
for ablation and 20 seconds for flush. Raw count rates were mea-
sured for 29Si, 204Pb, 206Pb, 207Pb, 208Pb, 232Th and 238U. Element
concentrations were calibrated by NIST 610 glass and 29Si as the
external and internal standards, respectively. Zircon GJ-1 was uti-
lized as the external standard for correction of U–Pb isotope frac-
tionation effects. In addition, Plešovice was used as a secondary
standard to monitor the deviation of age. During the analyses,
GJ-1 zircon samples were measured twice every eight analyses
to correct for instrument drift, Plešovice zircons were measured
once every eight analyses to assess the quality of the analyses,
and SRM 610 was measured once every eight analyses.

The standard deviation of isotopic ratios and ages of individual
analysis points was 1σ, and the weighted average age was 2σ.
Analytical details for age and trace and rare earth element deter-
minations of zircons are reported in Yuan et al. (2004).

Zircon ages younger than c. 1000 Ma are based on 206Pb/238U
ratios, and older ages are based on 207Pb/206Pb ratios. The concord-
ance is defined as 100 % × (206Pb–238U age)/(207Pb–235U age) for
the former analyses and 100 % × (206Pb–238U age)/(207Pb–206Pb
age) for the latter. For the detrital zircons, individual analyses with
concordant percentages higher than 90 % were chosen for
calculation.
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