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Abstract: Detrital-zircon U-Pb geochronology is extensively used to imply provenance histories as
one of the most common methods to constrain the tectonic evolution of ancient sedimentary systems.
The rapid accumulation of detrital-zircon thermochronology data in the eastern Tien Shan region
brought great convenience for understanding the basin-mountain evolution in the region. In this
work, 41 samples for zircon U-Pb dating from the Jurassic—Cretaceous strata of the Turpan-Hami
basin and its adjacent region were compiled. Based on the systematic investigation, comparison,
and summarization of Late Mesozoic sources in the eastern Tien Shan region and the quantitative
characterization of source variations, we further explored and dissected the Late Mesozoic tectonic
evolution of the eastern Tien Shan orogenic belt. Data from detrital-zircon age spectra, KS tests, MDS
plots, Monte Carlo simulations, etc., suggested that eastern Tien Shan was also highly active during
the Mesozoic, and especially, Bogda was the most remarkable. Moreover, there was a sig-nificant
differential segmental exhumation before the Late Jurassic. In general, from the Early Ju-rassic to
the Cretaceous, the proportion of Bogda provenance gradually increased, especially the large-scale
uplift and denudation that occurred after the development of the Qigu Formation. The provenance of
central Tien Shan and Jueluotag gradually stabilized before the Cretaceous. From the Late Jurassic to
the Cretaceous, the decreasing tendency of the central-Tien-Shan-provenance percentages decreased,
while that of Jueluotag provenance increased. Furthermore, central Tien Shan provenance had
a slightly growing trend from the Early Jurassic (38%) to the Middle Jurassic (41.3%) and then
gradually decreased to 20.3%. The Central Tien Shan still accounted for a sizeable proportion of the
provenance, the genesis of which suggests that it may be that provenance as-cribable to central Tien
Shan still crossed the poorly uplifted Jueluotag to the Turpan-Hami basin. Similar to central Tien
Shan, the provenance ascribable to Jueluotag gradually decreased from an initial 51.8% to 14.9% in
the Late Jurassic, but the proportion of the provenance increased again to 26% during the Cretaceous.
These features opened the prelude to the Cenozoic tectonic activities in this region. In addition,
the decomposition results revealed that the inverse Monte Carlo mixed model for dissecting the
provenance of sandstone samples was subject to large biases in complex geological settings, such
as detrital-zircon populations, the age spectra of source areas, contempo-raneous magmatism, and
recovered older strata.

Keywords: detrital-zircon U-Pb; Jurassic—Cretaceous; Bogda; Turpan-Hami basin; provenance;
tectonic evolution

1. Introduction

Detrital-zircon U-Pb dating is extensively used in tectonic geology, sedimentary ge-
ology, and geomorphology [1,2]. Because of their refractory nature, zircons survive most
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erosion and weathering processes and remain chemically intact; thus, they provide a con-
tinuous record of sedimentary—tectonic evolution history where sedimentary-strata records
fail [1]. The precise U-Pb analysis of sandstone allows the detrital-zircon ages to be matched
to the crystallization ages of potential sources, which can be regarded as valuable indicators
of potential provenance. Although the sources of detrital-zircon age groups are not unique
and convergence may bring together different detrital-zircon assemblages from multiple
separate primary and/or regenerated secondary sources, it is practical and necessary for
the interpretation of sources, and it offers new opportunities for provenance studies and
paleogeographic reconstructions [3-5]. With the development of high-precision methods
for zircon age dating, such as laser-ablation-induced coupled-plasma mass spectrome-
try and sensitive high-resolution ion microprobing, the transition to more quantitative
methods has gradually begun over the last 20 years, with a wide range of applications in
the interpreting of provenance [6-8]. However, with the accumulation of large amounts
of detrital-zircon data, convenience can be combined with trouble; this number of data
presents challenges for its management, visualization, and interpretation [6], especially
when there are inconsistencies among the data. In this case, we need to review these data
in a holistic, integrated view. Noteworthy, the differences in the age frequency distribu-
tions of the samples are normally assessed qualitatively with visual comparisons, such
as probability density plots (PDPs), cumulative-distribution functions (CDFs), CDF—cross
plots, or kernel density estimates (KDEs); these are and could continue to be foundational
for detrital-zircon data interpretation and research.

However, these visualization methods are becoming increasingly problematic due to
the size of the sample population. Although large datasets are essential for continental-scale
or high-resolution comparisons, the interpretation of these large datasets often relies on the
visual comparisons of full-page or multi-page age-distribution plots. Early interpretation
methods of detrital age distributions rely on a qualitative comparison based on the presence
or absence of characteristic source populations for a given geologic setting. Visual inspec-
tion also prevents the quantitative comparisons of samples, hampering the application of
forwarding mixed models and increasing the potential for subjectivity or approximation
in interpretation. The increasing size of such datasets has resulted in a growing desire
for a more robust characterization of differences. Methodologies have been successfully
employed thus far, including quantifying the source mixing proportions (e.g., optimized
forward modeling) [8,9] and the multidimensional scaling (MDS) approach [6].

Situated along the southern margin of the Central Asian Orogenic Belt (CAOB), Tien
Shan is one of the largest Paleozoic accretionary orogens in the world (Figure 1a) [10-15].
The Tien Shan orogen underwent complex tectonic evolution from the Paleozoic [16-19]. It
is generally accepted that the Paleozoic Tien Shan orogenic belt was reactivated during the
Cenozoic [20-22]. However, recent studies suggested that the Tien Shan was also highly
active during the Mesozoic [23-27]. Apparently, the interpretations of the activeness of the
Tien Shan orogenic belt in the Mesozoic are controversial, especially for Bogda.

The Bogda belt, an essential branch of Tien Shan, separates the Junggar basin from
the Turpan-Hami basin (Figure 1b). The Jurassic-Cretaceous basin-range systems between
Bogda and its adjacent basins are crucial for our knowledge of the Mesozoic activeness of
the Tien Shan orogenic belt [26,28]. Numerous studies revealed the Early Jurassic-Early
Cretaceous exhumation history of the Bogda based on sedimentology, petrology, paleocur-
rent, heavy minerals, fission-track analyses, and detrital-zircon U-Pb dating [29-34], but
no consensus was reached. According to the results from sedimentary phases, sediment
composition, paleocurrents, regional unconformities, and statistical analyses, several re-
searchers proposed an Early Jurassic uplift of Bogda [24,29-36]. However, regarding the
sedimentary successions in the Badaowan Formation, data from detrital-zircon dating and
heavy-mineral analyses indicated that Bogda did not experience any uplift during the Early
Jurassic [25,37,38]. There is no doubt that there is no consensus on the onset time of the
Bogda uplift. Moreover, in accordance with the reconstruction of the Permian—Jurassic
source-sink system in the southern Junggar basin, Zhao et al. (2020) concluded that the
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eastern Bogda did not experience an uplift after the Middle Jurassic. However, heavy-
mineral and detrital-zircon dating suggested that eastern Bogda began to experience an
uplift after the Late Jurassic [26] and that an intense uplift of Bogda occurred during the
Late Jurassic-Early Cretaceous [39-44].
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Figure 1. (a) Tectonic location of the Central Asian Orogenic Belt, modified from [33]; (b) digital
topographical map of Tien Shan and its adjacent areas; (c) Geological map of eastern Tien Shan
and location of detrital-zircon U-Pb-dating study samples, modified from [24]. Abbreviations:
WNTS = Western—North Tien Shan; WCTS = Western—Central Tien Shan; WSTS = Western—South
Tien Shan; ENTS = Eastern—North Tien Shan; ECTS = Eastern—central Tien Shan; ESTS = Eastern—
South Tien Shan.

Meanwhile, considerable work was finalized with respect to the tectonism that oc-
curred in the Late Mesozoic in the eastern Tien Shan region, such that a significant number
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of chronological data was duly accumulated. However, the contradiction remains among
the time of the uplift deduced from thermochronology analyses, the times confined with
sedimentological methods, and the times determined using heavy minerals. In addition,
the spatial and temporal comparisons in the previous analyses of zircon data from the
Bogda region are relatively weak, and the conclusions explored are influenced by the
regional features of the study region to various degrees. For these reasons, it is necessary to
conduct more detailed work and utilize more effective methods to comprehend the tectonic
and provenance evolution of the Bogda region from the Early Jurassic to the Cretaceous.
In this work, we collected the Jurassic—Cretaceous detrital-zircon U-Pb results obtained
from samples that came from the western section of northern Tien Shan, northwestern
Bogda, southern Bogda, and the interior of the Tupan-Hami basin to constrain the sources of
the Tupan-Hami-basin sediments in the context of the tectonic setting and the paleoclimatic
and sedimentary facies of eastern Tien Shan at this time. Here, we characterized sample—
sample and provenance-sample affinities and spatial-temporal provenance variations
predominantly using statistics (KS tests), multidimensional scaling (MDS), and detrital-
zircon mixed methods. Using these methods, we obtained and we here present a relatively
comprehensive overview of the tectonic evolution of eastern Tien Shan and the provenance
transition processes in the Tupan-Hami basin. At the same time, we examined the feasibility
of the inverse Monte Carlo mixed model for dissecting sandstone samples’ provenance.

2. Geological Setting
2.1. Regional Geological Setting and Potential Sources

The Central Asian Orogenic Belt (CAOB), delimited by the European Craton to the
west, the Siberian Craton to the east, and the Tarim Craton and the North China Craton
to the south (Figure 1a) [11,12,45,46], is a large accretionary orogenic belt that records the
subduction and closure of the Paleo-Asian Ocean [10-15]. Most researchers propose that
the CAOB was formed during the Paleozoic by the multiple convergence and accretion of
various oceanic and continental terranes (Figure 1a) [11,45,47-53]. The Tien Shan orogenic
belt, as an essential component of the southwestern CAOB system [12,19,47,52-54], extends
approximately 2500 km nearly east-west, reaching from northwest China to Kazakhstan,
Kyrgyzstan, and Tajikistan [12,19,55]. The majestic landscapes of Tien Shan were mainly
formed as a result of the Cenozoic Indian-Eurasian collision orogeny [36,56-58], inducing
the renewed folding orogeny and rapid uplift of the Paleozoic orogenic belt formed by the
closure of the Paleo-Asian Ocean [11,16,49,54,57].

The Chinese Tien Shan orogen, an essential component of the Tien Shan orogen, is
situated in Northern China’s Xinjiang Uyghur Autonomous Region. It can be roughly
divided into eastern and western geographical units along the Urumgqi—Kurla transect in
northern Xinjiang. Tectonically, the Tien Shan orogenic belt can be subdivided into the
southern, central, and northern Tien Shan orogens (Figure 1b,c), which are bounded by
suture zones and deep faults (Figure 1c) [59].

Northern Tien Shan refers to the region between the Kalamaili fault to the north and
the Weiya fault to the south, which contains several tectonic belts around the Turpan-Hami
basin, such as the Bogda and the Harlik belts to the north and the Jueluotag belt to the
south [19,54]. The Bogda belt is situated between the Junggar and the Turpan-Hami basins
and is dominated by Carboniferous strata, including Lower Carboniferous marine volcanic
felsic tuffs, tuffaceous sandstones, and volcanic lava, and Upper Carboniferous shallow
marine tuffs, and clastic deposits, with submarine basalt, andesite, rhyolite, and felsic
tuffs [60-62]. The Permian-Mesozoic sedimentary strata are discontinuously distributed
along the piedmont of the Bogda belt, consisting of Lower Permian terrestrial clastic
sediments and bimodal volcanic lava, and Middle Permian—Mesozoic terrestrial clastic
sediments [35,61,62], and no pre-Carboniferous strata are exposed [23,25,33,63]. In brief,
intense Late Paleozoic magmatism occurred in Bogda, lasting from 345 to 278 Ma [64].

Jueluotag is further subdivided from south to north by the Yamansu and Kanggar
faults in the Yamansu belt, the Kanggar shear zone, and the Dananhu belt [19,54,65]. The
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Yamansu belt predominantly consists of Carboniferous volcanic rocks, including basalt,
andesite, and minor rhyolite interbedded with clastic sediments [54,66]. Greenschists and
ductile deformed Devonian—Carboniferous volcanic sedimentary rocks are mainly found in
the southern part of the Kanggar shear zone, while ophiolitic fragments primarily dominate
in the northern part [67,68]. The Dananhu belt mainly consists of Ordovician-Silurian
marine clasts and tuffs with minor limestone and basalt; Devonian basaltic—feldspathic
volcanic rocks and volcanic clastic rocks; Carboniferous basalt, basaltic andesite, and
rhyolite, with minor sandstone and tuffs; and Permian intercalated basalt, andesite, and
rhyolite clasts [54,69].

The Harlik belt is interpreted as an Ordovician-Late Carboniferous continental island
arc that is ascribed to the southward subduction of the Karamay Ocean [54,70,71] or
the northward subduction of the North Tien Shan Ocean [65]. The oldest stratum in the
Harlik belt is the Late Ordovician—Early Silurian Huangcaopo Formation, mainly consisting
of felsic volcanic rocks, marine metamorphic clastic rocks, volcanic clastic sedimentary
rocks, volcanic clastic rocks, and accessory dacite [70,72]. Devonian strata consist of
volcanic clastic rocks, arc-associated long-interstitial volcanic rocks, and marine clastic
rocks [71,73]. The Harlik belt and the Dananhu belt have similar stratigraphic sequences
and rock assemblages [54]. In summary, Paleozoic intrusive and eruptive magmatism ages
of 460-260 Ma are widespread in Jueluotag [54,59,74].

Central Tien Shan mainly consists of Precambrian basement and Paleozoic volcanic
sedimentary rocks and is thus regarded as a Precambrian micro-continent [75-77]. Pre-
cambrian basement rocks underwent upper-greenschist-amphibole-facies metamorphism
accompanied with major magmatism values of ~2.5, ~1.8, and ~1.45-0.65 Ga [77], and
Paleozoic strata are dominated by Cambrian-Carboniferous greenschist, slate, limestone,
and volcanic-siliceous clastic rocks. Paleozoic plutons are widely exposed [78], with crys-
tallization ages ranging from 500 to 250 Ma [74,78]. In addition, the reactivation of Early
Mesozoic magmatic events (crystallization ages ~250-223 Ma) was detected in central and
northern Tien Shan [65].

Southern Tien Shan, a broad suture zone formed by the closure of the South Tien Shan
Ocean between central Tien Shan and the Tarim Craton, is characterized by well-preserved
ophiolite [18,54,79]. The unit is dominated by low-medium-grade and unaltered sequences
of Silurian—-Carboniferous ages, as well as discontinuous ophiolite fragments, high-pressure
metamorphic rocks, and sepiolite [19,54,79].

2.2. The Turpan-Hami Basin

The Turpan-Hami basin (Figure 1c), also referred to as the Tuha basin in China [29,42],
an elongated intra-montane basin approximately 500 km long from east to west and
nearly 100 km wide from north to south within northern Tien Shan, contains non-marine
Meso-Cenozoic infill. It is situated on a substrate of Ordovician-Lower Carboniferous
metamorphic sedimentary rocks and marine crustal fragments [80] and is enriched with a
variety of mineral resources, such as oil, gas, coal, and uranium [34,81,82].

Predecessors have carried out numerous studies on the Turpan-Hami basin, but there
are different schools of thought in terms of basin basement and evolution. Although most
previous studies emphasize that the basin was formed in the Early Permian [83], some
studies argue that it developed as an intra-land rift during the Carboniferous [84,85]. Early
Permian magmatism in and around Bogda implies that the Turpan-Hami basin was formed
in an extensional setting, with the existence of a larger Turpan-Junggar basin [86,87], later
separated from the Junggar basin by the uplift of Bogda during the Jurassic [32,88]. The
evolution of the Turpan-Hami basin from a Permian intra-land basin to a Cenozoic foreland
basin may have been a consequence of the far-field effects of the Indian-Eurasian collision,
and the Jurassic subsidence was caused by extensional tectonics [16,86,89]. The Turpan-
Hami basin consists of the Turpan subbasin, the Liaodun uplift, and the Hami subbasin.
The sedimentary sequences of the Turpan-Hami basin mainly developed in the Turpan
and Hami subbasins, while the Liaodun uplift only partially deposited in the Lower and
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Middle Jurassic [34,83]. Basin infill and subsequent cover, ranging from Carboniferous to
Quaternary sediments, have an overall thickness of more than 9000 m [90,91].

The Jurassic—Cretaceous strata of the Turpan-Hami basin consist of the Lower Jurassic
Badaowan and Sangonghe Formations; the Middle Jurassic Xishanyao, Sanjianfang, and
Qiketai Formations; the Upper Jurassic Kalaza Formation; the Early Cretaceous Tugulu
Group; and the Late Cretaceous Kumutake Formation. Those in the southern margin of the
Junggar basin are composed of the Early Jurassic Badaowan and Sangonghe Formations,
the Middle Jurassic Xishanyao and Toutunhe Formations, and the Upper Jurassic Qigu and
Kalaza Formations, as well as the Early Cretaceous Tugulu Group and the Upper Creta-
ceous Kumutake Formation (Figure 2). Thick coal seams interbedded with coarse-grained
clastic rocks characterize the Badaowan Formation; the Sangonghe Formation is typically
composed of fine-grained clastic rocks and locally intercalated with non-marine limestones;
the Xishanyao Formation consists of sandstones, siltstones, mudstones, and thick coal
seams; the Sanjianfang Formation is mainly composed of red, sandy mudstones; the Qike-
tai Formation consists of yellowish-green sandstones and siltstones with bivalves; the Qigu
Formation consists of purple, sandy mudstones with ostracods, and purple sandstones hav-
ing intercalations of sandy mudstones dominate the Kalaza Formation [34,91]; the Tugulu
Group is mainly composed of gray-black, gray-green, and purplish-red mudstones and is
locally interbedded with gray siltstones; the Kumutake Formation is principally composed
of thick-bedded gray fine sandstone.
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Figure 2. Chronostratigraphic correlation diagram for the Jurassic—Cretaceous strata from the south-
ern Junggar basin, Bogda, and Turpan-Hami basin.

3. Datasets and Analytical Methods
3.1. Datasets

In this study, we collected published detrital-zircon U-Pb data of the eastern Tien Shan
region, including 8 Early Jurassic samples (7 from the Badaowan Formation and 1 from
the Sangonghe Formation), 13 Middle Jurassic samples (6 from the Xishanyao Formation,
4 from the Toutunhe Formation, 1 from the Sanjianfang Formation, and 2 from the Qiketai
Formation), 8 Late Jurassic samples (7 from the Qigu Formation and 1 from the Kalaza
Formation), and 11 Cretaceous samples (9 from the Lower Cretaceous and 2 from the
Upper Cretaceous) (Table 1). In this study, one Cretaceous Tugulu group sandstone sample
(sample SC1-1) was collected from Well SC1 in the southern Turpan-Hami basin (Table 1).
The position details of Well SC1 are shown in Figures 1c and 3.
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Table 1. Summary of samples statistics (data from [23-26,33,35,43,63] and this study). See
Figures 1c and 3 for details of the locations.

Sample Stratigraphic Unit Formation Latitude (N) Longitude (W) Type Reference
LMQ-04 Kox Kumutake 42°50'23.41" 89°52/37.14" Outcrop [24]
XJ10-015 Koq Donggou / / Outcrop [63]
PM55-15 Kia2 Daihaidao 42°43/34.29" 92°30/39.24" Outcrop [43]
PM63-19 Kigq1 Daihaidao 42°44'02.75" 92°35'49.65” Outcrop [43]
PM63-18 Kig1 Daihaidao 42°44/02.75" 92°3549.65" Outcrop [43]
PM63-9 Kia1 Daihaidao 42°44'02.75" 92°35'49.65" Outcrop [43]
PM63-6 Kia Daihaidao 42°44/02.75" 92°35/49.65" Outcrop [43]
PM54-3 Ky Liushuquan 42°43'34.29" 92°30'39.24” Outcrop [43]
XJ10-016 Kitg Tugulu / / Outcrop [63]
SC1-1 Kig Tugulu 42°52/56" 90°32'7" Drill hole This study
Tou-08 Kigg Tugulu 43°47'51.12" 87°16/39.9" Outcrop [24]
LMQ-03 Kltg Tugulu 42°49'56.63" 89°52/06.60” Outcrop [24]
Tou-07 T3k Kalaza 43°47'0.84" 87°12/8.28" Outcrop [23]
LMQ-02 ]3q Qigu 42°49'49.24" 89°51/28.20” Outcrop [24]
QQH-08 Iaq Qigu 43°10'20.43" 89°23/58.88" Outcrop [24]
Tou-06 Iaq Qigu 43°47'0.84" 87°15'49.38" Outcrop [23]
XJ09-100 Jaq Qigu / / Outcrop [63]
TS12-110 Jaq Qigu / / Outcrop [35]
ZKDO001 I3q Qigu 42°40'35.05” 92°24'03.44” Drill hole [43]
55001 Tiq Qigu 42°56'56.89" 90°32'13.97" Drill hole [43]
LMQ-01 ]2-3q Qiketai 42°49'46.98" 89°51/25.76" Outcrop [24]
QQH-07 J2-3q Qiketai 43°10'18.12" 89°23'52.75" Outcrop [24]
Tou-05 Jo-3t Toutunhe 43°43'59.88" 87°13'18.84" Outcrop [23]
XJ10-018 Jot Toutunhe / / Outcrop [63]
SS003 Tt Toutunhe 42°57°45.73" 90°32722.31" Outcrop [43]
J]s-54 Joe Toutunhe 43°58/55.52" 87°52/08.85" Outcrop [25]
QQH-06 Jo-3s Sanjianfang 43°09'53.81"” 89°24'17.50" Outcrop [24]
JDW-6 Jox Xishanyao 43°54/40.09" 87°40/38.47" Outcrop [26]
JDW-3 Jox Xishanyao 43°54'35.94" 87°40/38.28" Outcrop [26]
TS12-88 Jox Xishanyao / / Outcrop [35]
Tou-04 Jox Xishanyao 43°43/33.18" 87°16'51.00” Outcrop [23]
WGL-03 Jox Xishanyao 44°04'02" 88°12/11" Outcrop [26]
QQH-05 Jox Xishanyao 43°09'50.34" 89°23'40.56" Outcrop [24]
Hao-03 T1s Sangonghe 43°40'58.86" 87°12/8.28" Outcrop [23]
JJS-51 T1b Badaowan 43°57'16.62" 87°54'16.29" Outcrop [25]
Hao-02 J1b Badaowan 43°39'21.9" 87°13/2.04” Outcrop [23]
TS12-86 J1b Badaowan / / Outcrop [35]
JJS-13 T1b Badaowan 43°57'23" 87°56'10" Outcrop [25]
SXG-6 Jib Badaowan 43°55/51.34" 89°01'33.82" Outcrop [25]
JJS-12 Tib Badaowan 44°04'33.00" 88°24/03.74" Outcrop [25]
XJ09-097 Jib Badaowan / / Outcrop [63]
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Figure 3. Geographic location of detrital-zircon samples and the apatite-fission-track age-distribution
characteristics in the Turpan-Hami basin and its adjacent areas (the ages were obtained from [37,92-101]
and references therein).
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3.2. Analytical Methods

In this research study, to visually compare the differences in the age distributions of
the contemporaneous detrital-zircon samples, the data were first plotted with the MATLAB-
based stacked distribution plotter module in AgeCalcML-1.42, DZmds-1.10, to produce
kernel density distribution (KDE) plots for each period time and conduct the multidimen-
sional scaling (MDS) of all the samples [8]. MDS is used to calculate significant differences
between pairs of samples to generate point plots, where the more similar two samples are
to each other on the plot, the closer the distance is; conversely, the further away they are [6].

Subsequently, in attempting to quantify the similarity between the age distributions of
detrital zircons, Kolmogorov-Smirnov (K-S) tests were performed on the detrital-zircon age
data from various epochs using statistical methods [102]. KS testing is used to convert the
detrital-zircon probability spectra into a cumulative-density arrangement and statistically
compare the maximum difference between two cumulative-density functions. The under-
lying criterion for the KS test is the p-value; in general, when p > 0.05, the two samples
are similar, and a confidence level of >95% exists; when p-value < 0.5, the two samples are
significantly different.

To derive a mixed proportion of source contributions, a recently released MATLAB-
based inverse Monte Carlo method was also employed [8]. By constructing a random
distribution of known source ages to compare them with the corresponding individual
mixed-zircon-sample ages, this technique can be used to constrain the forward-optimization
route to find the best-fitting model. We then determined the proportional contribution of
the source area to each of the tested mixed samples. The quantitative comparison methods
used in the mixed model (KS D, Kuiper V, and Cross-correlation) gave broadly similar
results based on tests involving both synthetic and empirical data. Each method reproduced
the proportion of the mixture of source age distributions from simple and complex synthetic
data with a high degree of confidence. Sundell and Saylor’s sensitivity tests on complex
synthetic data indicated that the mixed model could sample the full range of source-sample
weightings and yield sample age distributions as CDFs and PDPs with similar known
distributions. A poor model fit was attributed to the inadequate characterization of the
source and/or mixing samples. Given that samples SXG-6, JJS-12, and JJS-13 shared the
same major age peaks, we merged their original data as one input to DZ-mix-1.21. Detailed
information on the inverse Monte Carlo method is provided in Sundell and Saylor [7].

4. Results

This study analyzed one sandstone sample collected at well SC1 in the Turpan-Hami
basin, with 108 zircon grains in total. Among the collected data, we obtained 107 detrital-
zircon ages with concordances ranging from 90% to 110%. The zircon U-Pb concordia
plots and representative cathodoluminescence images of the analyzed grains are presented.
The isotopic information and ages obtained with all analyses are listed in Supplementary
Materials Table S1. In addition, we processed and introduced the new and collected sam-
ple data to a uniform standard. The accepted ages were selected from a subset of both
<10% discordance and <10% uncertainty (10), wherein the 206pp /238 and 2%7Pb /206Pb
ages were adopted for zircons younger and older than 1 Ga, respectively. Therefore, we
removed discordant ages from our own data and those collected from references, and
all data are listed in Supplementary Materials Table S2. The concordance was calcu-
lated as follows: 100 x (2%Pb/207Pb age)/ (206pp /238y age) for ages older than 1 Ga, and
100 x (207Pb /235U age)/(*%Pb /23U age) for ages younger than 1 Ga.

4.1. Zircon Morphology, Origin, and U-Pb Ages

The zircon grains analyzed in sample SC1-1 were larger (mostly 100-200 um) and
had more prismatic grains with aspect ratios as high as 3:1 (Figure 4a). The zircon grains
showed poor roundness and more angularity, implying short-distance transport. The CL
images revealed (Figure 4a) that most zircon grains showed the fine oscillatory zoning
typical of growth in a magmatic environment. On the other hand, some zircons with
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inherited cores showed a variable CL response, which is commonly associated with one or
more overgrowths. Th/U ratios along with CL images are widely used to determine zircon
origin. All zircon grains in this study had a Th/U ratio greater than 0.1 (Figure 4b), which
is typical of a magmatic origin.
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Figure 4. (a) Representative cathodoluminescence images of analyzed grains, (b) plots of Th/U ratios
versus U-Pb ages of concordant detrital zircons, (c) zircon U-Pb concordia plots, (d) inverse concordia
diagrams (Tera—Wasserburg), and (e) detrital-zircon kernel density estimate (KDE) diagrams.

Sample SC1-1 was obtained from the Tugulu Group. It is evident from the traditional
concordance diagram, the Tera—Wasserburg concordance diagram, and Supplementary
Table S1 that 107 (99%) of the 108 analyzed grains were concordant, with a high degree of
concordance (Figure 4c,d). The U-Pb ages ranged from 164.5 &= 4.3 Ma to 2494.8 & 35.5 Ma,
with ages being primarily concentrated in the Ordovician—Permian. The kernel density
estimates of the data exhibited a typical multi-peak age distribution, with three major age
peaks at 280.2 Ma and 318 Ma and subordinate peak spectral ages of 454.5 Ma and 164.5 Ma
(Figure 4c—e).

4.2. Statistical Comparisons

We could infer the source-sink relationship among the Tupan-Hami and Junggar
basins, and the surrounding mountain belts by systematically comparing the detrital-zircon
datasets collected from the Late Mesozoic samples in eastern Tien Shan with the reported
ages of potential source terranes.

4.2.1. Early Jurassic

Samples JJS-12, JJS-13, and SXG-6 from the Badaowan Formation, along the northern
piedmont of the western segment of Bogda, had similar age-distribution patterns and
showed Carboniferous, Permian, and pre-Carboniferous peaks, as well as high p-values
in the KS tests, 0.950, 1, and 0.957, respectively (Figures 5 and 6), and short distances in
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Lower Jurassic

the multidimensional distribution (Figure 7). Therefore, the three samples had similar
sources. Sample TS12-86 from the northwest piedmont of Bogda, and Hao-02 and XJ09-097
from the western part of northern Tien Shan had similar age kernel density distributions,
with the Carboniferous being the major age peak. In contrast, the Hao-02 sample from the
Toutunhe section had a greater proportion of Carboniferous zircon ages than the TS12-86
and XJ09-097 samples (Figure 5). The pre-Carboniferous zircon ages were nearly identical
between samples TS12-86 and X]J09-097, and the closer proximity and high p-value (0.606)
were evidence of the same source (Figures 6 and 7).
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Figure 5. Relative probability map of U-Pb ages of Early Jurassic detrital zircons (data
from [23,25,33,35,63]); for map locations, see Figures 1c and 3. Age spectra of potential-source-area
features (data from [64,65,68,74] and references therein).
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JJS-13  JJS-12  SXG-6 Hao-02 Hao-03 TS12-86 JJS-51 XJ09-097 Jueluotag CTS Bogda
7Is-13 B 0950  1.000  0.000  0.001  0.039 0.001  0.000 0.003  0.000  0.002
JUs-12 0950 B 0957  0.000  0.001  0.408 0.023  0.009 0.075 0.000  0.018
SXG-6  1.000  0.957 0.000  0.000 0.102 0.003  0.001 0.013  0.000  0.001
Hao-02  0.000  0.000 0.000 M 0.000 0.000 0.000 0.000 0.000  0.000  0.205
Hao-03  0.001  0.001  0.000 0.000 W 0.004 0391  0.049 0.081 0.000  0.000
TS12-86  0.039 0408  0.102  0.000  0.004 M 0.585  0.606 0.162 0.000  0.000
JJS-51  0.001  0.023  0.003  0.000 0391 0.585 F 0.856 0.932  0.000  0.001
XJ09-097  0.000  0.009  0.001  0.000 0.049 0.606 0.85¢ PN 0.628 0.000  0.013
Jueluotag  0.003  0.075  0.013  0.000 0.081 0162 0932 0.628 B 0.000  0.000
CTS 0.000  0.000  0.000  0.000  0.000 0.000 0.000  0.000 0.000 [ 0.000

Bogda  0.002  0.018  0.001  0.205  0.000  0.000 0.001 _ 0.013 0.000  0.000 [N

Figure 6. KS P-values tests for Early Jurassic samples (same derived data as those in Figure 5;
95% confidence that the two groups were not statistically different; p-values had to exceed 0.05;
comparisons between units with p-values greater than 0.05 are highlighted in yellow).
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Figure 7. Multidimensional scaling (MDS) diagram of the study samples (data from [23-26,33,35,43,63-65,68,74,103]
and this study).

Compared with the samples from the Badaowan Formation in the northern and
northwestern piedmont of Bogda and the western section of northern Tien Shan, the
Permian-age percentage of the samples collected from the northern piedmont of Bogda
accounted for a greater proportion (Figure 5). On the contrary, the Permian ages of the
samples from the northwestern piedmont of Bogda and the western section of northern
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Tien Shan were significantly less represented, especially for the samples from the western
section of northern Tien Shan, which were almost negligible (Figure 5).

In other words, there was a shift in provenance between samples from east to west, as
supported by KS tests with high p-values (0.408) for JJS12 and TS12-86 and low p-values (0)
for J]JS12 and Hao-02, as well as the MDS plots, implying the reactivation of early Mesozoic
magmatism in the central Tien Shan region [65] or recycled from Triassic clastic rocks
(Figures 6 and 7) [34]. Sample Hao-02 from the Toutunhe section had a high p-value (0.205)
in the KS test of the Bogda source region, while the rest of the samples had p-values less than
0.05 in the KS test for the Bogda source (Figure 6). The presence of pre-Carboniferous-age
zircons also implied that Bogda did not experience an uplift at this time. The provenance
of the samples from the northern piedmont of Bogda probably came from the Qitai paleo
uplift or central Tien Shan.

Samples from the Sangonghe and the Badaowan Formations had similar kernel density
distributions with Carboniferous-age and Ordovician-age peaks, and the Permian ages
almost disappeared (Figure 5). The Ordovician ages increased at this time, with samples JJS-
51 and Hao-03 being slightly distant from the others in the multidimensional distribution
(Figure 7). High p-values and low p-values were present in the KS tests (0.391, 0.004, etc.;
Figure 6), implying a provenance shift or new current provenance incorporation. This
feature supports the view that Bogda experienced no uplift during the Early Jurassic.

4.2.2. Middle Jurassic

The kernel density distribution differed between the early and late Xishanyao Forma-
tion samples, and sample JDW-3 was dominated by Carboniferous ages, with a sub-peak
of pre-Carboniferous ages. Sample JDW-6 was dominated by Ordovician ages and had
a sub-peak of Carboniferous ages (Figure 8). The KS tests for samples JDW-3 and JDW-6
showed low p-values (0) (Figure 9) and distances in the multidimensional distribution
plot (Figure 7), implying that they had different provenances. Samples JDW-3, WGL-03,
and QQH-05 from the northern and southern piedmonts of Bogda had similar multi-peak
age spectra. However, QQH-05 was dominated by the Permian, with the Ordovician as
the subordinate peak (Figure 8). In the KS tests, WGL-03 and JDW-3 had high p-values
(0.1), while QQH-05 had low p-values with respect to JDW-3 and WGL-03, i.e., 0 and 0.026
(Figure 9). Therefore, we argue that QQH-05 had a provenance different from the other
two samples, and the multidimensional distribution plot had sub-conclusions (Figure 7).

Visually, sample JDW-6 had a kernel density distribution relatively similar to that of
Tou-04; yet, sample Tou-04 also showed a subordinate Permian peak, and JDW-6 had an
increased proportion of Carboniferous zircons (Figure 8). The low p-value (0.021) in the KS
tests and the distances in the multidimensional distribution plot led us to conclude that the
two had different provenances (Figures 7 and 9). Sample TS12-88 from the northwestern
piedmont of Bogda had a Carboniferous unimodal distribution pattern (Figure 8), which
may be a signal of intense uplift in Bogda. It showed a high p-value (0.607) in the KS tests
for Bogda (Figure 9), further confirming that an uplift occurred in the western part of Bogda
during this period and that the Tuha and Junggar basins prototypes began to emerge.

Sample QQH-06 from the Sanjianfang Formation had a distribution pattern like that
of TS12-88. The difference was that sample QQH-06 had a higher proportion of Ordovician
ages (Figure 8). It may have resulted from incorporating a small number of sources
from Jueluotag. The high p-value (0.105) in the KS tests (Figure 9) confirmed that the
Jueluotag source area was ascribable for the provenance of the northern part of the basin.
Sample LMQ-01 from the Qiketai Formation in the Lianmugin section had dominant and
subdominant peaks opposite to those of its contemporaries in the Qiquanhu section, with
a dominant Ordovician peak and a subdominant Permian peak accompanied by a small
number of Precambrian ages (Figure 8), which was mainly attributed to its close position
to the Jueluotag and central Tien Shan source areas, implying a slight uplift in the central
segment of Bogda.
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Middle Jurassic
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Figure 8. Relative probability map of U-Pb ages of Middle Jurassic detrital zircons (data from [23,24,26,33,3543,63]);
for map locations, see Figures 1c and 3. Age spectra of potential-source-area features (data from [64,65,68,74]
and references therein).

OOH-05 WGL-03 JDW-3 JDW-6 Tou-04 TS12-88 SS003 XJ10-018 JJS-54 Jueluotag CTS Bogda
OOH-05 0.026  0.000 0.000 0.000 0.001 0.000 0.000 0.045 0.054  0.000 0.000
WGL-03  0.026 0.100 0.000 0.000 0.000 0.000 0.000 0.015 0.500  0.000 0.000
JDW-3 0.000 0.100 B 0.000 0.000 0.000 0.000 0.000 0.000 0.063  0.000 0.014
JDW-6 0.000  0.000  0.000 0.021  0.000 0.000 0.000 0.000 0.000  0.000 0.000
Tou-04 0.000  0.000 0.000 0.021 0.000 0.000 0.000 0.000  0.000  0.000 0.000
TS12-88  0.001 0.000  0.000 0.000 0.000 0.001  0.000 0.116  0.000  0.000 0.607
SS003 0.000  0.000 0.000 0.000 0.000 0.001 0.016 0214  0.000  0.000 0.000
XJ10-018  0.000 0.000  0.000 0.000 0.000 0.000 0.016 B 0266 0.000  0.000 0.000
11S-54 0.045  0.015 0.000 0.000 0.000 0.116 0214 0266 W 0013  0.000 0.034
Jueluotag  0.054  0.500 0.063 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.000
CTS 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Bogda 0.000  0.000 0.014 0.000 0.000 0.607 0.000 _0.000 0.034 _ 0.000 __0.000

Figure 9. KS p-value tests for Middle Jurassic samples (same derived data as those in Figure 8;
95% confidence that the two groups were not statistically different; p-values had to exceed 0.05;
comparisons between units with p-values greater than 0.05 are highlighted in yellow).
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The kernel-density-distribution patterns differed between the samples from the Toutunhe
and Xishanyao Formations, with samples from the Toutunhe Formation displaying a similar
multimodal distribution pattern, with significant partitioning in the multidimensional
distribution plot (Figures 7 and 8). In addition, Jurassic detrital zircons were present,
implying contemporaneous volcanism at the southern margin of the Junggar basin. Sample
55003 was less Carboniferous in age than other samples from the western part of northern
Tien Shan, primarily due to the onset of an uplift in northern Tien Shan, which prevented
the input of sources from the western part of central Tien Shan.

In contrast, no uplift occurred in the central segment of Bogda, and a weak uplift
possibly occurred in the eastern segment. The appearance of Jurassic ages in the age spectra
of samples from the interior of the basin may have been the result of earlier stratigraphic
recycling (Figure 8) or the possibility that volcanic materials from the southern margin of
the Junggar basin could still be transported into the interior of the Tuha basin, implying
that the uplift of the western segment of Bogda was not active. However, there was a
hindering factor for source transport. The high proportion of pre-Carboniferous ages inside
the basin implied that the uplift was more intense in central Tien Shan and Jueluotag.

4.2.3. Late Jurassic

Samples from the Qigu and Toutunhe Formations, derived from the northwestern
piedmont of Bogda and the western part of northern Tien Shan, had a similar kernel-density-
distribution pattern, featuring Jurassic, Triassic, and pre-Carboniferous peaks (Figure 10).
It can be noticed that the proportion of Jurassic zircons decreased in samples away from
the southern margin of the Junggar basin (XJ09-100). That means that volcanic activity
was still ongoing at the southern margin of the Junggar basin and getting farther away,
with less availability of volcanic materials. In the Qiquanhu section, the age spectrum of
sample QQH-08 was more like those of samples collected from the Qiketai Formation in
this section (Figures 10 and 11). However, there was a slight increase in the proportion of
pre-Carboniferous ages. It may be attributed to more abundant sources in Jueluotag and
in the central segment of Bogda, which was supported by the distance between the two
samples, and Jueluotag and Bogda in the multidimensional distribution plot (Figure 7).
Samples LMQ-02 and LMQ-01 from the Lianmugqin section had almost identical age spectra
and high KS-test values (0.954) (Figure 11). They were closer to the central Tien Shan source
in the multidimensional distribution (Figure 7), implying that the source area was almost
identical for them. The origin may have been central Tien Shan or Bogda.

Samples SS001 and ZKD001, from the eastern and western basin sides, had bimodal
age spectra (Figure 10). However, the eastern side of the basin had a greater proportion
of pre-Carboniferous ages for sample ZKDO001, suggesting a decreasing quantity of Juelu-
otag sources towards the basin’s western side. The samples collected from the Toutunhe
section showed an increased proportion of Carboniferous ages and a lower proportion
of pre-Carboniferous ages during the development of the Kalaza Formation (Figure 10),
confirming that the eastern and western segments of Bogda experienced an uplift in this
period. Sample LMQ-02 showed a lesser Carboniferous age, suggesting that the eastern
section of central Tien Shan could still cross Jueluotag to feed the basin. The lower pro-
portion of zircons of pre-Carboniferous ages in the western part of the northern Tian Shan
samples implied that the northern Tien Shan uplift was intense later, preventing sources
from the western part of central Tien Shan. The KS tests also showed a high p-value (0.229)
for Bogda with respect to SS001, implying that a larger-scale uplift occurred in the central
segment of Bogda.

To summarize, a large-scale uplift occurred in Bogda, with numerous sources being
transported into the basin (Figures 10 and 11). It should not be overlooked that the sample
age spectrum of the basin alone did not show Jurassic ages (Figure 10); this also shows that
Bogda separated the Tuha and Junggar basins.
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Figure 10. Relative probability map of U-Pb ages of detrital zircons from Late-Middle-Jurassic to
Late Jurassic (data from [23,24,35,43,63]); for map locations, see Figures 1c and 3. Age spectra of
potential-source area features (the data from [64,65,68,74] and references therein).
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Figure 11. KS P-value tests for late Middle Jurassic-Late Jurassic samples (same derived data as those
in Figures 8 and 10; 95% confidence that the two groups were not statistically different; p-values had
to exceed 0.05; comparisons between units with p-values greater than 0.05 are highlighted in yellow).
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4.2.4. Cretaceous

The PM series of the Early Cretaceous samples collected at the basin had similar
age-distribution patterns (Figure 12), implying a similar provenance. The KS tests also
displayed that they had high p-values with respect to each other (0.198, 0.825, 0.982, 0.961,
etc.) (Figure 13). The near disappearance of the Precambrian ages (Figure 11) indicated
that central Tien Shan was no longer feeding the basin across Jueluotag, and the KS tests
yielded low quality (0) (Figure 13), further confirming that central Tien Shan was no longer
feeding the basin. In comparison to sample ZKDO001, the decrease in pre-Carboniferous
ages (Figure 12) suggests that the provenance of Jueluotag also decreased. The PM series
of samples had the most significant proportion of Carboniferous ages, with proportions
upwards of 80%.

Cretaceous
/L/\‘__‘\ XJ10-015(K2d)n~99 . : ; ; Dongdatang section
'NL LMQ'EO‘l(K2k)U=ET3 ' Lianmuqin section
/J\/\ XJIO-EOIG(K“g)fl:lOO . X 5 ; Dongdatang section
/\’j\w\ LMQ-03(Kltg)n+47 . . ; ] Lianmugin section
/\/\ SC1-1(K 1tg)n=8D : : : : Well 8C1
/\E_'-j\o\/'\\- Tnu-O:S(Kltg)n:?l ' E ‘ Toutunhe Section
: PM55:15(K1d2)n=86 : : : 3 PM 35 section
PM63r19(K1d1)a=73 | : : ! BRI
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: : PM63:9(K1d1)n=89 PM 63 section
PM63-6(K1d1)n+90 : : : : PM 63 section
PM54-3(K11)n=70 : : : 5 PM 54 section
. Bogdan=45
: . 1810Ma CTS n=368
1214Ma  __1437Ma
Jueluotag n=189
] |

0 200

400

i | 1
600 800 1000 1200 1400 1600 1800 2000
Detrial Zircon Age (Ma)

Figure 12. Relative probability map of U-Pb ages of Cretaceous detrital zircons (data from [24,43,63]
and this study); for map locations, see Figures 1c and 3. Age spectra of potential-source-area features
(data from [64,65,68,74] and references therein).
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PS4 PVI63-PITG3-PIG3- PMO3- PMES-Touo8 sc11 MV xa10-016 M1 1 Jueluotag €TS  Bogda

PM54-3 I 0.198 0.825 0.411 0.715 0.563 0.221 0.693 0.132 0.678 0.000 0.002 0.149 0.000 0.054
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SCI1-1  0.693 0.006 0.077 0.014 0.539 0.030 0.348 J 0.064 0.142 0.000 0.001  0.309 0.000 0.004
LMO-03 0.132 0.015 0.078 0.020 0.074 0.031 0.484 0.064 B 0.147 0.014 0.090 0.009 0.000 0.002
XJ10-016 0.678 0.164 0.527 0.094 0.057 0.160 0.199 0.142 0.147 B 0.000 0.002  0.000 0.000 0.013
LMO-04 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.014 0.000 0.000  0.001  0.000 0.000
XJ10-015 0.002 0.001 0.000 0.001 0.001 0.000 0.032 0.001 0.090 0.002 0.000 JE 0.000 0.000 0.004
Jueluotag 0.149 0.000 0.006 0.000 0.110 0.002 0.010 0.309 0.009 0.000 0.001 0.000 [N 0.000 0.000
CTS  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 N 0.000
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Figure 13. KS P-value tests for Cretaceous samples (same derived data as those in Figure 12; 95% con-
fidence that the two groups were not statistically different; p-values had to exceed 0.05; comparisons
between units with p-values greater than 0.05 are highlighted in yellow).

From the analyses with the KS tests, almost all samples inside the basin had high
p-values with respect to Bogda, i.e., 0.054, 0.058, 0.236, 0.218 and 0.541 (Figure 13). Follow-
ing a visual comparison, the age spectra of the PM series samples were roughly morpho-
logically like those of sample SC1-1. However, SC1-1 showed a more broadly bimodal age
spectrum (Figure 12). Although they had similar sources, this explained the differences
between the SC1-1 and PM series samples, and the multidimensional distribution plots
confirmed the differences (Figure 12). Each PM series subsample and sample SC1-1 had
different p-values according to the KS tests.

Compared with the PM series of samples from the basin, the samples from the Tugulu
Group in the western part of northern Tien Shan had similar distributions of Paleozoic ages.
However, the western part of the northern Tien Shan samples also had a Jurassic-age peak
(Figure 12). It was mainly the result of the relatively intense and long-active volcanism at
the southern margin of the Junggar basin during the Jurassic; subsequently, massive tuffs
deposited. From the Early Jurassic to the Cretaceous, the proportion of pre-Carboniferous
ages gradually decreased, and the proportion of Carboniferous and Permian ages grew
(Figure 12), indicating the declining feeding capabilities of central Tien Shan and Jueluotag.
Sample LMQ-03 from the Lianmugqin section was more obvious than LMQ-01 and LMQ-02.
It was also evident that samples LMQ-01 and LMQ-02 were closer to the central Tien Shan
source than sample LMQ-03 in the multidimensional distribution plot (Figure 12). All the
above evidence indicates that the central Tien Shan source decreased in availability.

The significant difference in the age spectra of samples LMQ-04 and LMQ-03 implied
that the two had different provenances (Figure 12). The low p-value (0.014) in the KS
tests for both supported this conclusion (Figure 13). From the development of the Kalaza
Formation to that of the Tugulu Group, there was a significant reduction in source feed
from the western part of central Tien Shan. Sample LMQ-04 had more pre-Carboniferous
and Carboniferous ages and lacked Mesozoic ages (Figure 12), which was mainly caused
by the re-activation of the eastern section of the central Tien Shan during the development
of the Kumutake Formation. The Jurassic stratigraphic recycling was in the western part of
the basin during the development of the Tugulu Group and declined with the development
of the Kumutake Formation. The absence of Mesozoic ages in the PM series suggested that
no Jurassic stratigraphic recycling occurred in the eastern part of the basin.

Samples XJ10-015 and X]J10-016 both had Jurassic ages, meaning the renewed ero-
sion of the southern margin of the Junggar basin and the shrinking of the lake pool [40].
However, sample X]J10-015 had a greater proportion of Jurassic ages, suggesting that the
Junggar basin was constantly shrinking. The KS tests of all the Cretaceous samples yielded
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overwhelmingly high p-values (0.054, 0.058, 0.236, etc.; Figure 13), indicating the affinity of
the samples to Bogda and that large-scale uplift of Bogda occurred during this time. The
KS tests yielded higher p-values (0.309, 0.110, 0.149; Figure 13) for samples from the eastern
part of the basin with respect to Jueluotag, implying that Jueluotag only provided sources
for the eastern part of the basin.

5. Discussions
5.1. Quantitatively Determined Source Mixing Proportions: Implication for Multi-Stage Evolution
of the Eastern Tien Shan Region

In Central Asia, the Jurassic—Early Cretaceous period corresponded to a transition
between two major orogenic belts: the Early Mesozoic—-Cimmerian orogeny and the Late
Cretaceous—Cenozoic orogeny [55,100]. After the Cimmerian orogeny, the topography of
Central Asia was gradually planated [104]. However, studies of the detrital zircons from
the eastern Tien Shan region revealed that successive multi-phase tectonic events occurred,
such as the segmental differential uplift of Bogda and the turbulent uplift-denudation of
central Tien Shan and Jueluotag.

While a simple statistical correlation analysis of detrital zircons and a comparison
of the detrital-zircon age spectra of each sample can reveal general source variations, a
quantitative study helps to elucidate the exact contribution of eastern Tien Shan region
sources through time. We combined available sedimentological and U-Pb thermal chronol-
ogy datasets, and this information can effectively reveal and help us to understand the
Late Mesozoic tectonic evolution of the eastern Tien Shan region. The inverse Monte Carlo
model results for each test sample are shown in Figures 14-17, and the relevant remaining
data information is listed in Table S3. The results suggested that during the Early Jurassic,
Jueluotag and central Tien Shan were the main source regions with 86-100% of the eastern
Tien Shan region (Figure 14).
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Figure 14. Decomposition model quantifying the U-Pb age distribution of detrital zircons from
different source areas using DZ mixed modeling [8]; J1-Dzmix.
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Figure 15. Decomposition model quantifying the U-Pb age distribution

different source areas using DZ mixed modeling [8]; J2-Dzmix.
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Figure 16. Decomposition model quantifying the U-Pb age distribution

different source areas using DZ mixed modeling [8]; J2-3-3-Dzmix.
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Figure 17. Decomposition model quantifying the U-Pb age distribution of detrital zircons from
different source areas using DZ mixed modeling [8]; K-Dzmix.

The Early and Middle Jurassic periods were characterized by the development of
extensive alluvial-plain-lake environments [32]; the formation of large amounts of coal
during these periods indicates a relatively wet climate [32,34,42]. At the southern margin
of the Junggar basin, Jurassic strata thicken towards Bogda, and the Jurassic strata, at
the northern piedmont of Bogda, mainly consist of alluvial sandstones and alluvial mud-
stones [28], which is consistent with previous views that Bogda was geographically gentle
during the Early Jurassic [25,33,35]. Li et al. [92,105] and Hendrix et al. [32] concluded
that Tien Shan was a positive relief from the Early to the Middle Jurassic periods based
on the remaining Jurassic strata of central and northern Tien Shan. Therefore, Bogda did
not experience an uplift, only as positive topography, the provenance of its adjacent areas
being ascribable to it (Figure 18a) [100]. The northern—central parts of the Turpan-Hami
basin may have derived from the Qitai paleo-uplift region [42]. Chen et al. [101] found that
rapid-cooling events were widespread in eastern and western Tien Shan and in Beishan
using low-temperature thermochronology (Figure 3). However, there are no records of Late
Triassic exhumation events in the northern Altai region [106], which shows that the Late
Triassic—Early Jurassic uplift-denudation of the eastern Tien Shan region was associated
with a geodynamic event in the south.
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Figure 18. Schematic diagrams (not to scale) illustrating the tectonic evolution of the Turpan-Hami
basin and its adjacent regions during the Jurassic—Cretaceous; (a) Early Jurassic; (b) Middle Jurassic-
Xishanyao; (c) Middle Jurassic Sanjianfang; (d) Middle Jurassic Toutunhe; (e) Late Jurassic Qigu;
(f) Late Jurassic Kalazha; (g) Cretaceous.

During the Middle Jurassic, the primary sources were still Jueluotag and central Tien
Shan, with an average proportion of 66.1%. However, the source proportion of Bogda
increased to 33.9% compared with the Early Jurassic, from a previous 10.2% (Figure 15).
Apatite- and zircon-fission-track ages of 187-171 Ma in adjacent areas [92,97-99] further
confirmed the conclusion (Figure 3). By the Late Jurassic, the total proportion of central
Tien Shan and Jueluotag was only 49.5%, while for Bogda, the proportion increased to
50.5% (Figure 16). Many studies that analyzed the fission-track dating of Bogda yielded
Late Cretaceous and Cenozoic dates [93-95,100], and one study presented a sample from
the southwestern margin of Bogda with an age of 152 = 15 Ma (Figure 3) [96], which also
confirms our results. During the Cretaceous, the source proportion of Bogda amounted to
53.7%, which is over half, while the proportion of central Tien Shan and Jueluotag decreased
to 46.3% (Figure 17).

In general, during the Early Jurassic, Bogda provided few sources and merely as
positive topography. From the Early Jurassic to the Cretaceous, the source proportion of
Bogda gradually increased over time, especially with the large-scale uplift and denudation
that occurred after the development of the Qigu Formation. Previous studies found that



Minerals 2022, 12, 926

22 of 29

apatite fission tracks in southwestern Bogda were older, most of them over 100 Ma [100]
(Figure 3), and the extensive 187-171 Ma and 150-100 Ma as well as an age of 152 & 15 Ma
cooling recorded in apatite-fission-track data support this uplift background [37,95,97,100]
(Figure 3). On the other hand, the Jueluotag and central Tien Shan proportions gradually
declined before the Cretaceous. From the Late Jurassic to the Cretaceous, the decreasing
tendency of the Jueluotag and central Tien Shan source percentages slowed down, with an
increasing trend for Jueluotag. In further analyses, central Tien Shan had a slightly growing
trend (41.3%; Figures 14 and 15) from the Early Jurassic to the Middle Jurassic, gradually
decreasing to 20.3% (Figures 17 and 18). It still accounted for a sizeable proportion of
sources. It is possible that provenance ascribable to the central Tien Shan still crossed the
poorly uplifted Jueluotag to the Turpan-Hami basin [96]. Like central Tien Shan, Jueluotag
gradually decreased from an initial 51.8% to 14.9% in the Late Jurassic, but the proportion
increased again to 26% in the Cretaceous (Figures 14-18).

It is worth noting that Bogda accounted for a higher percentage of western and
eastern segments samples (40%, 47%, 37%, 34%) than central segment samples (32%,
28%, etc.), generally during the Middle and Late Jurassic periods (Figures 15, 16 and 18).
Bogda significantly increased in the central segment samples after the depositional stage of
Xishanyao. Moreover, samples SS001 and ZKDO001 significantly differed (8% and 34%) in the
proportion of Jueluotag in the Late Jurassic, indicating that Jueluotag was no longer a source
for the western part of the basin in the Late Jurassic (Figure 18e—g). Source decomposition
showed that the proportion of Bogda sources increased overall (Figure 15), implying that
the western segment of Bogda experienced an uplift before the Middle Jurassic (Figure 18b),
which is consistent with the cooling ages of previous low-temperature thermochronology
(Figure 3).

However, in the north-central and northeastern sides of the Turpan-Hami basin, the
heavy minerals were dominated by stable heavy minerals, such as zircon, garnet, and oxides
of titanium, with minor unstable minerals [31]. Moreover, in the Sanjianfang depositional
stage, large-scale alluvial fans were distributed along the northern margin of the Turpan-
Hami basin, and the heavy-mineral results showed a significant increase in magnetite
mineral content in the eastern part, with stable minerals still predominating in the central
region (Figure 18c,d) [31]. Song et al. [107] found tectonic deformation and large amounts
of marine-chlorite unstable heavy minerals during the Middle-Late Jurassic Toutunhe
depositional stage based on seismic profiling and heavy-mineral analyses. Moreover, the
abundance of unstable heavy minerals at the piedmont of Bogda and at the northern margin
of the Turpan-Hami basin all suggest that the uplift of Bogda was intense, especially for
the central section of Bogda (Figure 18e,f) [31,38]; this demonstration shows the distinctive
differential segmental uplift nature of Bogda (Figure 18).

In addition, various lines of investigation, including evidence from (1) thermochronol-
ogy studies on the Mesozoic and Cenozoic strata in the NW China basin and surround-
ing regions [92-109] (Figure 3); (2) a volcano geochemistry study on Mesozoic strata in
Bogda [69]; (3) heavy-mineral research in the Turpan-Hami basin [31,38]; (4) climate, stratig-
raphy, and provenance analyses [23,28,32-35,42,55,91] and sediments preserved in the
NW China basin [105,108]; and (5) paleocurrents and tectonic deformation [32,109,110],
suggested that Tien Shan was also highly active during the Mesozoic, and especially, Bogda
was the most remarkable. The western and eastern segments of Bogda successively ex-
perienced a rapid uplift after the Early Jurassic. After the uplift of the central segment
of Bogda in the Toutunhe depositional stage, Bogda began to experience an uplift on a
large scale. (Figure 18a—f). Central Tien Shan and Jueluotag tended to resurrect during the
Cretaceous, somewhat inaugurating the Cenozoic tectonic activity (Figure 18g). Previous
studies showed that apatite fission tracks in the northern piedmont of Bogda are younger,
mainly younger than 60 Ma (Figure 3). Meanwhile, the younger ages (11 4+ 1Ma; 16 4= 2 Ma;
24 £ 4 Ma) of the Fukang area to the northeast mainly reflect the later uplift phase in the
Oligocene—-Miocene [100] (Figure 3); there is no doubt that this study further supports
our conclusions.
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Meanwhile, central Tien Shan and Jueluotag gradually stabilized before the Cretaceous.
A comparison with samples deposited at Xishanyao in the western segment of northern
Tien Shan revealed that the most striking feature was the predominance of samples of
Carboniferous-Permian ages and Jurassic ages from the Toutunhe-Qigu Formations in the
western segment of northern Tien Shan (Figures 8 and 10), which indicated that the Bogda
uplift was intense after the late development of Xishanyao, that volcanism was intense
in the vicinity of northern Tien Shan, that Tien Shan ended quasi-planification, and that
provenance could be then ascribed to northern Tien Shan, with volcanic debris being found
in the southern part of the Junggar basin (Figure 18e) [23]. The Triassic- and Cretaceous-age
zircons produced by samples from the western segment of northern Tien Shan were mainly
due to the recycling of older strata. In contrast, the provenance of the samples from the
eastern part of the Turpan-Hami basin was primarily ascribable to the Harlik belt, where
Triassic granites are widespread. Samples from the western part of northern Tian Shan
had Jurassic detrital zircons, mainly attributable to the intense and prolonged volcanic
activity on the southern margin of the Junggar basin, which deposited massive tuffs. The
predominantly Carboniferous-Permian age scale suggests a new phase of intense uplift in
northern Tien Shan and Bogda (Figure 18g).

5.2. A preliminary Exploration of the Limitations of Inverse Monte Carlo Model Decomposition of
Detrital-Zircon Provenance

The sample-provenance decomposition was carried out using the inverse Monte Carlo
method, as shown in Figures 14-17. The overall situation was relatively well simulated,
but there were still a few samples that did not fit well or had similar decomposition results
in the source areas, especially the samples that were widely geographically separated from
the source areas (Figure 14; Hao-03; SXG-06; JJS12; J]JS13; TS12-86). The average percentage
of Jueluotag sources in the samples of the Early Jurassic reached 51.8%. Samples JJS54,
WGL-03, JDW6, XJ10-015, and X]J10-016 accounted for more than 24% of the Jueluotag
sources, with JDW6 accounting for nearly 43% (Figures 14 and 15). However, during the
early Badaowan and the Sangonghe depositional stages, the lake pool in the Turpan-Hami
basin was widely distributed [34]. Thus, in this period, provenance ascribable to Jueluotag
could not be transported to the Bogda piedmont region (Figure 18a). Therefore, Bogda did
not experience any uplift, only as positive topography, the provenance of its adjacent areas
being ascribable to it (Figure 18a). The north-central parts of the Turpan-Hami basin may
have derived from the Qitai paleo-uplift region [42].

In terms of the technical method, due to a certain degree of error in the inverse
Monte Carlo mixed model, the detrital-zircon populations were not sufficient. Regarding
the source area, the age spectra of the source areas were quite similar and not easily
distinguishable or the source-area assignments of the two samples were genuinely similar
(Figure 15; JDW-3-6). In addition, it was also probably influenced by the recycling of
sedimentary rocks from older strata. The reactivation of Early Mesozoic magmatism
in central Tien Shan [103] and the recycled Triassic clastic sediments in the late Middle
and Late Jurassic [55,111] brought a great shock to the inverse Monte Carlo model in the
dissecting of the source components of detrital zircons. In addition, magmatic activity
could also have biased the results. For example, the presence of contemporaneous Jurassic
dates indicated the existence of magmatic activity at the southern margin of the Junggar
basin in this period, and Yang et al. [22], Fang et al. [23], and Jolivet et al. [55] noted many
Jurassic detrital zircons at the southern margin of the Junggar basin. It is also essential to
consider that sandstone detrital zircons are inherently hysteretic.

However, most samples fitted relatively successfully. The results of the inverse Monte
Carlo mixed model, which dissected provenance components to reconstruct the tectonic
evolution of the eastern Tien Shan region, are consistent with those reported in previous
work (Figure 18). The more compatible the mixed provenance was, the closer the fitted
line was to the cumulative-probability curves for the three provenances (Figures 14-17).
Further work needs to be conducted on reducing and avoiding these potential errors.
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6. Conclusions

Detrital-zircons U-Pb age data from Late Mesozoic sandstone in the eastern Tien Shan
region provided the essential constraints of the provenance transition of the Tupan-Hami
basin and the tectonic evolution of Late Mesozoic Bogda and its adjacent areas. The study
revealed that the inverse Monte Carlo method for interpreting detrital-zircon provenance
has limitations. At the same time, Tien Shan was also highly active during the Mesozoic,
and especially, Bogda was the most remarkable. Simultaneously, there was a significant
differential segmental exhumation nature. Central Tien Shan and Jueluotag gradually
stabilized before the Cretaceous. Details of the presentation are as follows:

1.  During the Early Jurassic, Bogda provided few sources, merely as positive topography;

2. From the Early Jurassic to the Cretaceous, the source proportion of Bogda gradually
increased over time, especially the large-scale uplift and denudation that occurred
after the development of the Qigu Formation;

3. The proportions of the Jueluotag and central Tien Shan gradually declined as a group,
stabilizing before the Cretaceous. Central Tien Shan showed a slightly growing trend
(41.3%) from the Early Jurassic to the Middle Jurassic and then gradually decreased to
20.3%, still accounting for a sizeable proportion of sources;

4. Similar to central Tien Shan, Jueluotag gradually decreased from an initial 51.8% to
14.9% in the Late Jurassic, but the proportion increased again to 26% in the Cretaceous;

5. Central Tien Shan and Jueluotag tended to resurrect during the Cretaceous, somewhat
inaugurating the Cenozoic tectonic activity.
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zircon samples by Monte Carlo model.
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