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Abstract: The Late Paleozoic strata on the northwestern margin of the Tarim Block provide valuable
insights into the subduction and collision processes that formed the Southwest Tianshan Orogenic
Belt. This study integrates detrital zircon U-Pb dating and sandstone geochemical analysis of the
Balikelike and Kalundaer formations to examine sedimentary provenance and tectonic settings during
the Cisuralian–Guadalupian Epoch in the Keping area on the northwestern margin of the Tarim Block.
Three of five Precambrian detrital zircon U-Pb age populations, 2500–2300 and 2000–1800 Ma and
900–600 Ma, are likely related to the fragmentation of the Columbia supercontinent and Rodinia’s
assembly, respectively. Two Paleozoic detrital zircons, 500–380 Ma, are associated with Paleozoic
magmatism. Among them, ~295 Ma zircons are associated with post-collisional extension and
emplacement of the Tarim Large Igneous Province. Geochemical analysis of sandstones, coupled
with tectonic reconstruction, indicates a passive continental margin setting in the northwestern
margin of the Tarim Block during the Silurian Period, later transitioned to a foreland basin from
the Pennsylvanian to the Guadalupian Epochs. The crustal transformation from the Middle-late
Devonian to Early Mississippian marked the closure of the South Tianshan Ocean (STO), involving a
soft collision and significant uplift, with major orogenesis occurring in the Late Guadalupian. Five
key stages are identified in the evolution of the foreland basin: (1) Middle-late Devonian to Early
Mississippian initiation (remnant ocean basin stage); (2) Late Mississippian to Early Pennsylvanian
early stage; (3) Late Pennsylvanian to Early Cisuralian middle stage; (4) the Late Cisuralian stage;
and (5) the terminal Guadalupian stage. These findings provide new constraints on when STO closed
and propose an innovative foreland basin evolution model during the late post-collisional phase
from the Late Mississippian to Guadalupian. Collectively, the data advance our understanding
of the tectonic processes that shaped the northwestern Tarim Block, with broader implications for
Paleozoic geodynamics.

Keywords: detrital zircon; U-Pb geochronology; the STO; Keping area; Tarim Block; tectonic
setting; Guadalupian

1. Introduction

The Central Asian Orogenic Belt (CAOB) is one of the largest and longest-lived accre-
tionary orogenic belts in the world [1–5], formed through multiple stages of amalgamation
involving island arcs, oceanic islands, seamounts, accretionary wedges, and microconti-
nents [2,6–11]. It is situated between the Eastern European and Siberian Block to the north
and the North China and Tarim Block to the south [2,6,12]. The South Tianshan orogenic
belt (STOB), an important part of the CAOB, is located along the northwest margin of the
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Tarim Basin. It extends from eastern Kyrgyzstan westward to the Gansu–Xinjiang junc-
tion in China. Structurally, the STOB lies between the Yili-Central Tianshan Block (YCTB)
and the Tarim Block, with the Atbashy–Inylchek–South Nalati and Tarim faults to the
north and south, respectively (Figure 1a,b). The STOB is composed of marine sedimentary,
ophiolite fragments, ultrahigh/high-pressure metamorphic, intrusive, and volcanic rocks.
It formed through a combination of the YCTB and the Tarim blocks after the closure of
the STO [7,9,11,13–17]. Therefore, studying the tectonic evolution of the STOB is vital for
understanding the processes of subduction and closure of the STO during the Paleozoic.
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stone; BLF = Balikelike Formation, comprising greyish limestone, grey-black bioclastic limestone, 
light grey-black mud-limestone, and an interbedded basalt layer; KLF = Kalundaer Formation, com-
prising lenticular conglomerates, calcareous sandstones, siltstones, and mudstones. (PM301-Section 
PM 301; PM106-Section PM106; PM107-Section PM107).  

Although most researchers agree that the closure of the STO occurred as a scissor-
like process from east to west during the Late Paleozoic [12], numerous crucial questions 
remain unresolved regarding the tectonic development of the STOB, particularly, the sub-
duction polarity and the precise timing of the STO closure. There are mainly two types of 
subduction modes: unidirectional subduction and bidirectional subduction [6,13,18–22], 

Figure 1. (a) Tectonic location of the study area; (b) tectonic geological map of the northern part of
the Tarim Block, the western part of the STOB, and adjacent areas (Modified from Han (2015) [17]).
Major faults: 1⃝ Nikolaev Line-North Nalati Fault; 2⃝ Atbashy–Inylchek–South Nalati Fault; 3⃝ North
Tarim Fault; 4⃝ Talas–Ferghana Fault. (c) Geological map of the Keping area. KKF = Kangkelin
Formation, comprising limestone, bioclastic limestone, calcareous sandstone, and mudstone; BLF
= Balikelike Formation, comprising greyish limestone, grey-black bioclastic limestone, light grey-
black mud-limestone, and an interbedded basalt layer; KLF = Kalundaer Formation, comprising
lenticular conglomerates, calcareous sandstones, siltstones, and mudstones. (PM301-Section PM 301;
PM106-Section PM106; PM107-Section PM107).

Although most researchers agree that the closure of the STO occurred as a scissor-like
process from east to west during the Late Paleozoic [12], numerous crucial questions remain
unresolved regarding the tectonic development of the STOB, particularly, the subduction
polarity and the precise timing of the STO closure. There are mainly two types of subduction
modes: unidirectional subduction and bidirectional subduction [6,13,18–22], among which
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unidirectional subduction is further divided into southward subduction [14,23–26] and
northward subduction [11,17,27–29]. Thus, the nature of the northern Tarim Block during
the Paleozoic, active or passive, holds a pivotal role in understanding the subduction
polarity of the STOB [30]. Moreover, the timing of the final closure of the STO is debated,
with proposed timing from Late Devonian to Mississippian [31], Pennsylvanian [12,17,28],
and Pennsylvanian to Cisuralian [28].

The northwestern margin of the Tarim Block hosts a well-preserved and complete Late
Paleozoic stratigraphic sequence, offering insights into the evolution of orogenic belts. It
serves as an important archive for understanding the tectonic history of the STOB [17,32–35].
Keping is located at the southern foot of the Tianshan Mountains in the western part of
the Aksu region in Xinjiang, and its tectonic location belongs to the northwest margin
of the Tarim Block (Figure 1). In this study, we analyzed three detrital zircon samples
and the geochemistry of 21 Cisuralian–Guadalupian sandstones in the Keping area. Their
corresponding sediment sources and tectonic settings were studied using these data to
decipher magmatic events associated with adjacent orogenic belts. This contribution sheds
light on the nature of the geodynamic evolution of the northern Tarim Block, the subduction
polarity of the STO, and the timing of its closure.

2. Geological Backgrounds

The Tarim Block comprises the Archean–Neoproterozoic metamorphic basement
and Paleozoic sedimentary rock cover. The Precambrian crystalline basement rocks are
covered by early Paleozoic limestone, siliciclastic rocks, as well as late Paleozoic clastic
and volcanic rocks. The Keping area, in the northwestern part of the Tarim Block adjacent
to southwestern Tianshan, contains complete Paleozoic sedimentary records. The late
Paleozoic sedimentary strata near Keping County, deformed by thin-skinned thrusting,
consist of a series of parallel cuestas (Figure 1b,c).

The Upper Paleozoic strata in the Keping area consist of the Devonian and Carboniferous–
Permian systems. The Devonian succession includes Yimugantawu (D1–2y) and Keziertage
Formation (D3k), while the Carboniferous–Permian system includes the Kangkelin (C2P1k),
Balikelike (P1b), and Kalundaer Formation (P1–2k). Except for an unconformity between
the Carboniferous and the underlying strata, all other units are in conformable contact
(Figure 2).
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The main objective of this study is to examine the Cisuralian–Guadalupian strata in 
the Keping area. For this purpose, three sections were selected, located at Kepingtage 
Mountain (PM301) and Keziertage Mountain (PM106 and PM107) (Figures 1 and 3). The 
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Figure 2. Stratigraphic division scheme and sedimentary environments in the Keping and adjacent
areas. S1k-Kepingtage Fm.; S2–4t-Tataaiertage Fm.; C1b-Bashisuogong Fm.; C2b-Biegentawu Fm.; P1ku-
Kupukuziman Fm.; P1–2ka-Kaipaizileike Fm.; P2s-Shajingzi Fm. Fm. = Formation; Thk. = Thickness;
Others shown in text. The horizontal lines in the diagram indicate isochrones, not thickness.

The main objective of this study is to examine the Cisuralian–Guadalupian strata in
the Keping area. For this purpose, three sections were selected, located at Kepingtage
Mountain (PM301) and Keziertage Mountain (PM106 and PM107) (Figures 1 and 3). The
Cisuralian–Guadalupian successions are divided into the Balikelike and Kalundaer forma-
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tions. The Balikelike Formation is characterized mainly by greyish limestone, grey-black
bioclastic limestone, light grey-black mud-limestone, and an interbedded basalt layer,
which is conformably overlain by the Kangkelin Formation (Figure 2). These lithological
variations suggest deposition in a shallow-water environment within a mixed carbonate–
clastic system. The Kalundaer Formation exhibits varied lithology, comprising lenticular
conglomerates, calcareous sandstones, siltstones, and mudstones. Tree trunk fossils are
preserved in the conglomerates, while low-angle crossbedding, water flow ripples, and
sand ripple bedding are observed in the sandstones. The lithological features are shown in
Figure 4. According to the rock composition, the Kalundaer Formation can be divided into
three members: the First Member is a coastal-shallow marine deposit, the Second mean-
dering river sedimentation, and the Third river-dominated delta sedimentation (Figure 3).
Therefore, in the Cisuralian strata, the sedimentary environment in the study area is mainly
shallow sea, with no significant changes. During the Late Cisuralian to Early-Guadalupian
periods, there was a significant increase in sandstone composition, indicating the beginning
of regression and river sedimentation. The mafic veins (Figure 5a–c) and basalt (Figure 5d–f)
developed in the strata accurately constrain the age of this stratigraphic sequence to be
later than 308 Ma, with an end time slightly later than 287.6 Ma [36], belonging to the
Pennsylvanian to the Cisuralian interval.
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Figure 4. Lithological characteristics of the sandstone of the Balikelike and Kalundaer formations
(a,b,e,h) Field photographs; Others are micrographs. (-) Under polarized light microscope; (+) Be-
tween crossed polarizers. Lvi: Plate-like plagioclase; Lvm: Fine volcanic rock fragments; Q: Quartz.
(a). The unconformity contact between the Kangkelin and Keziertage formations; (b–d). The calcare-
ous fine sandstone of the Balikelike Formation from Sample 106-23; (e–g). The tuffaceous fine lithic
sandstone of the Kalundaer Formation from Sample 301-38; (h–j). Calcareous fine sandy siltstone of
the Kalundaer Formation from Sample 301-71. Other legends are shown in Figures 1–3.
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Figure 5. The satellite images (a,d) and the field photographs (b,c,e,f) of the mafic dyke and basalt in
the study area. (a–c) The mafic dyke cut through the Devonian system, covered by the Kangkelin
Formation, with an age of 308 Ma: (d–f) The basalt in the Balikelike Formation, with an age of
287.6 Ma.

3. Samples and Methods

Detrital zircon U-Pb geochronology and geochemical analysis are effective methods
to determine sediment provenance and reconstruct the tectonic evolution of adjacent oro-
gens [4,37]. For this purpose, five geochemical samples were collected from the Balikelike
Formation (in Section PM301) and sixteen from the Kalundaer Formation (nine samples
in Section PM301 and seven in Section PM107). Three detrital zircon samples of the fine-
grained calcareous sandstone (B106-23, B301-38, and B301-71) were collected from two
sections (Figure 3). Sample B106-23 was collected from the calcareous sandstone of the
Balikelike Formation in Section PM106, sample B301-38 was also collected from the tuffa-
ceous fine lithic sandstone of the Kalundaer Formation in Section PM301, and sample
B301-71 was also collected from the fine calcareous sandstone of the Kalundaer Formation
in Section PM301.

The samples were examined at the State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences, in Wuhan. Initially, heavy liquid
and magnetic separation techniques were applied to isolate detrital zircons from three
calcareous sandstone samples. The obtained zircons were randomly embedded into epoxy
resin under a binocular microscope to form sample targets. Subsequently, cathodolumines-
cence (CL) images of the zircons were acquired using a JXA-8100 scanning electron probe
microscope (JEOL, Tokyo, Japan). Zircon U-Pb dating was conducted with a laser ablation
inductively coupled plasma mass spectrometer (LA-ICP-MS) equipped with an Agilent
7700 ICP-MS, Santa Clara, CA, USA with a 32 µm laser spot size, 40 mJ/pulse energy
density, and 8 Hz rate. The standard GJ-1 zircon was utilized for inter-isotope fractionation
calibration, and the standard 91500 was employed to monitor instrument stability. ICPMS-
DataCal 10.0 was used to calculate the U-Pb isotope and element concentrations [38–41].
238U/206Pb age data were used for grains younger than 1 Ga, while 207Pb/206Pb ages were
more desirable for grains older than 10 Ga. IsoplotR was adopted to calculate and plot the
concordia diagram and probability histograms [42].

The geochemical samples were analyzed at the State Key Laboratory of Biogeology
and Environmental Geology, China University of Geosciences, Wuhan. Whole-rock major
elements were analyzed by XRF-1800 with the mixed flux of 45Li2B4O7+10LiBO2+5LiF,
analytic pure reagents of NH4NO3 and LiBr. Trace elements were performed by ICP-MS
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(Agilent 7700x) (Agilent, Santa Clara, CA, USA). The predecessors have described the test
principle and method in detail, and the author will not repeat them [20,24,25].

4. Results
4.1. Detrital Zircon

Detrital zircons from the three samples comprise fragments, short prismatic euhe-
dral, or rounded crystals, ranging in lengths from approximately 100 to 250 µm with
width/length ratios of 1:1 to 1:2. In contrast to Precambrian zircons, Paleozoic grains are
generally larger and display more prismatic shapes. Based on CL images, most zircons
show distinct oscillatory zoning, indicative of a magmatic origin, as supported by their rel-
atively high Th/U ratios (0.2-2). Some zircon grains have experienced subsequent growth
stages, forming a bright, narrow rim (Figure 6).
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Figure 6. CL images of representative detrital zircons analyzed for U-Pb ages from the Balikelike and
Kalundaer formations, NW Tarim. White circles indicate the location of sample spots measured to
obtain the U-Pb ages.

A total of 190 zircon grains were analyzed, with 41 analyses excluded due to discordant
ages (concordance not within 90% and 110%) or significant signal fluctuations during the
analyses. The remaining 149 detrital zircons from the three samples yielded ages ranging
from 2632 Ma to 287 Ma. Five groups of 206Pb/238U ages were obtained from the detrital
zircons of samples B106-23 and B301-71, respectively: 2500~2300 Ma, 2000~1800 Ma,
900~600 Ma, 500–380 Ma and 310–290 Ma (Figure 7a–d). A group of ~295 Ma 206Pb/238U
ages were obtained from the detrital zircons of sample B301-38 (Figure 7e,f). The detrital
zircon U-Pb dating results for all samples are presented in Supplementary Table S1.
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B106-23; (c,d) Sample B301-38; (e,f) Sample B301-71.

4.2. Geochemical Characteristics

The bulk chemical composition of turbiditic sandstones and mudstones can effectively
indicate environmental characteristics [43,44]. Additionally, the abundance of rare earth
elements (REE) and other stable elements (Ti, Zr, Hf, Y, Sc, Nb, Ca, Th, U), or their ratios,
have been utilized to d distinguish the tectonic setting of sedimentary basins [44,45].
These elements have intermediate ionic potential and low marine residence times [46,47],
and since they are easily incorporated into sediments, they also provide indications of
provenance composition [43,44].
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4.2.1. Major Elements

This study collected 21 geochemical analysis samples from Section PM301 and Section
PM107 in the study area (Figures 1c and 3a,c). The characteristics of the major element
contents are shown in Table 1. The results indicate that in the Baliklike Formation sand-
stone, the SiO2 content ranges from 53.26% to 77.60%, with an average of 64.91%; Al2O3
content ranges from 6.39% to 10.60%, with an average of 8.32%; K2O+Na2O content ranges
from 2.90% to 4.93%, with a K2O/Na2O ratio ranging from 0.34 to 0.87, averaging 0.61;
TFe2O3+MgO ranges from 1.04% to 4.55%, with an average of 3.12%; CaO content ranges
from 2.61% to 16.50%, with an average of 10.17%; MnO averages 0.09%; and P2O5 aver-
ages 0.03%. In the Kalundaer Formation sandstone, the SiO2 content ranges from 40.61%
to 67.34%, with an average of 54.70%; Al2O3 3.85% to 9.62%, with an average of 6.35%;
K2O+Na2O 1.74% to 8.12%, with K2O/Na2O ratios of 0.25 to 0.94, and averaging 0.54;
TFe2O3+MgO composition spreads from 1.50% to 5.78%, with an average of 3.25%; a
CaO content of 6.74% to 28.40%, with an average of 16.96%; MnO averages 0.09%; and
P2O5 0.05%.

Table 1. The major element concentrations of the sandstones of the Permian Balikelike and Kalundaer
formations in the Keping area (wt.%).

Sample SiO2 Al2O3 Fe2O3
* CaO MgO K2O Na2O TiO2 P2O5 MnO LOI Σ

B301-26-1 77.6 8.75 1.69 2.61 1.24 1.15 2.65 0.24 0.03 0.02 3.7 99.68
B301-26-2 64.67 8.29 1.54 10.6 1.36 1.24 2.25 0.2 0.02 0.08 10.09 100.34
B301-27-1 53.26 7.59 1.82 16.5 2.35 1.35 1.55 0.3 0.04 0.09 15.57 100.42
B301-28-1 63.01 6.39 0.41 14.54 0.63 1.42 1.71 0.08 0.01 0.2 12.07 100.47
B301-36-1 66 10.6 3.24 6.6 1.31 1.25 3.68 0.46 0.05 0.06 6.41 99.66
B301-45-1 57.89 6.61 1.7 15.26 1.56 0.88 1.68 0.29 0.06 0.07 13.96 99.96
B301-53-1 60.15 7.64 2.48 12.37 1.87 0.89 2.16 0.5 0.05 0.07 12.19 100.37
B301-58-1 56.87 6.93 2.29 14.88 1.59 1.2 1.83 0.36 0.04 0.06 13.6 99.65
B301-62-1 52.64 6.77 2.25 17.32 1.75 1.26 1.56 0.39 0.04 0.09 15.85 99.92
B301-68-1 58.13 9.62 3.37 10.81 2.41 1.85 1.58 0.44 0.08 0.05 12.08 100.42
B301-71-1 61.86 7.36 1.88 13.38 1.64 1.4 1.58 0.33 0.06 0.06 9.94 99.49
B301-92-1 44.43 4.45 0.98 25.57 1.19 0.9 0.96 0.19 0.04 0.13 21.58 100.42
B301-95-2 59.54 7.82 2.06 6.74 1.53 1.6 6.52 0.38 0.05 0.04 14.25 100.53

B301-102-1 67.34 4.19 0.81 13.28 0.69 0.84 0.93 0.15 0.03 0.07 12.02 100.35
B107-02-1 57.06 7.16 1.82 15.29 1.22 1 2.28 0.3 0.05 0.06 14 100.24
B107-15-1 43.98 5.8 1.88 23.7 1.32 0.69 1.81 0.39 0.08 0.11 19.79 99.55
B107-17-1 52.79 5.6 1.03 19.68 1.13 0.82 1.54 0.19 0.05 0.09 16.75 99.67
B107-22-1 59.77 7.31 2.32 13.13 1.48 1.06 1.95 0.43 0.05 0.06 12.53 100.09
B107-23-1 41.47 4.93 1.53 26.5 1.35 0.55 1.66 0.26 0.04 0.23 21.86 100.38
B107-25-1 60.63 5.51 1.68 14.98 1.14 0.98 1.25 0.25 0.04 0.05 13.15 99.66

B107-25b-1 40.61 3.85 1.06 28.4 1.05 0.51 1.23 0.13 0.04 0.16 23.16 100.2

Fe2O3
* = T(Fe2O3).

4.2.2. Trace Elements

The trace element content (Supplementary Table S2), and trace element ratios
(Supplementary Table S3) of the sandstone in the Balikelike and Kalundaer formations
have the following characteristics:

The ΣREE content in the sandstones of Balikelike Formation ranges from 77.26 ppm to
231.26 ppm (average 125.55 ppm); LREE/HREE values range from 7.24 to 8.04 (average
8.15); (La/Yb)N values range from 9.09 to 10.15 (average 10.41); (La/Sm)N ratios from
3.73 to 3.94 (average 4.04); (Gd/Yb)N 1.56 to 1.97 (average 1.80); δEu values 0.57 to 1.19
(average 0.61). The ΣREE composition in the Kalundaer sandstones spread from 48.55 ppm
to 138.27 ppm (average 98.66 ppm); LREE/HREE ratios from 5.44 to 8.03 (average 7.43);
(La/Yb)N 5.40 to 10.15 (average 10.15); (La/Sm)N 3.55 to 3.94 (average 3.75); and (Gd/Yb)N
1.16 to 1.97 (average 1.64); δEu 0.65 to 1.19 (average 0.79).
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In the Upper Continental Crust (UCC) normalized multi-element spider diagram
(Figure 8a), the large ion lithophile elements (LILE) segment shows significant curve
fluctuations. In contrast, the high field strength elements (HFSE) segment exhibits relatively
smooth curves. Some large ion lithophile elements (such as Rb, Ba, and Sr) in the Balikelike
Formation exhibit significant variations in content, resulting in large fluctuations in the
curve; the concentration of these elements in the Kalundaer Formation show relatively
minor variations, resulting in smoother curve patterns. Apart from Ti and P, the contents of
high field strength elements (such as Zr, Hf, and Yb) do not show significant differences
between the two formations, with relatively stable curve patterns. Overall, the variations
in REE composition between the two formations are minimal. The chondrite-normalized
REE distribution pattern (Figure 8b) reveals that the distribution curves of each sample are
parallel, all showing a right-leaning pattern with LREE enrichment and flat HREEs. These
characteristics are consistent with the UCC (Figure 8b) [48].
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formations. Normalized to UCC values from Rudnick (2003) [48]; (b) chondrite-normalized REE
patterns for samples of the Balikelike and Kalundaer formations. Normalized to chondritic values
from Taylor (1995) [49]. The standard composition of average UCC after Rudnick (2003) [48] is shown
for comparison. (for sample records refer to Supplementary Table S2).

5. Discussion
5.1. Provenance of Precambrian Detrital Zircons

The two samples (B106-23 and B301-71) from the Balikelike and Kalundaer formations
exhibit similar Precambrian detrital zircon age distributions, featuring three prominent
age groups: 2500~2300 Ma, 2000~1800 Ma, and 900~600 Ma. These ages align closely with
the multiphase tectonic-thermal events documented in the history of the Tarim Block. The
age population of 2500~2300 Ma corresponds to Late Neoarchean–Early Paleoproterozoic
TTG magmatic activity in the Kuruktag uplift, indicating the time of formation of the
Tarim Block basement [46–54]. The 2000 Ma to 1800 Ma detrital zircon corresponds to
Paleoproterozoic metamorphic and magmatic events during the assembly of the Columbia
supercontinent [51–58]. The age groups of 900~600 Ma originate from Neoproterozoic
magmatic activity, including mafic dyke swarms, volcanic rocks, ultramafic–mafic intru-
sions, and granites, which are extensively preserved in the northern Tarim Block [47,59].
Moreover, this age population is regarded as the timing for the breakup of the Tarim Block
from Rodinia during the Meso-Neoproterozoic [53,60]. Moreover, these Precambrian zircon
grains are characterized by their smaller size and rounded morphology, suggesting they
underwent recycling or long-distance transport (Figure 6). Therefore, these Precambrian
zircon grains in this study were probably derived from the basement rocks of the Tarim
Block, as recorded in the marginal basins of the northwestern Tarim Block, Kuruqtagh, and
Aksu areas.
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5.2. Provenance of Paleozoic Detrital Zircons

To comprehensively understand the Permian detrital zircon U-Pb ages, we compiled
data of 1140 valid detrital zircon U-Pb ages from 14 clastic rocks samples in the Keping area.
These data included 991 published zircon U-Pb ages from 11 samples and 149 zircon ages
from three samples presented in this paper (Supplementary Table S1). The locations and
sample details are provided in Table 2. Specifically, three samples are from the Pennsylva-
nian to Cisuralian Kangkelin Formation, five from the Cisuralian Kupukuziman Formation,
and three from the Early-Guadalupian Kaipaizileike Formation. The Kupukuziman Forma-
tion corresponds to the Balikelike Formation, and the Kaipaizileike Formation corresponds
to the Kalundaer Formation in this study. These formations are part of the Permian in the
Keping area, identified as similar lithostratigraphic units found at various locations.

Table 2. A summary of the sample site, age, lithologies, numbers of U-Pb ages, and reference
information of Permian detrital zircon samples in the Keping and adjacent areas.

Samples Age Site Lithology No. of Valid Ages Reference

Yg050409 P1-2ka Dawangou section siltstone 58 [61]
Yg050412 P1-2ka Dawangou section siltstone 85 [61]
Yg050413 P1-2ka Dawangou section siltstone 85 [61]

91Si-4 P1ku Sishichang section fine-grained sandstone 92 [62]
SSC03 C2P1k Sishichang section quartz sandstone 89 [63]
SSC04 C2P1k Sishichang section quartz sandstone 90 [63]
SSC05 P1ku * Sishichang section coarse sandstone 85 [63]
SSC07 P1ku Sishichang section coarse sandstone 85 [63]

LT7 P1ku Subashi section fine-grained calcareous arenite 92 [17]
LT24B P1ku Linkuangchang section coarse-fine grained wacke 111 [17]

G8 C2P1k Sishichang section fine-grained sandstone 119 [64]
BL106-23 P1b North Yimugantawu quartz sandstone 61 This paper
KL301-38 P1-2k South Kepingtage quartz sandstone 37 This paper
KL301-71 P1-2k South Kepingtage quartz sandstone 51 This paper

Note: According to the literature [65], the time of the Kaipaizileike Formation (P1-2ka) has been revised from
Guadalupian to Cisuralian–Guadalupian. * P1ku—Kupukuziman Formation.

To interpret the potential source of Permian detrital zircons in the Keping area, we
compared the detrital zircon U-Pb ages with the Paleozoic crystallization ages (<600 Ma) of
magmatic rocks in the YCTB, the STOB, and the northwestern margin of Tarin Block. The
ages of magmatic rocks are summarized by Han (2016b) [17], Huang (2018) [66], and Liu
(2020) [67] (Figure 9). The Tarim Block and its surrounding blocks experienced frequent
tectonic and magmatic activities during the Paleozoic, with ages mainly clustering around
460–390 Ma and 300–270 Ma in the northwestern margin of Tarim Block. These age patterns
are similar to those of the STOB, which show major episodes at 300~270 Ma and 450~380 Ma.
Additionally, both age patterns correspond to the distribution of detrital zircon U-Pb ages
obtained from modern river sands in North Tianshan [68]. However, 380–320 Ma magmatic
zircons are lacking in the northwestern margin of Tarin Block and the STOB compared to
the YCTB (Figure 9). The dominant age group in the Permian samples consists of many
Ordovician to Early Devonian detrital zircons clustering around 500–380 Ma, a prominent
feature in the Paleozoic strata of the northwest Tarim Block. For instance, samples from the
Late Devonian Kezertage Formation contain numerous detrital zircons with ages ranging
from 500–420 Ma [69]. Paleozoic grains are larger than Precambrian zircons, showing more
euhedral to subhedral prismatic shapes. CL images indicate that most zircons display clear
oscillatory zoning (Figure 6), suggesting a magmatic origin, as supported by their relatively
high Th/U ratios (0.2–2). These detrital zircons from Early-Guadalupian sedimentary rocks
in the study area likely originated from a magmatic arc.



Minerals 2024, 14, 1288 12 of 22Minerals 2024, 13, x FOR PEER REVIEW 14 of 24 
 

 

 
Figure 9. Histogram plots of <600 Ma ages for (a–c) detrital zircons in the Keping area (for data see 
Supplementary Tables S1 and S2) and magmatic rocks from (d) the northwest margin of the Tarim 
Block, (e) the STOB, and (f) the YCTB (data sources: references [17,66,67]). 

5.3. Provenance and Tectonic Setting  
Sedimentary debris is closely related to its source rocks; although the clastic materials 

undergo some alteration during deposition, the geochemical compositions remain pri-
marily controlled by the source rocks. The chemical components of sandstone can directly 
reflect the features of the source and its tectonic setting. Usually, geochemical diagrams of 
sandstones are used to study provenance and tectonic settings [48,80–84]. 

This article focuses on the geochemical data of samples from the Baliklike and Ka-
lundaer formations and uses the data from previous work to plot partial discrimination 
maps of the Keping area and its surroundings. The main features are described below. 

In the discriminant diagrams of major elements, there is no significant difference in 
the source areas of the Balikelike and Kalundaer formation sandstones. In the SiO2-
K2O/Na2O diagram (Figure 10a), the points are mainly concentrated in the oceanic island 
arc region, with a few associated with the active continental margin; in the (TFe2O3+MgO)-
TiO2 diagram (Figure 10b), the points fall into the continental island arc region and its 
vicinity, with some points not exhibiting typical characteristics, placed outside of the typ-
ical tectonic background field. In the F3–F4 diagram (Figure 10c), most samples point to an 
intermediate igneous provenance, with a few located near the felsic igneous provenance 
region. The above major element characteristics indicate that the parent rocks of the sand-
stones from the Balikelike and Kalundaer formations in the study area were generally in 
an active tectonic setting characteristic of an island arc environment. Although the differ-
ences in the discriminant diagrams are not noticeable, compared to the Balikelike 

Figure 9. Histogram plots of <600 Ma ages for (a–c) detrital zircons in the Keping area (for data see
Supplementary Tables S1 and S2) and magmatic rocks from (d) the northwest margin of the Tarim
Block, (e) the STOB, and (f) the YCTB (data sources: references [17,66,67]).

Tectonic and thermal events were common around the Tarim Block during the Early
Paleozoic. The age group of 500~380 Ma correlates with the magmatic belt along the
northern margin of Tarin Block, characterized by arc-related granite, granitoids, and dior-
ites formed between 440–380 Ma [18–20,24,32,59,70–73], alongside 433–385 Ma gabbroic
pluton [74–76]. These magmatic events may likely provide sources for the Paleozoic zircon.
Previous studies have primarily focused on correlating Permian detrital zircons with abun-
dant interbedded basalt rocks in Kupukuziman and Kaipaizileike formations, neglecting
specific investigation into the origin of 310–290 Ma zircons [61,77,78].

Detrital zircons aged 310–290 Ma from three samples of the Kaipaizileike Formation
show εHf(t) values ranging from −10 to 0, aligning with zircons found in Permian basalt in
the Kepingtage area [61]. However, comparing εHf(t) values does not definitively confirm
whether the 310–290 Ma detrital zircons were transported from a nearby source. Despite
the main magmatic episodes of the Tarim Large Igneous Province (LIP), which include
three phases—small-volume kimberlites around ~300 Ma, bimodal magmatism at ~290 Ma,
and ~280 Ma [78,79]—evidence of pyroclastic activity predating these episodes has been
discovered at the base of the Cisuralian strata. This evidence encompasses tuff layers and
tuffaceous sandstone found in the Keping area and the northwestern margin of the Tarin
Block [63]. Based on zircon morphology, detrital zircons from the Permian samples display
prismatic euhedral shapes, angular roundness, and clear oscillatory zoning, indicating a
magmatic origin and slight alteration from external geological processes (Figure 6). This
morphology suggests a short-distance sediment transport from the source to the study area.
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Sample B301-38 exhibits a single peak zircon age (~295 Ma), further suggesting that these
detrital zircons likely originated from a nearby location and underwent rapid deposition
(Figure 7e,f). Based on the tectonic setting of the sedimentary basin, these clastic zircons of
magmatic origin likely come from the southern Keping forebulge on the south side.

5.3. Provenance and Tectonic Setting

Sedimentary debris is closely related to its source rocks; although the clastic materials
undergo some alteration during deposition, the geochemical compositions remain primarily
controlled by the source rocks. The chemical components of sandstone can directly reflect
the features of the source and its tectonic setting. Usually, geochemical diagrams of
sandstones are used to study provenance and tectonic settings [48,80–84].

This article focuses on the geochemical data of samples from the Baliklike and Kalun-
daer formations and uses the data from previous work to plot partial discrimination maps
of the Keping area and its surroundings. The main features are described below.

In the discriminant diagrams of major elements, there is no significant difference in the
source areas of the Balikelike and Kalundaer formation sandstones. In the SiO2-K2O/Na2O
diagram (Figure 10a), the points are mainly concentrated in the oceanic island arc region,
with a few associated with the active continental margin; in the (TFe2O3+MgO)-TiO2 dia-
gram (Figure 10b), the points fall into the continental island arc region and its vicinity, with
some points not exhibiting typical characteristics, placed outside of the typical tectonic
background field. In the F3–F4 diagram (Figure 10c), most samples point to an intermediate
igneous provenance, with a few located near the felsic igneous provenance region. The
above major element characteristics indicate that the parent rocks of the sandstones from
the Balikelike and Kalundaer formations in the study area were generally in an active
tectonic setting characteristic of an island arc environment. Although the differences in the
discriminant diagrams are not noticeable, compared to the Balikelike Formation, the SiO2
and Al2O3 contents in the sandstones of the Kalundaer Formation tend to decrease, indicat-
ing a reduction in compositional maturity. Both have higher K2O+Na2O, with K2O/Na2O
contents averaging 0.54 and 0.61, respectively, indicating a high feldspar composition,
containing more plagioclase than potassium feldspar. The TFe2O3+MgO concentrations are
both low, indicating the minimal presence of ferromagnesian components in the rocks. The
corresponding CaO composition in both formations is relatively high, and it is significantly
elevated in the Kalundaer than in the Baliklike Formation, pointing to an increasing trend
in calcium content. In summary, compared with the Balikelike Formation, the Kalundaer
Formation sandstone is constituted of lower compositional maturity, increased calcium
content, and decreased stable components such as quartz, suggesting that both may have
multiple source characteristics.

In the trace element and REE discrimination diagrams, there is no significant difference
in sandstone sample plots from the Balikelike and Kalundaer formations. In the La/Th-Hf
diagram (Figure 10d), the points mainly fall in the acidic arc source area, with some points
located in the mixed felsic/mafic source area, and only two placed relatively close to the
passive margin source area. In the Th-Sc-Zr/10 and La-Th-Sc diagrams (Figure 10e,f), the
points mainly plot in the continental island arc area and the angle region between them
and the passive continental margin area. Fewer points group with the active continental
margin and passive margin source areas, and these tend to lie closer to the continental
island arc source.
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(squares are from the Balikelike Formation sandstone; round dots are from the Kalundaer Formation
sandstone). (a) K2O/Na2O–SiO2 diagram (after Roser (1986) [82]); (b) TiO2–TFe2O3+MgO diagram
(after Bhatia (1983) [48]); (c) F4–F3 diagram (after Roser (1988) [83]); (d) La/Th–Hf diagram (after
Floyd (1987) [81]); (e) Th–Sc–Zr/10 diagram (after Bhatia (1986) [80]); (f) La–Th–Sc diagram (after
Bhatia (1986) [80]). A-Oceanic island arc (OIA); B-continental island arc (CIA); C-active continental
margin (ACM); D-passive continental margin (PM).

REEs and trace elements are chemically stable and are less affected by sedimentary
environments and diagenetic processes during weathering and transportation. The con-
centrations and characteristics of REEs in clastic rocks are predominantly controlled by
the composition of the source rock area. Consequently, REEs can be used to identify the
tectonic setting from which materials were sourced [84]. The ΣREE value in the Balike-
like Formation averaged 125.55 ppm, being slightly lower than the 146.4 ppm average of
UCC [48], suggesting that the source materials were influenced by intermediate to acidic
rocks. The ΣREE value in Kalundaer Formation averaged 98.66 ppm, which is signifi-
cantly lower than the averaged UCC, indicating a greater contribution from intermediate
to acidic rocks to source composition. These characteristics also suggest that during the
transition period from the Cisuralian to Guadalupian, volcanic activity in the study area
may have intensified.

In the multi-element spider diagrams normalized to UCC (Figure 8a), the REE contents
of both formations show little variation. The chondrite-normalized REE patterns (Figure 8b)
display a rightward inclination, characterized by enrichment of LREE and depletion of
HREE. These characteristics suggest that the sediment sources of the Balikelike and the
Kalundaer Formation are essentially stable and homogenous.

Using the geochemical data of Silurian, Devonian, and Mississippian sandstones from
the Keping area obtained in previous work for sediment source analysis [69,85,86], in the
SiO2-K2O/Na2O diagram (Figure 11a), the Silurian sandstone samples associate with the
passive continental margin; the Devonian and Mississippian sandstone samples mainly
with the passive continental margin, with a few affiliating with the active continental
margin. In the F3–F4 discriminant diagram (Figure 11b), most of the Silurian samples were
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allocated at the intersection of the quartzose sedimentary and felsic igneous provenance
region; the Devonian and Mississippian sample within the quartzose sedimentary source
area. In the La/Th-Hf diagram (Figure 11c), the samples mainly assembled in the transi-
tional zone from an acidic arc to a passive margin source. These characteristics suggest that
the transition of the sedimentary tectonic setting in the Keping area likely occurred during
the Late Devonian to Mississippian Period.
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In summary, the tectonic setting of the provenance area for the early to Guadalupian
sandstones in the Keping area is characterized by an island arc environment, which un-
derwent significant changes compared to the passive continental margins of the Silurian
to Middle Devonian Period. This shift in tectonic background may have occurred from
the Late Devonian to the Mississippian, leading to a regional unconformity between the
Carboniferous and pre-Carboniferous strata.

5.4. Tectonic Evolution

The tectonic setting of the northwestern margin of Tarin Block was inferred to have
been a passive continental margin from the Cambrian to the Silurian. During the Devonian
interval, it underwent a gradual transition from a passive continental margin to an island arc
setting (Figure 11). In the Early Cambrian, the STO initiated northward subduction beneath
the YCTB [87], but the southward subduction was intra-oceanic. Consequently, it did not
significantly impact the tectonic setting of the northwest margin of the Tarim Block. The
period from the Middle-late Devonian to Early Mississippian is interpreted to represent the
time of closure of the STO, during which the sedimentary environment evolved gradually
from a residual to a foreland basin. Under subduction accretion, an ocean–continent
transition occurred, forming the South Tian Block (STB). Based on geochemical and zircon
U-Pb dating data, together with an assessment of field geological conditions (Figure 2), this
paper proposes a tectonic evolution model for the Carboniferous to Permian foreland basin
in the Keping area, which can be divided into five stages (Figure 12):

1. The Middle-late Devonian to the Early Mississippian, marked the initial development
of the foreland basins (the residual marine basin development stage): the sedimentary
geological background transitioned from a passive continental to an active continental
margin. The study area experienced crustal uplift and erosion, with the emergence of
thrust fault activity on the northern side, though a residual marine basin still existed
(Figure 12a).

2. The Late Mississippian to the Early Pennsylvanian, was a period of early foreland
basin development. The thrust belts had risen to the surface and were subjected to
weathering and erosion. In the Aheqi area to the north, wedge-top sediments appeared
and developed into the Bashisuogong Formation, which consists of sandstone and
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conglomerate, with a small amount of limestone in some areas. Influenced by the
YCTB, the study area experienced southward crustal shortening. At this time, foredeep
sediments appeared in the Kake area, with the Biegentawu Formation carbonates
reaching a thickness of over 1000 m (Figure 12b).

3. The Late Pennsylvanian to the Early Cisuralian, marked the middle foreland basin de-
velopment stage, when foreland basin development peaked. The foredeep sediments
were well-developed and showed a trend of migration to the north. The Kangkelin
Formation carbonate, with thicknesses exceeding 1800 m, remained over 900 m thick
in the Kake area of the central region. At this time, the Keping area also began to
receive deposits, with the Kangkelin Formation reaching a thickness of about 130 m
(Figure 12c).

4. The Late Cisuralian was associated with late-stage foreland basin development. It is
linked to the emergence of the middle thrust belt, significant migration of foredeep
sediments southward, and the appearance of the sedimentary center in the Kake area.
The Balikelike Formation had a thickness of over 1000 m, while in the northern, the
Aheqi area still measured over 700 m. The Keping area, located in the foreland uplift
zone, had a thickness of less than 200 m (Figure 12d).

5. Finally, the Guadalupian transitioned urged in the final stage of foreland basin de-
velopment. It was characterized by late thrust belts triggering crustal uplift, and the
sedimentary environment gradually transformed from a marine-terrestrial interacting
setting to a terrestrial environment. In the late stage, terrestrial molasse deposits con-
taining plant fossils emerged, with sediment thickness ranging from approximately
800 m to 1300 m in the north and south, showing little difference (Figure 12e).

Also, the Late Guadalupian molasse deposition event subsequently underwent uplift
and erosion, with no deposition observed during the Lopingian. The Carboniferous strata
on the northwestern margin of the Tarim Block exist in unconformity with the underlying
strata, and the strata under the unconformity gradually graduate towards younger deposits
from north to south. This relationship suggests that collisional uplift began in the north
and progressed southward over time, with its intensity gradually diminishing over time
(Figure 2). The closure of the STO likely followed a scissor-like process from east to west
during the Middle Devonian to the Early Mississippian [88].

The zircon U-Pb age of mafic dikes intruding the Keziertage Formation and overlain
by the Kangkelin Formation is estimated to be 308 Ma (Figures 1b and 5a,b), while the U-Pb
age of basalt deposition in the Balikelike Formation approximates 287.6 Ma [36]. These
mafic rocks are likely associated with the Cisuralian Tarim Large Igneous Province (LIP),
with the 308 Ma mafic dikes possibly representing an early stage of volcanic activity, and
the 287.6 Ma basalts a peak in volcanic activity within the province. Additionally, the
Cisuralian Tarim LIP provided magmatic zircons to the Kalundaer Formation, with the
single peak age of ~295 Ma observed in sample B301-38 serving as evidence. These findings
indicate the presence of extensional processes during the development of the foreland
basin in the Keping area and provide temporal constraints for the evolution of the foreland
basin. The detrital zircon ages of 310–260 Ma indicate the occurrence of co-collision and
post-collisional magmatic events after the closure of the STO [87].

The closure of the STO played a key role in the crustal evolution of the northern margin
of the Tarim Block during the Late Paleozoic. The latest research shows that the STO con-
tinued to subduct northward beneath the YCTB during the Early Devonian [89]. Therefore,
this article proposes that the closure of the STO occurred during the Middle Devonian to
Early Mississippian, possibly through a soft collision process, without the formation of
high mountains. It was mainly characterized by regional crustal uplift and the formation of
regional parallel unconformities, with the sedimentary environment transitioning from a
residual basin to a foreland basin. During this process, post-collisional extension occurred,
forming a series of mafic dikes and basalts. Large-scale crustal uplift and orogeny likely
occurred in the Late Guadalupian, evidenced by a set of molasse sediments.
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Figure 12. Tectonic evolution model map of the northwest margin of the Tarim Block from the Early-
late Devonian to the Guadalupian. (a) The period of the initial development of the foreland basins (the
residual marine basin development stage); (b) The period of early foreland basin development; (c) The
period of middle foreland basin development stage; (d) The late-stage foreland basin development;
(e) The final stage of foreland basin development. (1. Tarim Block (TB), its pre-Carboniferous strata
primarily composed of Silurian and Devonian clastic rocks, Cambrian and Ordovician carbonate
rocks, and Precambrian crystalline basement rocks. 2. South Tianshan Block (STB). 3. Foreland basin
sediment; 4. Seawater. 5. Direction of crustal movement. I. Wedge top. II. Foredeep. III. Forebulge.
IV. Back-bulge. RSB. Remnant sea basin).

6. Conclusions

Previous research evidence, together with the detrital zircon U-Pb geochronology and
geochemical data from the Balikelike and Kalundaer formation sandstones in the Keping
area, led to the following key conclusions.

1. Five groups of sandstone detrital zircons U-Pb ages were obtained, respectively:
2500–2300 Ma, 2000–1800 Ma, 900–600 Ma, 500–380 Ma, and 310–290 Ma. The Pre-
cambrian detrital zircons likely relate to the breakup of the Columbia supercontinent
and the assembly of the Rodinia supercontinent. The Paleozoic detrital zircons may
have originated from contemporaneous magmatic thermal events. Among them, the
~295 Ma detrital zircons are likely associated with post-collisional extension, repre-
senting the activity of the Tarim LIP.

2. Geochemical data analysis indicates that on the northwestern margin of the Tarim
Block, the tectonic setting during the Silurian Period was associated with a passive
continental margin environment. However, the tectonic setting transformed into a
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foreland basin from the Late Mississippian to the Guadalupian. Transformation of the
Earth’s crustal properties mainly occurred during the Middle-late Devonian to the
Early Mississippian, which was also marked when the STO closed. This process likely
involved a soft collision, lacking the formation of high mountain ranges, with crustal
uplift and orogeny primarily occurring in the Late Guadalupian.

3. The evolution of the foreland basin on the northwest margin of the Tarim Block in the
Late Paleozoic can be divided into five stages: (1) the initial stage of foreland basin
development from the Middle-late Devonian to the Early Mississippian (residual
basin development stage); (2) early stage foreland basin development from the Late
Mississippian to the Early Pennsylvanian; (3) middle stage foreland basin develop-
ment from the Late Pennsylvanian to Early Cisuralian; (4) late stage foreland basin
development in the Late Cisuralian; (5) and final stage foreland basin development in
the Guadalupian.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14121288/s1: Table S1: LA-ICP-MS U-Pb analytical results
of detrital zircons from Permian sandstones in Keping area; Table S2: Trace element concentrations
of the sandstones of Permian Balikelike and Kalundaer formations in Keping (ωB/10-6); Table S3.
Characteristics of trace element concentrations ratios of the sandstones with Permian Balikelike and
Kalundaer formations.
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