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Abstract The Tianshan in western China is rich in ore resources, but its tectonic uplift and exhumation history closely related to
the resource exploration is still controversial. This study provides a new strategy to uncover the tectonic uplift processes in
southern Tianshan by combining the morphological characteristics and thermochronological ages of detrital zircons in the Tarim
Basin. The morphology of the Meso-Cenozoic detrital zircons in the Kuqa Foreland Basin, a secondary tectonic unit of the Tarim
Basin, is dominated by three types of P, S, and G, and their average alkaline and temperature indexes are 668.0−677.2 and 347.6
−413.5, respectively. Moreover, the U-Pb ages of these detrital zircons are primarily divided into two groups of 270−330 and 380
−470 Ma. These features indicate that the Early Carboniferous-Early Permian and Middle Ordovician-Middle Devonian alkaline
granites distributed in the South Tianshan and southern Central Tianshan were the main sources of the detrital zircons in the Kuqa
Foreland Basin. The decomposition of the detrital zircon fission track ages further reveals that the provenances of the Kuqa
Foreland Basin primarily consisted of the southern Central Tianshan, the eastern South Tianshan, and the central South Tianshan
during Meso-Cenozoic. Among them, the eastern South Tianshan played a dominant role in the material supply. The synthesis of
the decomposed zircon fission track (ZFT) ages and the lag-time evolution pattern indicated that the South Tianshan and the
southern Central Tianshan mainly experienced five stages of tectonic uplifting that occurred in the Devonian, the Permian, the
Middle Triassic-Middle Jurassic, the Cretaceous, and since the Miocene, respectively. They were related to the subduction of the
South Tianshan Ocean northward to the bottom of the Central Tianshan, the compression and accretion after the closure of the
South Tianshan Ocean, and a series of collisions between the Qiangtang-Lassa-India plates and the southern margin of the
Eurasia plate in the Meso-Cenozoic, respectively. This study provides a new provenance analysis method, which was suc-
cessfully applied in the Tianshan, and also develops a new way to study Central Asia’s tectonic evolution.
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1. Introduction

The exhumation materials produced by orogenic belts can be
rapidly transported to adjacent foreland basins for deposition
by wind and river forces, so the uplift and exhumation pro-
cesses of orogenic belts are interdependent with the sub-

sidence of foreland basins. When the exhumed apatite and
zircon minerals from orogenic belts transported to the sedi-
mentary basins were buried very shallow with burial tem-
peratures lower than their thermochronological closure
temperatures, they will retain the thermal information of the
provenances and can be effectively used to study the up-
lifting histories of the provenances (orogenic belts) and ba-
sin-mountain coupling relationship (Garver et al., 1999;
Bernet and Garver, 2005; Carrapa, 2009; Qiu et al., 2012).
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The decomposition analysis of the unreset low-temperature
thermochronological ages for detrital minerals can initially
identify their provenances (orogenic belts) and uplifting
events, and the correlation among the decomposed low-
temperature thermochronological peak ages, stratigraphic
ages, and lag-time can be used to study the tectonic evolution
stages and exhumation rates of the orogenic belts (Garver et
al., 1999; Bernet and Garver, 2005; Carrapa, 2009). They
have been successfully applied in the Alps, Tibet Plateau,
and Taiwan Central Mountains (Garver et al., 1999; Bernet et
al., 2001; Bernet and Garver, 2005; Carrapa, 2009; Carrapa
et al., 2016; Malusà and Fitzgerald, 2020).
Similar to the Alps and the Tibet Plateau, the Tianshan in

western China (especially the southern Tianshan) also ex-
perienced long-term uplifting and exhumation. The ex-
humation materials were then rapidly transported to the
foreland basins in the southern margin of the Tianshan for
deposition. Therefore, it is feasible to carry out the prove-
nance analysis of Meso-Cenozoic detrital rocks from the
Kuqa Foreland Basin (KFB) in the south margin of the
Tianshan with a thermochronological method. Previous
studies discussed the tectonic uplifting processes of the
South Tianshan since the Cretaceous by apatite fission track
and (U-Th)/He ages of bedrock samples in the Tianshan and
the northern KFB, but the conclusions are still controversial
(Yin et al., 1998; Huang et al., 2006; Wang et al., 2009;
Chang et al., 2017, 2021). According to the analyses on
detrital zircon U-Pb ages, heavy minerals, and whole-rock
main elements, it has been confirmed that the South Tianshan
was the primary provenance for the KFB during the Meso-
Cenozoic (Li et al., 2004a; Li et al., 2006; Li and Peng, 2010;
Liu et al., 2013), but other geological information contained
in detrital sediments has not been extracted. Compared with
the methods mentioned above, the unreset fission track ages
of the Meso-Cenozoic detrital zircons in KFB can not only
reveal the tectonic evolution history of the Tianshan before
the Cretaceous but also provide new evidence for the tectonic
uplift events since the Cretaceous, which would be sig-
nificative to understand the relationship among structure,
landform, denudation, and deposition in Tianshan. In this
study, we first show that the southern Tianshan is the primary
provenance of the KFB during the Meso-Cenozoic based on
the morphological characteristics and U-Pb ages of the det-
rital zircons. Then the number, uplifting events, and ex-
humation rates of the provenances were studied with the
decomposition and lag-time evolution pattern analysis on
detrital zircon fission track (ZFT) ages. Finally, we synthe-
tically discussed the provenance domains and the causes for
the multiple uplifting events. This paper not only provides a
new provenance analysis method and first uncovers the
multiple cooling events that occurred in the South Tianshan
after the closure of the South Tianshan Ocean, but also
verifies the validity of the detrital thermochronology for

provenance analysis in the Tianshan, and thus develops a
new way to study Central Asia’s tectonic evolution.

2. Geological setting and samples’ information

The studied areas in this study include the southern Tianshan
and the KFB in the northern Tarim Basin. As part of the
Central Asian orogenic belt, the Tianshan is bounded by the
Tarim Basin to the south and Junggar Basin to the north. The
Tianshan is divided into the eastern and western Tianshan
separated by the Urumqi-Korla line; the western Tianshan
can be divided further into three domains (Figure 1a): the
North, Central (including the Yili Block), and South Tian-
shan. The Central Tianshan belongs to a magmatic arc and
consists of volcanic rocks and granites developed from Or-
dovician to Carboniferous (Gao et al., 2009). The South
Tianshan in the south of the Central Tianshan began to de-
velop along with the collision between the Central Tianshan
island arc and Tarim Block during the Late Carboniferous-
Early Permian (Xiao et al., 2004; Han et al., 2011; Ge et al.,
2012). The Precambrian, lower and upper Paleozoic strata in
the South Tianshan were characterized by epimetamorphic
rock, marine volcanic-sedimentary formation, and alter-
native marine-continental volcanic-sedimentary formation,
respectively (Chen et al., 1983).
The KFB in the northern Tarim Basin is bounded by the

South Tianshan to the north and the Tabei Uplift (one sec-
ondary tectonic unit of the Tarim Basin) to the south. It is
divided into five secondary structural units from north to
south: the Northern Monocline Belt, the Kelasu-Yiqikelike
Thrust Belt, the Baicheng Sag, the Yangxia Sag, and the
Qiulitag Anticline Belt (Figure 1b). The KFB developed on
the Paleozoic fold basement and experienced three evolu-
tionary stages: Late Permian-Triassic foreland basin, Jur-
assic-Paleogene extensional depression basin, and Neogene-
Quaternary rejuvenated foreland basin (He et al., 2004; He et
al., 2009). The strata in the KFB can be divided into three
sequences as the gypsum-salt rock in the Paleocene-Eocene
Kumugeliemu group serves as a mark layer (Tang et al.,
2004). The Triassic, Jurassic, and Lower Cretaceous strata
below the mark layer mainly consist of continental con-
glomerate, sandstone, and mudstone; the lithology of the
mark layer is characterized by gray-light gray salt rock,
gypsum rock, limestone, marlstone, mudstone, sandstone,
and sandy conglomerate; the strata above the mark layer
consist of Oligocene-Quaternary red clastic rocks.
We collected six detrital rocks for this study from the

Lower Jurassic, Lower Cretaceous, Paleocene, Oligocene,
Miocene, and Quaternary strata in the outcrop of the Yaha
Section in the eastern KFB. The location and geological
information of these samples are shown in Figure 1c and
Table 1, respectively. The zircon minerals from these sam-

450 Chang J, et al. Sci China Earth Sci March (2022) Vol.65 No.3

 https://engine.scichina.com/doi/10.1007/s11430-021-9872-4



ples by heavy mineral separation technology were used to
measure the morphology, U-Pb ages, and fission track ages.
The experiment methods and measured results of the zircon
U-Pb and fission track dating were shown in the Appendix
(https://link.springer.com).

3. Meso-Cenozoic provenance analysis in the
KFB

The Meso-Cenozoic detrital zircon fission track ages and
their lag-time evolution pattern in the KFB could be used to
study the tectonic uplifting history of the southern Tianshan
if these detrital zircons in the KFB were confirmed to come

from the Tianshan. As mentioned above, previous studies
have concluded that the South Tianshan became the essential
provenance of the KFB since the Mesozoic by analyzing the
sandstone skeleton grains, heavy minerals, and whole-rock
major elements (Li et al., 2004a, 2006; Li and Peng, 2010).
This study did detailed work on the detrital zircon morpho-
logical characteristics and U-Pb ages of the Meso- Cenozoic
samples in the Yaha Section to further clarify the prove-
nances of the eastern KFB.

3.1 Morphological characteristics of the detrital zir-
cons

Due to the variation of their host magma’s chemical com-

Figure 1 (a) Geomorphologic map of Central Asia with some primary faults. Yellow areas represent the three provenances identified in this study; (b)
geological map of the KFB showing five secondary structural units; (c) geological map of the Yaha Section in the eastern KFB showing the samples’
locations (red stars).
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position, temperature, and aluminum-alkali index, zircon
crystals can form different morphology during crystal-
lization. In addition, because zircon grains have strong re-
sistance to weathering and metamorphism, they are usually
preserved in good original morphology after weathering,
transportation, and deposition. According to the combination
relationship of different cylindrical and conical surfaces of
zircon crystals and their development degree, Pupin (1980)
divided zircon morphology into 16 primary types and 64
subtypes and designed a zircon morphology distribution
diagram (Figure 2). The X-axis represents alkaline index
(I.A), and the Y-axis represents temperature index (I.T).
These two indexes range from 100 to 800 and are divided
further into eight equal parts. The temperature index in-
creases from top to bottom, while the alkaline index in-
creases from left to right. In this study, we analyzed more
than 1200 zircon grains’ morphology of six samples from the
Yaha Section and then plotted the statistical frequency into
the zircon morphology distribution diagrams (Figure 3),
showing that the zircon morphology is dominated by three
types of P (P1 or P2), S and G. Meanwhile, the average
alkaline index ((I.A ) and temperature index (I.T ) of each
sample were calculated by formulas (1) and (2) proposed by
Pupin (1980) (Table 1).

I A I A n. = . × , (1)
I A

I A
. =100

800

.

I T I T n. = . × , (2)
I T

I T
. =100

800

.

where I.A is the alkaline index for a certain zircon mor-
phology, nI.A is the statistical frequency of a certain zircon
morphology corresponding to the alkaline index, I.T is the
temperature index for a certain zircon morphology, and nI.T is
the statistical frequency of a certain zircon morphology
corresponding to the temperature index.
The I.A and I.T values of the Meso-Cenozoic samples

from the Yaha Section in the KFB range from 668.0 to 677.2

and from 347.6 to 413.5, respectively. When the average
alkaline and temperature indexes of each sample were plot-
ted into the parent rock type chart (Figure 3g), these detrital
zircons were mainly derived from alkaline granites. This is
consistent with the exposure of alkaline granites in the
Kuerchu and Boziguoer areas of the South Tianshan, Central
Tianshan, and Yili area (Liu et al., 2014; Qin, 2017; Han and
Zhao, 2018; Huang et al., 2020). Therefore, the Tianshan was
the main provenance of the Yaha Section during the Meso-
Cenozoic.

3.2 Detrital zircon U-Pb ages

The detrital zircon U-Pb ages of samples YH-04, YH-15,
YH-21, YH-24, and YH-28 were obtained for identifying
the provenances of the Meso-Cenozoic sediments from the
Yaha Section in the eastern KFB. For the Lower Jurassic
sample YH-04, the U-Pb ages of 111 zircon grains range
from 301 to 2454 Ma (Figure 4a), and 83% of the zircon
grains are further classified as a group with U-Pb ages of
380–470 Ma (peak age of 418.6 Ma). For the Lower Cre-
taceous sample YH-15, except for one zircon U-Pb age of
1954±75 Ma, the U-Pb ages of the other 43 zircons range
from 242 to 500 Ma and can be further divided into three
groups of 242–250 Ma (18%, peak age of 247.5 Ma), 271–
308 Ma (23%, peak age of 280.5 Ma) and 381–500 Ma
(55%, peak age of 443.3 Ma) (Figure 4b). For Paleocene
sample YH-21, the U-Pb ages of 112 zircon grains range
from 202 to 2770 Ma (Figure 4c), and the two largest
groups are 270–325 Ma (17%, peak age of 300 Ma) and
400–470 Ma (38%, peak age of 424.5 Ma). For Oligocene
sample YH-24, except for four zircon ages of >500 Ma, the
U-Pb ages of the residual 108 zircon grains range from 263
to 461 Ma (Figure 4d) and are divided into two groups of
281–308 Ma (29%, peak age of 299.2 Ma) and 409–461 Ma
(66%, peak age of 424.6 Ma). For Miocene sample YH-28,
the U-Pb ages of 164 zircon grains range from 238 to 2514

Table 1 Basic information of the samples from the Yaha Section in the eastern KFB and the detrital zircons’ morphology and fission track data

Sample No. Stratigraphic
age (Ma) Formation Lithology Altitude

(m) Coordinate I.A a) I.T b) Nc) Single-grain
ZFT age (Ma)

ZFT central
age (Ma) P(χ2)d) P1 P2 P3

YH-04 190±5 Lower
Jurassic

Fine
sandstone 2066 42°7′43.3″N;

83°24′49.5″E 668.0 391.6 88 185–549 295.5±7.7 0 225.0±7.5
(29.0%)

293.4±8.8
(44.0%)

399.5±10.1
(27.0%)

YH-15 120±5 Lower Cre-
taceous Siltstone 1852 42°5′1.6″N;

83°23′15.3″E 668.0 371.1 82 110–484 266.8±9.5 0 177.5±3.8
(28.5%)

274.5±9.8
(35.9%)

362.2±11.9
(35.6%)

YH-21 55±5 Paleocene Fine
sandstone 1810 42°4′18.2″N;

83°23′58.4″E 668.8 409.5 81 103–568 236.9±10.1 0 130.3±4.9
(19.4%)

232.6±5.0
(51.2%)

365.0±9.8
(29.4%)

YH-24 30±3 Oligocene Pebbly
sandstone 1782 42°4′6.7″N;

83°23′50.3″E 671.6 413.5 132 105–466 276.5±8.7 0 120.4±4.3
(5.2%)

207.9±2.4
(40.8%)

373.1±3.2
(54.0%)

YH-28 18±3 Miocene Fine
sandstone 1690 42°3′0.6″N;

83°21′15.7″E 675.1 347.6 119 60–452 189.7±7.0 0 98.1±2.9
(16.2%)

175.6±2.6
(49.7%)

283.2±4.4
(34.1%)

YH-34 1.5±0.3 Quaternary Conglom-
erate 1503 41°59′34.0″N;

83°19′0.7″E 677.2 381.2 29 60–331 137.2±13.0 0 73.2±3.2
(21.3%)

116.5±3.4
(47.6%)

267.9±7.6
(31.1%)

a) Average alkaline index; b) average temperature index; c) zircon grain number; d) chi-square probability.
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Ma (Figure 4e), and the two largest groups are 270–336 Ma
(13%, peak age of 300.3 Ma) and 400–447 Ma (46%, peak
age of 426.4 Ma).
According to previous studies on zircon U-Pb ages of the

bedrock in the Tianshan and surrounding mountains, we
concluded that the detrital zircons with the U-Pb ages of
202−250 Ma in the Yaha Section were probably derived
from the West Kunlun Mountain, Kuruktag Mountain or
Beishan Mountain, which are far from the KFB (Liu et al.,
2013; Han and Zhao, 2018); The detrital zircons with the U-
Pb ages of 270−330 Ma came from granites in the south
Tianshan and the southern Central Tianshan, which devel-
oped with the collision between the Central Tianshan and
Tarim blocks during Early Carboniferous-Early Permian
(Liu et al., 2013; Qin, 2017; Han and Zhao, 2018); The
detrital zircons with the U-Pb ages of 380−470 Ma were
probably supplied by the granites in the southern Central
Tianshan and northern South Tianshan, which were related
to the tectonic accretion between the Central Tianshan and

South Tianshan Ocean inducing magmatic activities during
Middle Ordovician-Middle Devonian (Wang et al., 2011;
Han et al., 2011; Qin, 2017). The detrital zircons with the
U-Pb ages >500 Ma were derived from the cyclic sediments
of the ancient basements in the Tianshan and the northern
margin of the Tarim Basin, which were too few to be further
discussed in this study. The detrital zircon U-Pb ages of all
the samples were dominantly divided into two groups of
270–330 Ma with a peak age of 300 and 380–470 Ma with a
peak age of 424.5 Ma (Figure 4f), indicating that the South
Tianshan and southern Central Tianshan are the most im-
portant provenances for the KFB during Meso-Cenozoic.
The Lower Jurassic strata in the Yaha Section are short of
zircon U-Pb ages of 270–330 Ma, similar to the Kuqa River
Section in the middle of the KFB (Li and Peng, 2010). The
Early Carboniferous-Early Permian magmatic rocks in the
South Tianshan and surrounding areas might not be ex-
posed during the Early Jurassic. Therefore, they could not
provide the detrital materials for the KFB.

Figure 2 Distribution diagram of the zircon morphology (Pupin, 1980).
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4. Analysis on the zircon fission track ages

The central ZFT ages of the six samples in this study range
from 137.2 to 295.5 Ma (Table 1) and are older than the
corresponding stratigraphic ages. Their P(χ2) values were all
equal to 0. These features indicate that the Meso-Cenozoic
sediments in the Yaha Section did not experience high
temperatures after their deposition. Their ZFT ages have
been unreset and still record the thermal information of the
provenances (southern Central Tianshan and South Tian-
shan). The samples’ single-grain ZFT ages exhibit a non-
linear negative correlation with uranium contents (Figure
5a), indicating that the radiation damage probably affects the
ZFT ages’ dispersion. The youngest single-grain ZFT ages
for each sample gradually increased from the Early Jurassic
to the Quaternity (Figure 5b), implying that the provenances
experienced continuous exhumation since the Early Jurassic,
which caused the thermochronological ages of the bedrock in
the origins to become younger gradually. The central ZFT
ages of the unreset samples have no geological significance.
Some studies proposed the decomposition method to analyze

the single-grain ZFT ages of the diverse sources for ex-
tracting thermal information (Galbraith and Green, 1990;
Brandon et al., 1998; Brandon, 2002; Vermeesch, 2018). The
decomposition method can effectively identify the prove-
nance number of the detrital ZFT ages and reveal the up-
lifting events experienced by each provenance. In this study,
the Binomial “peaking-fitting” method proposed by Gal-
braith and Green (1990) was used to decompose the single-
grain ZFT ages of each sample. It is found that only when
each sample was subdivided into three groups, the test
parameters, including χ2 statistics and P(F), could achieve the
best results (Brandon, 2002). Therefore, the single-grain ZFT
ages of each sample were subdivided into three groups of P1,
P2, and P3 from young to old (Table 1), indicating three
provenances (corresponding to I, II, and III) in the Yaha
Section since the Jurassic. The peak ZFT ages of the three
groups for all the samples gradually become smaller as the
stratigraphic ages get younger, implying that the uplifting
and exhumation processes of these three provenances were
progressive. The further statistical analysis on the decom-
posed peak ZFT ages revealed that the Tianshan experienced

Figure 3 (a)–(f) Statistics diagrams of detrital zircons’ morphology of the Meso-Cenozoic samples from the Yaha Section in the KFB; (g) parent rock
identification chart with the samples’ points (red circles).

454 Chang J, et al. Sci China Earth Sci March (2022) Vol.65 No.3

 https://engine.scichina.com/doi/10.1007/s11430-021-9872-4



four cooling events from Devonian to Cretaceous, which
occurred in 399.5−362.2, 293.4−267.9, 232.6−175.6, and
130.3−73.2 Ma, respectively. The lag-time evolution pattern
of the ZFT ages will be established in the next section to
reveal Tianshan’s tectonic uplifting since the Cenozoic.

5. Lag-time evolution pattern of ZFT ages

When zircon crystals did not experience partial or complete
annealing after deposition in sedimentary basins, the value of
the measured ZFT age minus the corresponding stratigraphic
age is defined as a lag-time (Garver et al., 1999). In this
study, the lag-time evolution pattern between the recomposed
ZFT ages and corresponding stratigraphic ages for the sam-

ples in the Yaha Section was established in Figure 6. There
are three fundamental trends between the thermo-
chronological ages line and lag-time contours (Figure 7a).
The first trend is that the thermochronological age line is
more inclined than the lag-time contour, indicating an ac-
celerated exhumation and orogenic stage in the provenance
(Constructive). The second trend is that the thermo-
chronological age line is parallel to the lag-time contour,
indicating a constant exhumation stage in the provenance
(Steady-state). The third trend is that the thermo-
chronological age line is less inclined than the lag-time
contour, which means slowing exhumation rates in the pro-
venance (Decaying). As shown in Figure 6, the variation
trend of the ZFT peak ages in group P1 suggests that the
provenance I experienced a slowly decaying stage from the

Figure 4 Histograms of the Meso-Cenozoic detrital zircons from the Yaha Section in the KFB.
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Early Jurassic to the Oligocene and a rapid uplifting phase
since the Oligocene. The variation trend of the ZFT peak ages
in group P2 suggests the provenance II experienced a slowly
decaying stage from the Early Jurassic to the Early Cretac-
eous, a steady-state stage (Early Cretaceous to Oligocene),
and a rapid uplifting stage since the Oligocene. The variation
trend of the ZFT peak ages in group P3 suggests that the
provenance III experienced a decaying stage from the Early
Jurassic to the Oligocene, a rapid uplifting and orogeny stage
from the Oligocene to the Miocene, and a steady-state stage
since the Miocene. Its early decaying stage can be further
divided into a slowly decaying stage from the Early Jurassic
to the Early Cretaceous and a rapid decaying stage from the
Early Cretaceous to the Oligocene. The three provenances of
the Yaha Section experienced differential tectonic evolution
processes since the Early Jurassic. Nonetheless, they are
generally characterized by the decaying and steady-state
stage during the Early Jurassic-Oligocene and the con-

structive and steady-state stage since the Oligocene.
The lag-time can be used to calculate the exhumation rate

of the provenance (Brandon et al., 1998; Garver et al., 1999;
Bernet and Garver, 2005). According to the natural radiation
damage model proposed by Brandon et al. (1998), the
transformation of the lag-time to an exhumation rate was
calculated by the Age2EDOT program and plotted in Figure
7b, indicating the negative correlation between the lag time
and exhumation rate. As the lag-time increases, the ex-
humation rate will decrease. For group P1 (Provenance I),
the exhumation rate decreased from 250 m Ma−1 during the
Early Jurassic to 90 m Ma−1 during the Oligocene and then
increased to 110 m Ma−1 during the Quaternary. For group
P2 (provenance II), the exhumation rate decreased from 80
m Ma−1 during the Early Jurassic to 55 m Ma−1 during the
Early Cretaceous and further to 50 m Ma−1 during the Oli-
gocene, then increased to 70 m Ma−1 during the Quaternary.
For group P3 (provenance III), the exhumation rate de-
creased from 38 m Ma−1 during the Early Jurassic to 33 m
Ma−1 during the Early Cretaceous and further to 22 m Ma−1

during the Oligocene, then increased rapidly to 30 m Ma−1 in
the Miocene. Since the Miocene, the exhumation rate in
provenance III remained constant.

6. Discussion

6.1 The provenance identification

As mentioned above, the decomposed ZFT peak ages of
groups P1, P2, and P3 revealed that Yaha Section in the
eastern KFB received sediments from provenances I, II, and
III during Meso-Cenozoic. For group P3, the four ZFT peak
ages of 399–365Ma indicate that provenance III experienced
a rapidly cooling event during the Devonian. Previous stu-
dies considered that the South Tianshan began to form during
Late Carboniferous-Early Permian (Xiao et al., 2004; Han et
al., 2011; Ge et al., 2012), so it did not experience the De-
vonian cooling event. We concluded that these zircon grains

Figure 5 (a) Correlation of the single-grain ZFT ages of the Meso-Cenozoic samples in the Yaha Section with the uranium content; (b) probability
distribution of each sample’s single-grain ZFT ages.

Figure 6 Correlation of the ZFT peak ages and corresponding strati-
graphic ages of the samples from the Yaha Section in the KFB and their
lag-time evolution pattern. The yellow zones represent the time span of
four uplifting events.
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in group P3 came from the southern Central Tianshan (Fig-
ure 8; Li and Peng, 2010). As a collision suture belt, the
southern Central Tianshan is dominated by high-pressure
metamorphic rocks with sporadic Silurian-Early Devonian
granites (Zhu, 2007). The zircon grains of groups P1 and P2
probably came from the South Tianshan next to the KFB.
Some studies indicated that the low-temperature thermo-
chronological ages generally become older from the central
South Tianshan to the eastern South Tianshan (Dumitru et
al., 2001; Chang et al., 2021). One paleo-planation surface
also developed in the eastern South Tianshan (Morin et al.,
2019). These features indicate that the uplifting and ex-
humation rate in the eastern South Tianshan should be re-
latively smaller than that in the central South Tianshan. In
addition, the most significant proportion of the single-grain
ZFT ages for each sample belonged to group P2, which
probably resulted from the convenience of the proximal
supply. We finally concluded that the zircon grains in group
P1 come from the central South Tianshan. In contrast, the
eastern South Tianshan provided the zircon grains in group
P2 with older ZFT peak ages (Figure 8). The central South
Tianshan is characterized by clastic rocks and carbonate
rocks developed during the Late Ordovician and Silurian
with a few Early Carboniferous-Early Permian and Middle
Ordovician-Middle Devonian magmatic rocks, while the
eastern South Tianshan is dominated by upper Silurian-
Carboniferous terrigenous clastic rocks and Paleozoic ig-
neous rocks (Zhu, 2007). There are two functions to be re-
sponsible for the differential uplifting rates between the
central and eastern South Tianshan since the Cenozoic: (1)
the differential shortening rates between the central and
eastern South Tianshan with the distant effect of the collision
between the India Plate and the southern margin of the
Eurasia Plate (Wang et al., 2001); (2) the upwelling of the hot
asthenospheric mantle under the central South Tianshan (Lei
and Zhao, 2007; Chang et al., 2021), which resulted in more
rapidly uplifting in the central South Tianshan. The heavy
mineral assemblages including zircon, rutile, and tourmaline

developed in the Middle-Lower Jurassic strata of the KFB
indicated that the Tianshan experienced weak tectonic ac-
tivity and the South Tianshan is characterized by a low ter-
rain during the Early-Middle Jurassic (Li et al., 2004b). The
exhumation materials from the southern Central Tianshan
were transported to the KFB by wind force, which was
confirmed by the high content of Al2O3 in the Middle-Lower
Jurassic strata (Li et al., 2005). Since the Late Jurassic, the
differential uplifting between the Tianshan and the Tarim
Basin allowed the development of intermountain river
channels (Li et al., 2005), so the sediments in the KFB were
transported from the Central Tianshan and South Tianshan
by the rivers since the Late Jurassic.

6.2 Differential uplifting processes in the southern
Tianshan

This study reveals the multiple tectonic uplifting events that
occurred in the southern Tianshan since the Devonian by
combining the decomposed ZFT ages and lag-time evolution
pattern. The decomposed ZFT ages from the Yaha Section in
the eastern KFB recorded the earliest Devonian cooling events
(399–365 Ma) occurred in the southern Central Tianshan,
which was earlier than that recorded by the muscovite 40Ar/
39Ar plateau age of 359–356Ma from the Heiyingshan Section
in the South Tianshan (Wang et al., 2011). In addition, Glorie
et al. (2010) considered that the Kyrgyz Tianshan experienced
slowly cooling during the Late Devonian based on K-feldspar
40Ar/39Ar plateau ages. During the Devonian, the South
Tianshan Ocean plate subducted northward below the Central
Tianshan block, which not only induced upwelling of the
asthenospheric mantle in the Central Tianshan through the
slab rollback and formed massive magmatic rocks (Wang et
al., 2020), but also caused the uplifting and exhumation in the
shallow of the southern Central Tianshan (Tan et al., 2019;
Huang et al., 2020), which were probably recorded by the
zircon crystals of the deep strata in the southern Central
Tianshan. During the Early Jurassic, these zircon minerals

Figure 7 (a) Lag-time evolution pattern of the fission track ages (Bernet et al., 2001); (b) relationship of lag-time and exhumation rate (for the geothermal
gradient of 25 °C km−1).
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from the deep strata in the southern Central Tianshan were
denuded and transported to the Yaha Section.
The Permian cooling event (293.4–267.9 Ma) revealed by

the ZFT ages of groups P2 and P3 was also reported by
analyzing 40Ar/39Ar, zircon (U-Th)/He, and titanite fission
track ages of bedrocks in the South Tianshan and Central
Tianshan (Carroll et al., 1995; Dumitru et al., 2001; de Jong
et al., 2009; Jolivet et al., 2010; Yin et al., 2018), which was
related to the compression and accretion after the collision
between the Central Tianshan and Tarim blocks. This cooling
event not only resulted in the formation of massive mylonite
along the South Tianshan suture belt with the effect of the
dextral strike-slip faults but also generated a regional un-
conformity between Permian and its underlying strata in
Central Asia (Carroll et al., 1995). Noted that some single-
grain ZFTages in groups P1, P2, and P3, which also recorded
the Devonian and Permian cooling events, would be caused
by the magmatic activity at that time. Due to the differential
closure temperatures, these ZFT ages should be slightly
different from the zircon U-Pb ages. This question should be
further studied in the future.
The Middle Triassic- Middle Jurassic rapid uplifting event

(232.6–175.6 Ma) in the South Tianshan revealed by groups
P1 and P2 showed a corresponding relation with the rapid
subsidence in the northern margin of the KFB, reflecting an
excellent source-sink system (Li and Peng, 2010; Chang et
al., 2017; Morin et al., 2018). Except for the South Tianshan,
the low-temperature thermochronological data in the Central
Tianshan, Kyrgyz Tianshan, Kunlun Mountain, Tibet Pla-
teau, and Kalpin fold-and-thrust belt in the northern margin
of the Tarim Basin also recorded this cooling event (Glorie et
al., 2010; Cao et al., 2015; Jolivet, 2015), which probably
resulted from the collision between the Qiangtang terrane
and the southern margin of the Eurasia plate during the Late
Triassic-Early Jurassic. This collision event reactivated the
inherited Paleozoic structures in Tianshan, Tarim Basin, and
Junggar Basin (Jolivet et al., 2010). It also led to the de-

velopment of the foreland basins in the southwest Tarim
Basin (Chang et al., 2019). During the same period, the
Kalpin and Bachu areas in the Tarim Basin became the
frontal uplifted areas of the foreland basins and underwent
significant exhumation (Chang et al., 2019). Noted that the
collision effect gradually weakened since the Early Jurassic,
the South Tianshan was in the decaying stage with the de-
creased exhumation rates as revealed by the lag-time evo-
lution pattern of the ZFT ages. Morin et al. (2018) suggested
that the South Tianshan was denuded to become paleo-plain
relief during the Early-Middle Jurassic.
The detrital ZFT ages in the KFB recorded the Cretaceous

cooling event (130.3–73.2 Ma) occurred in the South Tian-
shan, which was also revealed by different kinds of ther-
mochronological data in the Central Tianshan, Kyrgyz
Tianshan, Kunlun Mountain, northern margin of the Tarim
Basin, and the western margin of the Junggar Basin (Dumitru
et al., 2001; Glorie et al., 2010; Jolivet et al., 2010; Glorie
and De Grave, 2016; Yin et al., 2018). This cooling event
was related to the collision between the Lhasa terrane and the
southern margin of the Eurasia plate (Dumitru et al., 2001;
Jolivet et al., 2010). According to the thermal modeling and
geological information, Morin et al. (2019) and Jolivet
(2015) considered that most of Central Asia developed a
paleo-planation surface and experienced slow uplifting and
exhumation during the Late Jurassic-Early Cenozoic. At that
time, the eastern South Tianshan developed to a paleo-pla-
nation surface as revealed by the ZFT ages with slowly
cooling, which is the same as that shown by the lag-time
evolution. The central South Tianshan was a structural re-
activation region or influenced by the regional strike-slip
faults (Jolivet et al., 2010; De Grave et al., 2013). Therefore,
the central South Tianshan experienced more rapidly up-
lifting during the Cretaceous.
The rapid cooling event since the Oligocene (or the Mio-

cene) revealed by the lag-time evolution pattern was also
recorded by the sedimentary facies transition, paleomagnetic
data, and thermochronological data of many orogenic belts
and their piedmont fold-and-thrust belts in Central Asia (Yin
et al., 1998; Dumitru et al., 2001; Huang et al., 2006; Jolivet
et al., 2010; Macaulay et al., 2014; Chang et al., 2017, 2019).
It was caused by the distant effect of the collision between
the India plate and the southern margin of the Eurasia plate
(Yin et al., 1998; Dumitru et al., 2001). During the late
Cenozoic, the South Tianshan not only experienced rapidly
uplifting with the exhumation rates of 90–110 m Ma−1 but
also began subducting southward under the influence of
tectonic compression and finally resulted in the development
of the Kashi, Kalpin, and Kuqa fold-and-thrust belts in the
northern margin of the Tarim Basin (Dumitru et al., 2001;
Chang et al., 2019). Some studies suggested that the ex-
humation rates of the South Tianshan since the Miocene
were 130–200 m Ma−1 based on apatite fission track analy-

Figure 8 Schematic illustration of the Meso-Cenozoic provenances in the
eastern KFB.
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sis, which is slightly larger than this study. Previous studies
considered that the shortening deformation in the northern
margin of the Tarim Basin initiated at 20–25 Ma (Yin et al.,
1998; Dumitru et al., 2001; Chang et al., 2017), which is
slightly later than the rapid uplifting time of the South
Tianshan gotten from this study. It is implied that the vertical
deformation in the South Tianshan is ahead of lateral de-
formation. The paleomagnetic data of the Miocene samples
in the Yaha Section revealed that the South Tianshan ex-
perienced two rapid uplifting events of 17–16 and 11 Ma
(Huang et al., 2006; Charreau et al., 2006), which were not
revealed by the lag-time evolution pattern of the ZFT ages. It
is probably because the limited samples were unable to
precisely constrain the tectonic deformation process in the
South Tianshan since the Miocene.

6.3 Limitations of the detrital thermochronological lag-
time evolution pattern

The accuracy of the lag-time evolution pattern is affected by
the low-temperature thermochronological ages and the stra-
tigraphic ages of the samples. Moreover, the accuracy of the
ZFT ages mainly depends on the experiment testers and the
estimated grain amounts. Therefore, the testers should be
careful for running the experiments and counting zircon
grains as many as possible to obtain more accurately re-
composed ZFT ages. The stratigraphic ages of the samples
can affect the slope of the ZFT ages variation trend. Due to
the lack of paleomagnetic constraints on the stratigraphic
ages in the Yaha Section, we gave an error of 5–10% for the
stratigraphic age of each sample, which would improve the
analytical reliability. Carrapa (2009) clarified the correlation
between the thermochronological lag-time evolution pattern
and the orogenic wedge thrusting style, which was opposed
by Bernet (2010). Bernet (2010) considered that the different
thermochronometers manifest different sensitivities for the
tectonic evolution of the upper crust and, therefore should
provide different responses for the variation of exhumation
rate. In addition, fission track samples from bedrocks in
orogenic belts always experience the evolutionary process of
no annealing, partial annealing, or full annealing along with
the exhumation. If these samples were transported and de-
posited in the sedimentary basins, their fission track ages did
not experience annealing after deposition. The evolution of
fission track ages in the sedimentary basins should mirror the
evolution pattern in the orogenic belts. This evolution pattern
probably affects the lag-time evolution pattern and should be
further studied in the future.

7. Conclusions

The southern Tianshan’s tectonic uplifting and exhumation

histories are innovatively studied based on the morphologi-
cal characteristics and thermochronological ages of the
Meso-Cenozoic detrital zircons in the KFB. The morphology
of the detrital zircons is dominated by three types of P (P1 or
P2), S, and G, and their corresponding average alkaline and
temperature indexes are of 668.0−677.2 and 347.6−413.5,
respectively. The detrital zircon U-Pb ages primarily cluster
at 270−330 and 380−470 Ma. These features indicate that the
Meso-Cenozoic detrital zircons in the KFB came from al-
kaline granites in the South Tianshan and southern Central
Tianshan, which formed in the Early Carboniferous-Early
Permian and Middle Ordovician-Middle Devonian. Fur-
thermore, we identified three provenances: the southern
Central Tianshan, eastern South Tianshan, and central South
Tianshan, which experienced four uplifting and exhumation
events in 399.5−362.2, 293.4−267.9, 232.6−175.6, and 130.3
−73.2 Ma, respectively. These uplifting events were related
to the northward subduction of the South Tianshan Ocean
during the Devonian, collision, and compression after the
closure of the South Tianshan Ocean during the Early Per-
mian, and the collisions between the Qiangtang-Lassa plates
and the southern margin of the Eurasia plate in the Mesozoic.
During the Jurassic-Oligocene and the Miocene, the South
Tianshan and southern Central Tianshan were in decaying
and rapid uplifting orogenic stages (caused by the distant
collision between India and Eurasia plates), respectively.
Since the Early Jurassic, the central South Tianshan showed
the maximum exhumation rates with 90–250 m km−1.
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