Sakuma ef al. Progress in Earth and Planetary Science (2021) 8:44 ProgreSS in Ea rth a nd
https://doi.org/10.1186/s40645-021-00427-6 P | aneta ry Science

Relationship between tectonism and ®

Check for

desertification inferred from provenance
and lithofacies changes in the Cenozoic
terrestrial sequence of the southwestern

Tarim Basin

Aki Sakuma' ®, Ryuji Tada®?, Tomohiro Yoshida', Hitoshi Hasegawa®, Naomi Sugiura', Akinori Karasuda',

Ke Wang®® and Hongbo Zheng®

Abstract

The modern-day Tarim Basin is covered almost entirely by the Taklimakan sand desert and is one of the most arid
regions in the world. Unraveling the aridification history of the desert is important for understanding global climate
changes during the Cenozoic, yet the timing and mechanisms driving its formation remain controversial. One of
the leading hypotheses is that the uplift of the Pamir, located to the west of the Tarim Basin, blocked the intrusion
of moist air and induced the aridification in the Tarim Basin. In this study, we explore the linkage between the uplift
of the Pamir and the desertification in the Tarim Basin from the late Eocene to the middle Miocene in the Aertashi
section, which is located at the southwestern edge of the Tarim Basin and offers the longest sedimentary record
with a reliable age model. Provenance changes in fluvial deposits along the Aertashi section were examined using
electron spin resonance (ESR) signal intensity and crystallinity index (Cl) of quartz in the sand fraction of fluvial
sandstones and clast counting based on the identification of clast types by thin section observation to identify
timings of tectonic events in the Pamir, from which clastic materials were supplied to the Aertashi section by rivers.
Our results suggest that major provenance changes in the drainage of the paleo-Yarkand river delivering clasts to
the Aertashi section occurred at ca. 27, 20, and 15 Ma. These timings are mostly consistent with those observed in
previous provenance studies in the Aertashi section and probably reflect tectonic events in the Pamir. On the other
hand, according to the previous studies, the first occurrence of sand dune deposits indicates that the Tarim Basin
was relatively arid after ca. 34 Ma. Hence, our result does not support the hypothesis that the initial aridification in
the Tarim Basin was triggered by the uplift of the Pamir and the resultant blocking of moisture supply from the
Paratethys Sea, although the subsequent intensification of tectonic events at ca. 27 Ma in the Pamir might have
caused aridification indicated by the initiation of loess deposition.
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1 Introduction

The Tarim Basin, located on the north side of the Ti-
betan Plateau (Fig. 1), is one of the most arid places in
the world (National Center for Atmospheric Research
Staff, 2018). The majority of the basin is covered by sand
dunes that characterize the Taklimakan desert. The wadi
and dry lakes located around the Taklimakan desert are
important sources of aeolian dust and the emitted dust
is considered to have influenced the Cenozoic climate
throughout the northern hemisphere (Uno et al. 2009;
Isozaki et al. 2020). It has been suggested that the dust
particles, which can act as ice nuclei in high-altitude
clouds, affect the global radiation budget by stimulating
cirrus cloud formation, apart from influencing marine
ecosystems by supplying nutrients to the ocean (Uno
et al. 2009). Accordingly, it is essential to unravel the
history of the desert. However, the time and manner of
desertification remains controversial (Sun et al. 2009;
Zheng et al. 2015; Heermance et al. 2018). Several causes
are proposed to explain of the Cenozoic aridification of
inland Asia such as the stepwise global cooling, the re-
treat of the Paratethys Sea, and the uplift of the Tibetan
Plateau and surrounding mountains (e.g., Dupont-Nivet
et al. 2007; Ramstein et al. 1997; Manabe and Broccoli
1990). In the Tarim Basin, the uplift of the Pamir and
consequent blocking of the intrusion of moist air from
the Paratethys Sea is proposed as the cause of the aridifi-
cation, yet this hypothesis has been inadequately tested
(Sun and Liu 2018).
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One of the reasons for the difficulty in examining the
linkage between the aridification in the Tarim Basin and
the tectonic movement in the Pamir is the large uncer-
tainties in the estimated ages of the two events. Ages of
tectonic events in the Pamir have been estimated in sev-
eral ways, such as from timings of provenance changes
in the Cenozoic sequence along the southwestern mar-
gin of the Tarim Basin (e.g., Cao et al. 2014; Blayney
et al. 2016), through the reconstruction of the thermal
history of rocks exposed in the Pamir by using thermo-
chronological methods such as biotite and muscovite
Ar/Ar dating and zircon and apatite (U-Th-Sm)/He dat-
ing (e.g., Sobel and Dumitru 1997), and through the cal-
culation of the subsidence rate from the geological
subsurface structure on the basis of seismic reflection
data and geological mapping (e.g., Jiang and Li 2014;
Chapman et al. 2017). These studies have suggested that
major tectonic events occurred at different times,
namely from the late Oligocene to the early Miocene, at
the middle Miocene, and from the late Miocene to the
early Pliocene (e.g., Sobel et al. 2013; Rutte et al. 2017).
On the other hand, the timing of the desertification has
been estimated from the appearance of aeolian deposits
in Cenozoic terrestrial sequences of the Tarim Basin
(Zheng et al. 2006, 2010, 2015; Sun et al. 2009; Tada
et al. 2010; Sun et al. 2011; Sun and Windley 2015;
Heermance et al. 2018). Because of the difficulty in con-
structing age models of terrestrial sequences, the esti-
mated age of the initial aridification event in the Tarim
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Basin ranges widely from the late Oligocene to the Plio-
cene (Sun et al. 2009; Tada et al. 2010; Sun et al. 2011;
Sun and Windley 2015; Zheng et al. 2015; Heermance
et al. 2018). Furthermore, the estimated ages of both ari-
dification events of the Tarim Basin and tectonic events
of the Pamir have errors of several million years typic-
ally, and the order of events is yet to be shown. Examin-
ing the timing of the two events within the same
sedimentary sequence would be an ideal way to avoid
such a correlation problem.

The provenance of fluvial deposits, whose drainage in-
cludes active tectonic belts such as the Pamir, is com-
monly used to specify the timing of the tectonic events
(e.g., Najman 2006; Cao et al. 2014, 2015). To elucidate
the evolution of the Pamir, previous studies have pre-
sented provenance data such as U-Pb zircon age distri-
butions, detrital apatite fission track ages, and Sm/Nd
isotope ratios of sediments from Cenozoic sequences
along the western margin of the Tarim Basin (Sobel and
Dumitru 1997; Bershaw et al. 2012; Cao et al. 2014,
2015; Blayney et al. 2016; Clift et al. 2017). Although
these studies showed that provenance changes occurred
from the late Oligocene to the middle Miocene approxi-
mately at the same time as the onset of the deposition of
thick conglomerate layers at the western edge of the
Tarim Basin, exact ages have not been well constrained
because of the low sampling resolution resulting from
the time-consuming nature of the analyses used in previ-
ous studies. For the examination of the relationship be-
tween the aridification of the Tarim Basin and the uplift
of the Pamir, it would be effective to investigate proven-
ance changes in terrestrial sequences that have also pre-
served the evidence of aridification in the Tarim Basin
by a new simple method which facilitates the analysis of
many samples in a short time. In this study, we used the
electron spin resonance (ESR) signal intensity and the
Crystallinity Index (CI) of quartz for investigating the
provenance changes. The ESR signal intensity correlates
with the total natural radiation dose of quartz, which in-
creases with age (Toyoda and Hattori 2000), and the CI
of quartz depends on the formation speed and
temperature of the quartz crystals (Murata and Norman
1976). They are expected to be suitable proxies for the
investigation of the provenance changes of fluvial
deposits.

In this study, we examined provenance changes in the
late Eocene to early Miocene fluvial sequence of the
Aertashi section, located in the southwestern margin of
the Tarim Basin, to detect changes in the drainage basin,
from which we inferred timings of tectonic events. The
ESR signal intensity and CI of quartz were analyzed for
the 64-500 um fraction of the fluvial sandstone, which
was assumed to be transported by the paleo-Yarkand
river. In addition, we determined the grain composition
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of fluvial sandstones by clast counting using thin sec-
tions. Finally, we compared the timings of the tectonic
events in the Pamir estimated from provenance changes
of fluvial sediments with those of intensified aridification
obtained on the basis of the occurrence of aeolian de-
posits in previous studies to examine the linkage be-
tween the uplift of the Pamir and the desertification in
the Tarim Basin.

2 Geological setting

2.1 Controversies of aridification in inland Asia

To explain the Cenozoic aridification of inland Asia and
the formation mechanisms of the Taklimakan desert,
three hypotheses have been proposed. The first hypoth-
esis is that stepwise global cooling since the middle Eo-
cene (probably caused by the decrease in the
atmospheric pCO,) affected the regional climate
(Dupont-Nivet et al. 2007; Bosboom et al. 2014b). Cli-
mate modeling studies showed that the change in atmos-
pheric pCO, altered the atmospheric heat distribution
and hydrological cycle, leading to less precipitation in in-
land Asia (Zoura et al. 2019). The second hypothesis is
that the westward retreat of the Paratethys Sea during
the late Eocene decreased moisture supply to inland
Asia, causing aridification (Ramstein et al. 1997; Bou-
geois et al. 2018; Kaya et al. 2019). The retreat of the
Paratethys Sea could have been caused by both decrease
in the global eustatic sea level and change in geography
due to the uplift of the Tibetan Plateau (e.g., Bosboom
et al. 2014b). The last hypothesis is that uplift of the Ti-
betan Plateau and the surrounding areas of the Tarim
Basin, caused by the collision between the Eurasian con-
tinent and the Indian sub-continent, blocked moisture
supply from the Paratethys sea and/or the Indian Ocean
(Manabe and Broccoli 1990; Kutzbuch et al. 1993; An
et al. 2001; Sun et al. 2017; Li et al. 2018; Sun and Liu
2018). In addition to the blocking effect, high mountain
ranges cause the formation of stationary wave troughs,
which also leads to the aridification in inland Asia (Man-
abe and Broccoli 1990). The uplift of the Pamir is espe-
cially significant among the mountains surrounding the
Tarim Basin in driving the aridification, owing to its rain
shadow effects blocking moisture from the west (Sun
and Liu 2018). The Pamir gained high elevation during
the late Cenozoic (Burtman and Molnar 1993) and this
high elevation might have blocked the intrusion of the
low-level westerlies into the Tarim Basin, leading to the
aridification in the basin (Bosboom et al. 2014a; Sun
et al. 2017). Although these hypotheses have been tested
to some extent, a consensus is yet to be reached. In this
study, we focused on third hypothesis and specifically
tested the relationship between the desertification in the
Tarim Basin and the uplift of the Pamir.
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2.2 Tectonic setting of the studied area

The Tarim Basin is located to the north side of the Ti-
betan Plateau and surrounded by the Pamir in the west,
Kunlun Mountains in the south, Altyn Mountains in the
southeast, and Tianshan Mountains in the north (Fig.
1a). The Cenozoic uplift of these mountains has been as-
sociated with the India-Asia collision that started at ~ 60
Ma (e.g., Sobel and Dumitru 1997; DeCelles et al. 2014;
Kapp and Decelles 2019).

Fluvial sediments deposited along the southwestern
margin of the Tarim Basin are interpreted to have been
supplied mainly from the Pamir (Zheng et al. 2010; Cao
et al. 2015; Blayney et al. 2016). The Pamir terranes form
a large arcuate mountain belt bounded by the Tarim
Basin on its east with the Kashgar-Yecheng Transfer
System (KYTS), by the Tajik Basin on its west with the
Darvaz fault, and by the Alai Valley on its north with the
Main Pamir Thrust (Cowgill 2010) (Fig. 1b). The Pamir
is divided into four east-west trending terranes separated
by fault systems. From north to south these terranes are
the North Pamir, Central Pamir, South Pamir, and
Kohistan-Ladakh terranes, respectively. They were ac-
creted during the late Paleozoic-Mesozoic, and each
terrane has distinct geologic features (rock types, age,
metamorphic grade, etc.) (Cowgill 2010; Robinson et al.
2007, 2012). Although studying the tectonic evolution of
the Pamir is important for both understanding the con-
tinental collision process and examining its relationship
with climatic change in the surrounding areas, when and
how the tectonic events of the Pamir occurred during
the Cenozoic continues to be debated (e.g., Sobel and
Dumitru 1997; Blayney et al. 2016; Cowgill 2010; Cao
et al. 2014; Chen et al. 2018; Wei et al. 2018). Two hy-
potheses have been proposed for the timing and nature
of the tectonic event of the Pamir (e.g., Sobel and Dumi-
tru 1997; Blayney et al. 2016; Cowgill 2010; Cao et al.
2014; Chen et al. 2018; Wei et al. 2018); one is that the
Pamir salient was in line with the Kunlun Mountains be-
fore Oligocene times and started to move northward by
~ 300 km since ~ 25 Ma (Cowgill 2010; Sobel et al. 2013;
Blayney et al. 2016) and the other is that there existed
an antecedent of the Pamir before the Cenozoic and its
displacement relative to the Tarim Basin during the
Cenozoic was only tens of kilometers (Chen et al. 2018;
Wei et al. 2018; Li et al. 2020). Although the uplift his-
tory of the Pamir is controversial, previous studies have
shown that there were several intervals during the
Cenozoic when tectonic movements in the eastern part
of the Pamir were active (e.g., Sobel et al. 2013). Early
metamorphism in the South Pamir and its propagation
to the Central Pamir during the late Eocene to the early
Oligocene have been observed using Lu-Hf geochron-
ology, U-Pb rutile thermochronology, and garnet therm-
ometry, and these observations suggest that the
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formation of the Pamir deep crust started in late Eocene
or before (Smit et al. 2014). From the late Oligocene to
the early Miocene, the dextral KYTS has been suggested
to have been active on the basis of the similar cooling
ages observed over ~ 250 km long belt at the southwest-
ern edge of the Tarim Basin (Sobel and Dumitru 1997).
Rapid exhumation of the Northern Pamir and Tianshan
Mountains located to the north of the Pamir and the
transition from thickening to exhumation of the domes
located in the Central Pamir has also been reported dur-
ing this time period, indicating the northward migration
of the Pamir (Amidon and Hynek 2010; Bande et al.
2015; Stearns et al. 2015). In the late Miocene, the rapid
exhumation of high-grade schists and gneisses in the
footwall of the southern Kongur Shan fault in the east-
ern part of the Central Pamir is considered to be related
to the initiation of east-west extension (Robinson et al.
2007). The initiation of the subduction of the Indian slab
has been estimated to be at about 8 Ma based on the
tomography (Negredo et al. 2007). A thermochronologi-
cal data set collected along the Yarkand River showed
the cessation of the KYTS movement after 3-5 Ma
(Sobel et al. 2011).

2.3 Stratigraphy of the Aertashi section

The Aertashi section (37° 58" N, 76° 33'-76° 34" E) is
located in the southwestern margin of the Tarim Basin
(Fig. 1). The Cenozoic sedimentary sequence of the Aer-
tashi section comprises four formations and one group,
namely the Wulagen Formation, Bashibulake Formation,
Wugia Group, Artux Formation, and Xiyu Formation in
ascending order (Zheng et al. 2015) (Fig. 2). The lith-
ology of each formation is briefly summarized below on
the basis of the field observations of this study, and
partly, the summary is complemented by a description
based on previous studies (Zheng et al. 2010, 2015; Bos-
boom et al. 2011; 2014a, b; Blayney et al. 2016, 2019;
Wei et al. 2018).

The Wulagen Formation mainly consists of green
mudstone intercalated with greenish-gray limestone rich
in bivalve fossils and green fine sandstone. The thickness
of this formation is ca. 80 m in the studied section. The
depositional environment of this formation has been
interpreted as nearshore to shallow marine on the basis
of the fossil assemblages of bivalves, ostracods, calcar-
eous nannofossils, and foraminifera (Bosboom et al.
2011; 20144, b).

The Bashibulake Formation conformably overlies the
Woulagen Formation with a sharp contact and its bound-
ary is easily recognizable by a change from green to red
color (Bosboom et al. 2011). The formation is character-
ized by alternations of decimeter thick, dominantly
reddish-brown mudstone and red fine sandstone and
subdivided into three units. In the lower unit of this
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rocks and volcanic rocks
.

Fig. 2 Photographs showing the typical lithology of each formation. a Green mudstone with shell fossils of the Wulagen Formation. The shell
height is ~0.3 m. b Reddish-brown mudstone containing gypsum veins of the Bashibulake Formation. Chicken-wire nodules of gypsum are also
found in mudstones. ¢ Aeolian sandstone showing high-angle cross-beddings at the bottom of the Wugia Group. d Conglomerate of the lower
part of the Artux Formation. The conglomerate is matrix-supported by fine sandstone and pebbles are sub-rounded to sub-angular and poorly-
sorted. e Alteration of orange and yellow fine sandstone of the upper part of the Artux Formation. f Thick conglomerate and intercalated light
yellowish gray fine sandstone of the Xiyu Formation. The conglomerate comprises pebbles to cobbles of various rock types including basement

J

formation, red fine sandstone often shows parallel lami-
nations or trough cross laminations, which disappear up-
ward. Desiccation cracks occasionally appear at the top
of the mudstone layers and chicken wire gypsum is
found within the mudstone in the middle unit of the for-
mation. The upper unit of the formation dominantly
comprises mudstone that sometimes shows pedogenic
slickenside and red fine sandstone showing reverse grad-
ing. The thickness of this formation is ca. 850 m. The
depositional environment is interpreted to have changed
from a nearshore lake, playa to a flood plain (Blayney
et al. 2019; Zheng et al. 2010, 2015).

The Wugqia Group overlies the Bashibulake Formation
unconformably (Zheng et al. 2015; Blayney et al. 2016,
2019) and is subdivided into three units characterized by
alternations of red sandstone and reddish-brown mud-
stone. The lower unit of this group comprises 0.8 to 1 m

thick well-sorted red fine sandstone beds that show high
angle trough cross bedding, with rare reddish brown
mudstone intercalations. Sandstones with large-scale
cross beds of the lower unit are interpreted as the
aeolian sand dune deposit (Zheng et al. 2010; Blayney
et al. 2019). The thickness of the lower unit is ca. 150 m.
The middle unit comprises red fine sandstone interca-
lated with reddish-orange fine sandstone and brown
mudstone. The reddish-orange fine sandstone shows an
erosional contact with the red fine sandstone at its base,
suggesting that the reddish-orange fine sandstone was
formed under the influence of relatively strong current.
The thickness of the middle unit is ca. 400 m. The upper
unit mainly comprises red fine sandstone and brown
mudstone that are occasionally intercalated with yellow
siltstone and gray fine sandstone with cross lamina. The
sandstone beds show thickening in the upward direction
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through the upper unit. The thickness of the upper unit
is ca. 550 m. The sedimentary environment of the mid-
dle and upper units has been interpreted as a meander-
ing river system (Zheng et al. 2010, 2015; Blayney et al.
2019). The total thickness of the group is ca. 1100 m.

The Artux Formation conformably overlies the Wugqia
Group, and its base is defined as the first appearance of
pebble conglomerate. The formation is dominated by al-
ternations of pink, orange, and yellow sandstone and
red, reddish brown, and brown mudstone with pebble
conglomerate intercalations. The formation is divided
into two units on the basis of their lithology. The base of
the lower unit is defined by the first appearance of a
granule to pebble conglomerate bed which contains
large limestone clasts up to 0.5 m in diameter (Zheng
et al. 2010, 2015; Blayney et al. 2019). The lower unit
comprises pinkish fine sandstone interbedded with
granular to pebbly conglomerate and mudstone. Matrix-
supported conglomerates occasionally show reverse
grading which is a typical feature of debris flow deposits
in alluvial fans. Furthermore, granule lenses and cross
beddings are found within sandstone layers. These fea-
tures suggest that this unit is a distal fan deposit (Zheng
et al. 2010; Blayney et al. 2019). The thickness of the
lower unit is ca. 700 m. The upper unit is characterized
by alternations of orange to yellow fine sandstone with
ripple marks and reddish-brown mudstone with rare
intercalation of granule layers. The granule layers occa-
sionally erode the underlying layers in the upper part of
the upper unit. Channels filled with trough cross-bedded
sands with some floating pebbles are observed in this
unit (Blayney et al. 2019). The thickness of the upper
unit is ca. 1050 m. The depositional environment has
been interpreted as a distal alluvial fan with abundant
crevasse and flood deposits (Zheng et al. 2010; Blayney
et al. 2019). The total thickness of this formation is ca.
1750 m.

The Xiyu Formation overlies the Artux Formation
with a sharp flat contact. It is dominated by dark gray
conglomerate that consist of poorly sorted, well-rounded
pebbles to boulders, including basement rocks and vol-
canic rocks with a clast-supported fabric and rare
medium sandstone intercalations with cross bedding
(Blayney et al. 2019). From the sudden appearance of the
conglomerate, the depositional environment of this for-
mation has been interpreted as the middle to proximal
alluvial fan (Zheng et al. 2010, 2015; Blayney et al. 2019;
Wei et al. 2018). The thickness of this formation exceeds
5000 m.

2.4 Age model of the Aertashi section

Three types of data are available to constrain the age
model of the Aertashi section: biostratigraphy, U-Pb zir-
con  chronology of volcanic  material, and
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magnetostratigraphy (Yin et al. 2002; Bosboom et al.
2011; 20144, b; Zheng et al. 2015; Wei et al. 2018). Bos-
boom et al. (2011, 2014a, b) estimated the age of the
Woulagen Formation at several sections in the western
Tarim Basin to determine the timing of the retreat of
the Paratethys Sea. They identified foraminifera, ostra-
cods, bivalves, calcareous nannofossils, and dinoflagellate
cysts in the Wulagen Formation and concluded that the
formation belongs to Zone CP14 (GTS2012) of calcar-
eous nannofossil zonation on the basis of calcareous
nannofossils and dinocyst assemblages (Bosboom et al.
2011, 20144, b). Zheng et al. (2015) performed the dating
of the ash layer from the upper part of the Xiyu Forma-
tion using *°Ar/*’Ar dating of biotite grains and U-Pb
dating of zircon grains, and the determined ages of the
biotite and zircon grains were 11.49 + 0.34 and 11.18 +
0.13 Ma, respectively. Since these ages were close to
each other, they concluded that the eruption occurred
around 11 Ma and the ash was supplied instantaneously
to the Aertashi section. Later, on the basis of petro-
graphic, geochronological, and whole-rock geochemical
evidence, Wei et al. (2018) found that the volcanic tuff
was likely to have been derived from the Dunkeldik vol-
canic complex. Bosboom et al. (2014b), Zheng et al.
(2015), and Blayney et al. (2019) conducted magnetostra-
tigraphic studies at the Aertashi section and constructed
magnetostratigraphy-based age models independently.
All of these studies showed similar age models covering
the interval from the late Eocene to the middle Miocene,
with the maximum difference between these models be-
ing less than 0.5 million years. However, the sampling
routes of Bosboom et al. (2014b) and Blayney et al
(2019) were partly different from the route of the
current study, while that of Zheng et al. (2015) was iden-
tical. Therefore, in this study, we adopted the age model
of Zheng et al. (2015). The Bashibulake Fm., Wugqia Gr.,
and Artux Fm. roughly correspond to the time intervals
of the late Eocene, Oligocene, and early Miocene (Zheng
et al. 2015), respectively.

2.5 Previous provenance study in the Aertashi section

Blayney et al. (2016, 2019) showed the temporal changes
in the detrital zircon age distribution and mudstone Sm-
Nd ratio in the Aertashi section and interpreted that the
provenance of fluvial sediments shifted four times. At ~
25 Ma, the negative shift of eNd values showed the first
provenance change. Second shift at the bottom of the
Xiyu Fm (~ 14 Ma) is marked by the sudden increase of
zircons supplied from the North Pamir terrane in
addition to the zircons from the Western Kunlun Moun-
tains. The <11 Ma sample shows resemblance to the
modern sample suggesting that the third shift of the
provenance occurred in the middle of the Xiyu Fm. The
detrital zircons in the modern Yarkand River draining in
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the Aertashi area indicate the increase in supply from
South Pamir, suggesting that the fourth provenance
change occurred after 11 Ma (Blayney et al. 2016).

3 Samples and methods

3.1 Samples for analyses

Approximately 200 g of samples were collected through-
out the Aertashi section at stratigraphic intervals of ~ 50
m during field surveys conducted in 2007 and 2010. For
the reconstruction of the river drainage evolution and
the determination of the effect of tectonics, fifty-nine
fluvial fine sandstone samples were selected for ESR and
CI analyses to determine the provenance of quartz
grains. Twenty-seven sandstone and conglomerate sam-
ples were selected for thin section observations to iden-
tify rock types exposed in drainage basin. The sandstone
samples covered the entire sequence from the base of
the Bashibulake Formation to the base of the Xiyu For-
mation. The sampling location and stratigraphic position
of each sample are presented in Supplementary Table 1.

3.2 Pre-treatment of samples for ESR and Cl analyses
Prior to ESR and CI analyses, carbonate, iron and man-
ganese oxides, and organic matter were removed from
the samples through chemical treatments to isolate de-
trital components and to remove elements that interfere
with the E;" center signal (Tada et al. 2000). Approxi-
mately 2 g of disaggregated samples were treated with
40 ml of 20 vol% acetic acid solution at 40 °C for 2 h to
remove carbonate. To remove iron and manganese ox-
ides, the samples were treated with 40 ml of 0.3 M so-
dium citrate solution, 5 ml of 1.0 M sodium bicarbonate
solution, and 1.5 g of sodium dithionite at 80 °C. Or-
ganic matter was removed by treating the samples with
40 ml of 10 vol% hydrogen peroxide solution at 60 °C
for 10 h.

Grain size distributions of all the samples subject to
the ESR and CI analyses were measured to characterize
the fraction used for the analyses, since the fluvial sand-
stone was contaminated with aeolian dust. The grain
size measurement was conducted at room temperature
using a laser diffraction particle size analyzer (Malvern
Panalytical, Mastersizer 2000) at the University of
Tokyo. Approximately 50 mg of a homogeneous aliquot
of each pre-treated sample was emptied into the
analyzer filled with deionized water and circulated in a
closed transport circuit. Each sample was ultrasonicated
for 5 min before the measurement and stirred at 2000
rpm throughout the measurement to disperse the parti-
cles. For each sample, the measurement was repeated
five times and the result was averaged. The measure-
ment was conducted for the diameter range 0.02—2000
pum. The reproducibility was better than + 1.0 um for the
median diameter in five measurements of a standard
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sample of soda lime glass beads (UB-911L, UNITIKA
Ltd.). The Mie model was used for the determining grain
size distributions from raw diffraction patterns. The
values of 1.590 and 1.0 were used for the real and im-
aginary parts of the complex refractive index, respect-
ively (Nagashima et al. 2016).

All of the fluvial sandstone samples showed multi-
modal grain size distributions. Grain size distribution of
selected representative samples are shown in Fig. 3 and
all data are presented in Supplementary Table 2. In gen-
eral, the multimodal distribution of fluvial sandstone
comprises several log normal distributions that represent
the transportation of sets of particles through different
mechanisms such as suspension, saltation, and bottom
traction (e.g., Ashley 1978; Sun et al. 2002). Thus, nu-
merical partitioning into subcomponents of log normal
distributions was conducted using the GRG Non-linear
solution tool of MS Excel, which is installed by default.
All of our samples showed three modes, and the squared
sum of residual errors when we decomposed into three
subcomponents was acceptable for all the samples. The
median diameters of these three subpopulations were in
the ranges 1.3-18.8, 6.4—118, and 38.8-301 um and the
averages of these median diameters were 7.1, 41.4, and
115 pm, respectively. In modern Taklimakan desert, it
has been shown that fine silt particles of the dry rivers
and dry lakes along the outer margin of the alluvial fans
and of the dry lakes in the Tarim Basin have been
eroded and transported by surface wind, resulting in the
particles contaminating the river sand in the southwest-
ern margin of the Tarim Basin (Isozaki et al. 2020). The
coarsest fraction, which roughly corresponds to the 64—
500 pm (fine to medium sand) fraction, is coarser than
the subpopulation representing the eolian dust in mod-
ern Taklimakan desert and it is considered as represent-
ing particles derived from exposed host rocks in the
drainage basin and transported by bottom traction in
the river (Isozaki et al. 2020). Therefore, in this study,
the 64—500 pum fraction was extracted from a bulk sam-
ple by sieving and used for the ESR and CI analyses to
avoid the effect of contamination by aeolian dust
particles.

3.3 ESR and Cl analyses

The ESR signal intensity and CI of quartz in 64—500 um
fraction of fluvial sandstone in the Aertashi section was
measured to examine provenance changes. Generally,
quartz is the most abundant mineral in sandstones, and
it is resistant to physical and chemical weathering. Fur-
thermore, its specific gravity (= density) is close to that
of bulk sediments. Consequently, it is less influenced by
weathering and sorting during transportation and best
represents bulk sediments. Thus, it is an ideal material
for use in provenance analysis.
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The number of lattice defects with unpaired electrons
of minerals can be evaluated by the ESR signal intensity
of the E;" center (Toyoda 1992). The E;’ center of
quartz is an unpaired electron in single silicon sp® orbit
oriented along a bond direction into an oxygen vacancy
(Feigl et al. 1974) and used to estimate the amount of
oxygen vacancies in quartz, which increases with the age
of quartz grains (Toyoda and Hattori 2000). Namely,
high (low) value of the ESR signal intensity of quartz
suggests that quartz grains were supplied from old
(young) host rocks. To measure the ESR signal intensity
of quartz, first, the 64-500 um fractions of pretreated
samples were irradiated with gamma ray (total dose of
2.5 kGy) using a ®°Co source at Takasaki Advanced Ra-
diation Research Institute, National Institutes for
Quantum and Radiological Science and Technology to
create hole centers. Then, approximately 0.1 g of irradi-
ated samples is heated at 300 °C for 15 min to convert
the oxygen vacancies to E;’ center. The ESR signal in-
tensity was measured at room temperature with X-band
ESR spectrometer (JEOL, JES-FA100) at the University
of Tokyo under 0.01 mW of microwave power, 0.1 mT

magnetic field modulation (100 kHz), 5 mT scan range,
2 min scan time, and 0.03 s time constant. The ESR sig-
nal intensity is expressed in spin units (1 spin unit =
1.3 x 10" spins/g) (Toyoda and Naruse 2002).

The quartz content (QC) was measured by the in-
ternal standard method (Klug and Alexander 1974)
with silicon powder (Wako Pure Chemical Industries,
Ltd.) as an internal standard, using PANalytical X'Pert
PRO X-ray diffractometer (XRD) at the University of
Tokyo with Cu target. The measurement condition
was set as the tube voltage of 45 kV, the tube current
of 40 mA, the slit of 1°, scanning interval of 20 to 30
°20, the time per step(s) of 6.35, and scan speed of
0.334°/s. The error of the quartz content estimation is
better than + 8.5 wt%.

The CI of quartz defined by Murata and Norman
(1976) was calculated from the X-ray diffraction data.
The CI measurement was also conducted using the same
XRD as is used for the QC measurement. The measure-
ment condition was set as the tube voltage of 45 kV, the
tube current of 40 mA, the slit of 1°, scanning interval of
65 to 75 °20, the time per step(s) of 22.86, and scan
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speed of 0.02321°/s. The error of the CI for the three re-
peated measurements is better than + 0.25.

3.4 Observation of thin sections

Thin section observations of fluvial sandstone and con-
glomerate obtained from the Aertashi section were per-
formed to determine the exposed rock types in the
drainage basin. Thirty-eight samples were impregnated
with epoxy resins Devcon ET-300 and Petropoxy 154,
and thin sections of the impregnated samples were pre-
pared. The grain components of all the thin section sam-
ples are observed to identify types of clasts. Seven
samples selected to cover the entire sequence were
point-counted at a step of 0.5 mm. At least 500 points,
excluding the matrix and pore space, were counted for
every sample.

4 Results

4.1 Results of the ESR signal intensity and the Cl analyses
The temporal change in the ESR signal intensity of quartz in
the 64—500 pm fraction is shown in Fig. 4a. The ESR signal
intensity ranges from 4.0 to 18.7, with the average of 10.9
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and the standard deviation of 3.4, respectively. The ESR sig-
nal intensity fluctuates between 5.4 and 11.8 from the 0 m
level at the base of the Bashibulake Fm. to the 1500 m level
in the middle part of the Wugqia Gr. At the 1500 m level that
coincides with the first appearance of yellow siltstone, which
is interpreted as aeolian loess in the Kekeya section (Zheng
et al. 2015), the ESR signal intensity abruptly increases to
15.6. The ESR signal intensity ranges between 13.0 and 18.7
from the 1500 m level to the 2200 m level in the lower part
of the Artux Fm. Between the 2200 m and 3000 m levels in
the middle part of the Artux Fm,, the ESR signal intensity
fluctuates significantly between 7.4 and 18.5. Between the
3000 m and 3600 m levels in the upper part of the Artux
Fm.,, the ESR signal intensity decreases again and fluctuates
with smaller amplitude between 9.0 and 12.6. At the 3600 m
level at the base of the Xiyu Fm., the ESR signal intensity
suddenly decreases to 4.0.

The temporal change in the CI of quartz in the 64—
500 pm fraction is shown in Fig. 4b. The CI ranges be-
tween 7.15 and 8.44 with the average of 8.05 and the
standard deviation of 0.27. The CI shows a low value be-
tween 7.15 and 8.06 from the 0 m level to the 800 m
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Fig. 4 Temporal changes in a the ESR signal intensity and b Cl of the Aertashi section. Red lines between columnar section of ours and Zheng
et al. (2015) indicate the correlated layers and black lines indicates stage boundaries in this study
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level in the Bashibulake Fm. From the boundary between
the Bashibulake Fm. and the Wugia Gr. at the 800 m
level, the CI starts to increase gradually up to the level
of 1500 m at which the CI reaches approximately 8.2.
Above the level of 1500 m, the CI fluctuates between
7.98 and 8.44.

On the basis of the temporal trend in the ESR signal
intensity and CI, the temporal variation in provenances
can be divided into six stages, from stages 1 to 6 in the
ascending order (Fig. 4).

Stage 1 (ca. 39-34Ma) corresponds to the Bashibulake
Fm. whose stratigraphic interval ranges from the 0 m
level to the 800 m level. In this stage, the ESR signal in-
tensity shows a relatively low value, ranging from 5.4 to
11.2 with an average of 8.5 and a standard deviation of
1.8, and the CI shows low values ranging from 7.15 to
8.06 with an average of 7.74 and a standard deviation of
0.26.

Stage 2 (ca. 34—27 Ma) corresponds to the lower to
middle part of the Wugqgia Gr, ranging from 800 to 1500
m in stratigraphic level. Because of the probable hiatus
at the boundary between stages 1 and 2, the actual
boundary age cannot be constrained between 37 and 34
Ma. We tentatively defined the stage boundary as 34 Ma
when the ESR signal intensity and CI started to change.
The boundary between stages 1 and 2 is defined by the
start of a long-term gradual increase in the CI, which co-
incides with the unconformable boundary between the
Bashibulake Fm. and the Wugqia Gr. In stage 2, the ESR
signal intensity remains low values ranging from 6.7 to
11.8 with an average of 9.5 and a standard deviation of
1.5, while the CI gradually increases from 7.83 to 8.26
with an average of 8.02 and a standard deviation of 0.13.

Stage 3 (ca. 27-20 Ma) corresponds to the upper part
of the Wugqia Gr. and the lower part of the Artux Fm.
and ranges from 1500 to 2200 m in stratigraphic level.
The boundary between stages 2 and 3 is marked by an
abrupt increase in the ESR signal intensity at ca. 1500 m,
which coincides with the first appearance of the yellow
siltstone interpreted as loess (Zheng et al. 2015). In stage
3, the ESR signal intensity shows a high value ranging
from 13.0 to 18.7 with an average of 15.5 and a standard
deviation of 1.9, while the CI stops increasing and shows
relatively high and stable values between 8.04 and 8.39
with an average value of 8.25 and a standard deviation of
0.11.

Stage 4 (ca. 20-17 Ma) corresponds to the middle part
of the Artux Fm. from 2200 to 3000 m in stratigraphic
level. At the boundary between stages 3 and 4, the ESR
signal intensity starts to oscillate with a large amplitude,
which ranges between 7.4 and 18.5 and has an average
value of 12.4 and a standard deviation of 4.5, while the
CI remains stable ranging between 8.04 and 8.41 with an
average value of 8.23 and a standard deviation of 0.14.
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Stage 5 (ca. 17-15 Ma) corresponds to the upper part
of the Artux Fm., from 3000 to 3600 m in stratigraphic
level. The boundary between stages 4 and 5 is defined by
the ESR signal intensity beginning to have stable values.
In stage 5, the ESR signal intensity remains stable and
has moderate values ranging from 9.0 to 12.6 with an
average value of 11.5 and a standard deviation of 1.1.
The CI also maintains stable high values ranging from
8.01 to 8.44 with an average value of 8.23 and a standard
deviation of 9.14.

Stage 6 (ca. <15 Ma) corresponds to the lower part of
the Xiyu Fm. above 3600 m in stratigraphic level. At the
boundary between stages 5 and 6, the abrupt decrease in
the ESR signal intensity occurs. In stage 6, the ESR sig-
nal intensity shows a low value of 4.0, while the CI is
7.98, which is similar to the values in the underlying
stage 5. Although only one sample was analyzed in this
stage, other proxies such as lithic compositions obtained
in this study and zircon age distributions presented by
Blayney et al. (2016) support a significant provenance
change at the boundary between stages 5 and 6 (details
will be discussed in Section 5).

4.2 Thin section observations

Before point counting, grain components such as detrital
minerals and lithic fragments in samples were identified
from 38 thin sections, to examine the rock types exposed
in the source areas. Characteristics of each type of clast
are described below. The grain composition was deter-
mined from the point counting result and is described
below as per total grains.

Quartz is the most dominant mineral in all the sam-
ples examined. Three types of quartz grains are identi-
fied: monocrystalline, polycrystalline, and chalcedonic.
Monocrystalline quartz is the most dominant type of
quartz in all the samples examined, and its maximum
and minimum content were 61.9 and 24.9%, respectively,
with the average of 51.0%; it accounts for more than
two-thirds of quartz grains. About half of the monocrys-
talline quartz grains shows wavy extinction. Polycrystal-
line quartz is also commonly found in the studied
samples, and its maximum and minimum contents are
10.3% and 3.6%, respectively, with the average of 6.0%. It
shows unclear crystal boundary and contains various
crystal sizes ranging from silt size to coarse sand size.
Colorless chalcedonic quartz without impurities is rarely
found.

Feldspar is the second most dominant detrital mineral
and accounts for a relatively small percentage, with the
maximum and minimum contents are 17.8% and 6.8%,
respectively, with the average of 11.6%. Three types of
feldspar grains are identified: orthoclase, plagioclase, and
microcline. Orthoclase grains are far more abundant
(average 10.3%) than plagioclase (average 0.8%) and
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microcline (average 0.5%) grains and their relative ratios
vary slightly among samples.

Accessory detrital minerals such as micas, mafic min-
erals, and opaque minerals are found in small amounts
(average: 3.4%). Biotite is the most common accessory
detrital mineral and is especially abundant in the Xiyu
Fm. Biotite grains in this formation are relatively large
(~500 um). Other accessory detrital mineral grains are
silt sized and weathered, which rendered their identifica-
tion difficult.

Lithic fragments are classified into six groups: (1) lime-
stone lithics, (2) mudstone lithics, (3) sandstone lithics,
(4) chert lithics, (5) volcanic lithics, and (6) metamorphic
lithics (Fig. 5). Plutonic lithic fragment is not observed
in the thin sections, possibly because the grain size of
samples is smaller than the size of crystals in plutonic
rocks.

Limestone lithics account for 1.3-17.0% with the aver-
age of 7.5%. They mostly comprise micritic calcite with
some detrital quartz grains (Fig. 5a). Fossil imprints such
as foraminifera are occasionally observed in limestone
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lithics. Furthermore, limestone lithic fragments are in-
dented by other clastic grains and show concave con-
tacts because of pressure solution.

Mudstone lithics account for 0.7-17.6% with the aver-
age of 6.3%. Four types of mudstone lithic fragments are
found. Siltstone lithic comprises silt-sized grains of
quartz and feldspar along with a small amount of the
matrix composed of clay minerals, iron oxides, and other
clay-sized particles (Fig. 6a). Siliceous siltstone lithic
consists of silt-sized quartz grains with microcrystalline
quartz cement (Fig. 6b). The sorting of siliceous siltstone
is good. Claystone lithic consists mostly of clay-size clay
minerals, iron oxides and other minerals with rare silt-
size quartz grains (Fig. 6c). Siliceous claystone lithic
mostly comprises silt-sized detrital quartz grains cemen-
ted with microcrystalline quartz along with minor iron
oxides and opaque minerals (Fig. 6d).

Sandstone lithics accounts for 0~4.8% with an average
of 1.4%. Some samples do not contain sandstone lithics
because of their small grain sizes. Four types of sand-
stone lithic fragments are identified. Quartzo-feldspathic

- 3 é-
e BOOym

e fragment

Fig. 5 Optical microscope photographs of various types of lithic fragments in the Aertashi section (all photographs were taken under crossed
nicols). a Micritic limestone, b Sandstone, ¢ Chert, d Volcanic rock, e Meta-quartzite, and f Quartz schist fragments
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Fig. 6 Optical microscope photographs of clastic rock fragments in the Aertashi section (all photos are taken under crossed nicols). a Siltstone, b
Siliceous siltstone, ¢ Claystone, d Siliceous claystone, e Quartzo-feldspathic sandstone, and f Orthoquartzite fragments

sandstone lithic dominantly comprises quartz with
minor feldspar (Fig. 6e). It is poorly sorted, but the
matrix is rare. Ortho-quartzite lithic consists of well-
sorted and rounded single crystal quartz grains (Fig. 6f).
Calcite cement is observed in a small amount. The grain
contacts are generally concave-convex and sutured. Sili-
ceous sandstone lithics mostly comprises quartz grains
with minor lithic fragments and feldspar. Their micro-
crystalline quartz cement content is ~ 30%. Siliceous
sandstone lithics are often subjected to weathering, and
therefore, they contain secondary minerals. Quartz
wacke lithic consists of quartz grains with an abundant
(~ 50%) matrix of clay minerals and other clay-sized par-
ticles (Fig. 5b).

Chert lithic is less common compared with other sedi-
mentary rock lithics and its content ranges from 0.9 to
5.2%, with the average of 2.4%. Its microcrystalline
quartz cement content exceeds more than 95%, and it
contains rare clay-sized particles of other detrital min-
erals such as clay minerals and opaque minerals (Fig.

5¢). Quartz crystals are less than 64 pm and the grain
boundary appears irregular, although it is not clear be-
cause of small crystal size.

Volcanic lithics are rare (<3%) and found mostly in
the Xiyu Fm. They mainly contain a few tabular or
needle-shaped euhedral phenocrysts in an opaque
groundmass (Fig. 5d). Blayney et al. (2016) reported that
in sandstones from the Wugia Gr. to the Artux Fm. in
the Aertashi section, the volcanic fragment content
exceeded 50%. However, their observation is not consist-
ent with our observation, namely volcanic fragments are
rarely found in samples extracted from the Bashiblake
Fm. to the Artux Fm. Gravels in the conglomerate of the
Artux Fm. dominantly comprises limestone and sand-
stone with minor igneous and metamorphic rocks (Blay-
ney et al. 2019). Thus, it is unlikely that only sandstone
samples contain large amounts of volcanic rock
fragments.

Metamorphic lithics include schist and meta-quartzite.
Meta-quartzite lithic (average 5.2%) is more abundant
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than schist lithic (average 0.3%) (Fig. 5e). Schist lithics
include quartz schist, pelitic schist, and psammitic schist
lithics (Fig. 5f). Some of the meta-quartzite lithics are
equigranular and have a straight grain boundary, while
others comprise quartz grains of various size and show a
unclear and wavy boundary, which are likely to be
recrystallized.

Authigenic minerals occur mostly as cement that fills
intergranular space, and they include calcite, iron oxides,
and silica. Sparry calcite cement is the most abundant
and iron oxide cement is the second most abundant.

4.3 Temporal changes in grain composition of sandstone
Temporal changes in the grain composition based on
the point counting result are shown in Fig. 7. All the
samples have less than 15% of matrix and are classified
as lithic arenite which is consistent with a previous study
of Blayney et al. (2016) (Fig. 7a). To identify changes in
the types of source rocks, the Q-F-L plot is shown in
Fig. 7a and the change in lithic composition is shown in
Fig. 7b.

Sandstone samples from the Bashibulake Fm. to the
Artux Fm. show relatively similar grain composition.
They mainly comprise monocrystalline quartz with
minor feldspar, lithic fragments, and rare accessory min-
erals. Common types of lithic fragments are siliciclastic
rocks, limestone, chert, and metamorphic rocks. Only
one sample from the Artux Fm. (AT07-52cgl) contains a
small amount of volcanic rock fragments. Two samples
from the lower part of the Wugqia Gr. (AT10-21 and
AT10-24) show a high percentage (>10%) of limestone
fragments. The sample from the lower part of the Artux
Fm. (AT07-52cgl) contains a larger amount of sandstone
fragments, probably because of the larger grain size of
the sandstone. The sample from the upper part of the
Artux Fm. (ATO07-61) contains relatively high amounts
of accessory minerals (5.7%), especially opaque minerals
(3.6%), which is more than twice those of other samples
from the strata below the Artux Fm. On the other hand,
the sample from the Xiyu Fm. (AT10-49a) show dis-
tinctly different composition compared with samples
from other formations. It contains less detrital quartz
(24.9%) and more lithic fragments (54.8 %), which in-
clude 5.0% of volcanic lithic. Moreover, the percentage
of accessory minerals (11.8 %) is more than twice that of
other samples.

5 Discussion

5.1 Sources of coarse detrital materials in fluvial
sandstone

As described in the previous section, the temporal vari-
ation in the provenance of the coarse detrital materials
was divided into 6 stages. In the following, the sources
of each stage will be discussed on the basis of the ESR
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and CI values of quartz grains as well as from a compari-
son with the composition of fluvial sandstones. To show
the difference between different stages, a diagram that
shows the ESR signal intensity vs. the CI relationship is
presented in Fig. 8.

In stage 1, relatively large variations in the CI indicate
multiple provenance sources. Considering the change in
the sedimentary environment from a lagoon through a
playa lake to a floodplain in the Bashibulake Fm. (Zheng
et al. 2010), the site might not have been under the in-
fluence of a single stable river system. Clasts might have
been occasionally transported along shore by coastal
currents during this stage. The grain composition of flu-
vial sandstone suggests that fragments of sandstone,
mudstone, limestone, chert, and metamorphic rocks
were supplied from its drainage. On the other hand, no
igneous rock fragments were observed in this stage. The
ESR signal intensity of quartz lying between 5.4 and 11.2
suggests that the source rocks are probably Paleozoic in
age (Toyoda and Hattori 2000), whereas the U-Pb age of
zircon grains contained in fluvial sandstone ranges from
Jurassic to Archean (Blayney et al. 2016). No modern
river sediments having relatively large drainage basin in
the eastern part of the Pamir show zircon age peaks
around 1.9 Ga and 300 Ma, which are observed for sam-
ples taken from the Bashibulake Fm. (Blayney et al.
2016), suggesting that at least some of the detrital grains
in the Bashibulake Fm. were supplied from rocks that
are not the main provenance of the modern river sedi-
ment. Moreover, the absence of volcanic lithic fragments
in stage 1 sediments suggests that volcanic rocks were
not exposed in the drainage basin and the river head did
not reach the exposed Triassic volcanic rocks in the
North Pamir terrane. Hence, the basin infill of Meso-
zoic~Paleozoic sandstone, mudstone, and limestone ex-
posed along the western edge of the Tarim Basin
between the KYTS and the Aertashi section is the likely
source of the fluvial sediment in the Aertashi section
(Fig. 9). The age distribution of zircon grains in the
basement rock of the southwestern Tarim Basin shows a
peak around 1.9 Ga (Xu et al. 2013) and the modern
Kangkuole River sand derived from the Jurassic sedi-
mentary rock exposed along the southwestern edge of
the Tarim Basin shows the peak of the zircon age distri-
bution to be around 300 Ma (Rittner et al. 2016). Al-
though these areas are deeply eroded now and not the
main source of the river sand of the modern Yarkand
River (Blayney et al. 2016; Clift et al. 2017), these areas
might have been the sources of zircon grains which can-
not be explained by the supply from the Pamir.

In stage 2, the gradual increase in the CI suggests an
increase in the relative contribution of a large amount of
crystallized quartz. On the other hand, the low and
stable values of the ESR signal intensity and the clast
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Aertashi section. The stages are divided on the basis of the temporal variations of the ESR signal intensity and Cl

composition being similar to stage 1 suggest that the
provenance did not change significantly throughout
stages 1 and 2. These observations imply that the river
gradually eroded and started to supply more crystallized
rocks of the same rock types.

At the beginning of the stage 3, the abrupt increase in
the ESR signal intensity and the relatively high CI sug-
gest an increased contribution of source rocks contain-
ing older quartz grains. The lithic composition suggests
that the rock types did not change significantly between
stages 2 and 3, but weakly metamorphosed rocks such as
meta-quartzite and polycrystalline quartz became dom-
inant in addition to siliciclastic sedimentary rocks and
limestones while igneous rocks and highly metamor-
phosed rocks were nearly absent in the source area. Ac-
cording to Blayney et al. (2019), Sm-Nd isotope values of
mudstone also showed a sudden negative shift around
the base of stage 3, indicating the appearance of more
crustal source rocks. The change in the Sm-Nd isotope
values in the study of Blayney et al. (2016) appears to be
delayed relative to the change in the ESR signal intensity
in the current study. However, the exact timing of the
change is uncertain because the sampling interval of
Blayney et al. (2016) was large. We guess that the time
lag between the timings of changes in these proxies re-
flects the difference in grain size of the material analyzed

(i.e., mudstones were used for the Sm-Nd analysis and
sandstones were used for the ESR signal intensity ana-
lysis). It has been shown that in a single river sediment
sample, particles with different sizes could have different
sources (Saito et al. 2017). Paleozoic (meta)sedimentary
rocks exposed in the North Pamir terrane are the oldest
sedimentary rocks in the northeastern Pamir (Cowgill
2010) and are likely to be the source of rocks containing
older quartz grains with a high ESR signal intensity char-
acteristic of stage 3 (Fig. 9). While the ESR signal inten-
sity changed considerably between stages 2 and 3, the
types of lithic fragments, the CI, and the zircon age dis-
tribution did not change significantly (Blayney et al
2016). Zircon grains are formed in igneous rocks and
then eroded, transported, and incorporated into sedi-
ments. Age distributions of zircon grains in fluvial sedi-
ments reflect age distributions of igneous rocks in
drainage basin, and the zircon age distribution in sedi-
mentary rocks has multiple peaks in a wide range when
zircon grains originate from multiple sources. In the
eastern part of the Pamir where the main source of the
paleo-Yarkand River is assumed to be located, the zircon
ages in sedimentary rocks show a multimodal distribu-
tion (Blayney et al. 2016; Clift et al. 2017). It is conceiv-
able to mask the provenance change between stages 2
and 3.
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In stage 4, the ESR signal intensity vs. CI plots fall
into two groups, one is similar to those of stage 3
and the other is similar to those of stage 5 (Fig. 8).
Thus, oscillations in the ESR signal intensity in stage
4 are interpreted as reflecting repeated switching of
provenance between the two distinctly different
sources characteristic of stages 3 and 5 during this
period.

In stage 5, the stable and moderate ESR signal inten-
sity and the stable high CI values suggest that the prov-
enance is stable and corresponds to one of the two
sources of stage 4 (Fig. 9). Furthermore, the accessory
minerals such as biotite and mafic minerals increase
compared with earlier stages and schist fragments begin
to appear for the first time in the studied sequence, sug-
gesting the appearance of igneous and metamorphic
source rocks containing more accessory minerals. This
in turn implies that the paleo-Yarkand River acquired
new drainage in the North Pamir where these rocks are
exposed (Cowgill 2010). However, assemblages of other
grains and lithic fragments do not change significantly,
suggesting that the main source area is similar to that in
the earlier stages.

In stage 6, the ESR signal intensity and grain compos-
ition indicate that the source rocks of fluvial sediments
changed drastically compared with those of stage 5.
The low ESR signal intensity value suggests that the
average age of quartz grains in the source rocks de-
creased, probably corresponding to the Mesozoic or
younger (Toyoda and Hattori 2000). According to the
thin section observations, the grain composition of the
fluvial sandstone of the Xiyu Fm. changed significantly
from that of the Artux Fm., showing a wider variety of
lithic fragments such as volcanics and schists, apart
from sandstones, limestones, and a small amount of
weakly metamorphosed rocks in the Artux Fm. This
suggests that the paleo-Yarkand River acquired the new
drainage in the Pamir where additional types of host
rocks including volcanic rocks and schists were ex-
posed. Moreover, the percentage of biotite increases
abruptly at the beginning of stage 6, indicating that the
detrital supply of acidic igneous rock fragments con-
taining large biotite crystals started in stage 6. In the
area to the east of the KYTS, acidic igneous rocks are
not exposed. Therefore, it is expected that the river
drainage reached the area near Kongur Shan fault
where Mesozoic igneous rocks are exposed (Fig. 9).
This is consistent with the zircon age distribution pat-
tern of sandstone in stage 6 showing distinctive peaks
of early Mesozoic, which are attributed to igneous
rocks exposed in the North Pamir terrane on the basis
of their resemblance to those in modern river sedi-
ments supplied from the North Pamir terrane (Blayney
et al. 2016; Wei et al. 2018).
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5.2 Causes of provenance changes

The transition from stage 1 to stage 2 at ca. 34 Ma is
marked by a relatively small change in the CI and might
have reflected the appearance of the steady area of the
drainage basin. Since the area of the drainage basin does
not appear to have changed significantly as suggested by
the little change in the ESR signal intensity, grain com-
position, and the age distribution of zircon grains (Blay-
ney et al. 2016), a sudden significant tectonic movement
is unlikely to have occurred in the drainage of the paleo-
Yarkand River between stages 1 and 2. The beginning of
the increase in the CI at the base of stage 2 might be at-
tributed to gradual unroofing and the consequent in-
crease in the supply of more crystallized rocks in the
drainage. Rapid global cooling that occurred around 34
Ma at the Eocene-Oligocene boundary and the associ-
ated sea level drop could have changed the hydrology in
inland Asia (Dupont-Nivet et al. 2007; Li et al. 2018;
Zoura et al. 2019) and this might have led to the estab-
lishment of paleo-Yarkand River draining stably within
the area to the west of the KYTS and possible hiatus
(Bosboom et al. 20144q, b). Although there are few stud-
ies on the climatic change in the Pamir during the
Eocene-Oligocene transition (EOT), it is unlikely that
the gradual intensification of precipitation occurred at
that time considering the aridification in inland Asia at
that time (e.g., Dupont-Nivet et al. 2007). On the other
hand, it has been reported that deformation of the meta-
morphic domes in the Central and South Pamir started
in the Eocene and the metamorphism prograded north-
ward during late Eocene to Oligocene (Smit et al. 2014;
Stearns et al. 2015). Thus, we suggest that the gradual
uplift of the Pamir, rather than increase in precipitation,
is more likely to be the cause for unroofing and the con-
sequent increase in the CI during stage 2.

At the boundary between stage 2 and stage 3 (ca. 27
Ma), host rocks containing older quartz grains of meta-
sedimentary rock origin derived from the eastern part of
the North Pamir terrane suddenly appeared, suggesting
that the paleo-Yarkand River acquired a new drainage
basin with new source rocks in a short period. There are
two possible reasons for the river to supply fragments of
older source rocks. One is that the river acquired a new
drainage basin upstream, where older meta-sedimentary
rocks were exposed. The other is that the underlying
older strata were newly exposed in the same drainage
basin because of the uplift and subsequent rapid erosion
within the same drainage basin. The latter possibility is
less plausible because the Mesozoic-Paleozoic strata to
the east of the Pamir are relatively thick and the dip
angle is very large (Cowgill 2010). Therefore, we prefer
the first possibility that the river head of the paleo-
Yarkand River extended into the North Pamir terrane
and the river acquired a new drainage basin at the
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beginning of stage 3, which is likely to have resulted
from the uplift of the eastern North Pamir terrane asso-
ciated with the fault movement surrounding the North
Pamir (Sobel and Dumitru 1997; Bershaw et al. 2012;
Cao et al. 2015). The appearance of the conglomerate
lagging behind the sudden increase in the ESR signal in-
tensity suggests that tectonic movement first occurred
near the river head in the North Pamir terrane and
propagated toward the depositional site of the Aertashi
section. In the surrounding areas of the Pamir, evidence
for tectonic events was examined using other methods
such as geothermometer and seismic refraction, and the
evidence suggested the existence of tectonic activity near
the Pamir during the late Oligocene to the early Mio-
cene (e.g., Sobel et al. 2013; Jiang and Li 2014). Thermal
modeling based on the (U-Th)/He dating of zircon and
apatite showed that the exhumation rate in the North
Pamir accelerated during the early Miocene (Amidon
and Hynek 2010). In the Tian Shan Mountains located
to the north of the Pamir, a rapid exhumation event dur-
ing the early Miocene was suggested on the basis of
apatite fission track data (Bande et al. 2015). Bande et al.
(2015) further suggested that the north-south trend
shortening occurred in the area surrounding the Pamir
at ca. 25 Ma because of the activation of the Talas-
Fergana faults, one of the largest faults in the area.

In stage 4, the onset of the fluctuation of provenance
between two sources suggests that the drainage basin ex-
panded in the upper stream of the paleo-Yarkand River
and started to provide younger clastics at ca. 20 Ma. The
tectonic activity such as the initiation of the fault move-
ment in the eastern Pamir is likely to have occurred
around ca. 20 Ma. In fact, Sobel and Dumitru (1997)
dated clasts of fluvial sediment along the piedmont of
the Western Kunlun Shan by apatite fission track and
found that cooling ages were roughly 20 Ma, which was
interpreted to be associated with the KYTS activity.

A steady drainage basin was probably established at ca.
17 Ma, judging from the stable values of the ESR signal
intensity and CI in stage 5. This stage is interpreted to
have been an interval of less intense tectonic activity.

The largest change in the drainage occurred at the
boundary between stages 5 and 6 (ca. 15 Ma), and it was
characterized by significant changes in the ESR signal in-
tensity, grain composition, and lithology as well as U-Pb
age distribution of zircon grains and Sm-Nd isotope
values (Blayney et al. 2016). Deposition of the thick peb-
ble conglomerate of the Xiyu Fm. suggests that the Aer-
tashi section was located in the middle of the alluvial fan
and that the mountain range of the Pamir came closer
to the section. This, in turn, strongly suggests that the
deposition of the Xiyu Fm. started when a wide area in
the North Pamir terrane, including the new drainage in
the western part where Mesozoic igneous rocks were
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exposed, was uplifted (e.g., Blayney et al. 2016; Wei et al.
2018; Zheng et al. 2006). Acquisition of the new source
is expected to have been caused by the uplift of the
North Pamir.

5.3 Relationship between uplift of the Pamir and
aridification in the Tarim Basin

In previous studies, the timing of the aridification in the
Tarim Basin was estimated on the basis of the first oc-
currence of sand dune or loess deposit in Cenozoic se-
quences (Sun et al. 2009; Zheng et al. 2015; Heermance
et al. 2018). In the Aertashi section, the deposition of
sand dune sediments started from the bottom of the
Wugia Gr. at ca. 34 Ma (Blayney et al. 2019), indicating
relatively dry condition with poor vegetation. On the
other hand, the result of this study suggests that the
provenance of fluvial sediments did not change signifi-
cantly during stages 1 and 2 (ca. 39-34 Ma), indicating
that significant tectonic events that affected the drainage
of the paleo-Yarkand River did not occur in the Pamir in
association with the aridification in the Tarim Basin. In
other words, the initial aridification in the Tarim Basin
occurred before significant tectonic activity started in
the Pamir. The sudden appearance of the aeolian dune
sand is likely to be related to the global cooling at the
EOT. In fact, it has been reported that the rapid climate
change at the EOT affected the climate and vegetation
in the other parts of inland Asia (Sun et al, 2014;
Dupont-Nivet et al. 2007), and it is conceivable that the
climate in the Tarim Basin was also affected. Gradual
subsidence could have changed the position of the Aer-
tashi section relative to the Pamir and its depositional
environment (Blayney et al. 2019).

In the Kekeya section, which is also located at the
southwestern edge of the Tarim Basin, aeolian silt de-
position started in the Artux Fm. at ~ 26.7-22.6 Ma and
loess deposition continued through the Artux and Xiyu
Fm. (Tada et al. 2010 with the new age model; Zheng
et al. 2015), although there is little clear evidence of
loess deposition in the Aertashi section because of the
continuous presence of the persistent river system. From
this evidence, it is interpreted that the Tarim Basin has
been continuously under arid conditions at least since
the deposition of the Artux Fm. (Zheng et al. 2010,
2015). The timing of the onset of loess deposition in the
Kekeya section is close to the boundary between stages 2
and 3 at ca. 27 Ma, which is much later than the initial
deposition of sand dune deposit in the Aertashi section
(Zheng et al. 2015). Approximately 27 Ma is close to the
timing of the provenance change of fluvial sediments in
the Aertashi section between stages 2 and 3. Thus, the
tectonic event in the North Pamir that occurred at the
boundary between stages 2 and 3 might have been asso-
ciated with the intensification of the dry conditions in



Sakuma et al. Progress in Earth and Planetary Science (2021) 8:44

the Tarim Basin. It is also worth to note that the active
tectonic uplift in the North Pamir is expected to have
supplied a large amount of the detrital materials to the
Tarim basin, which should have acted as a source of
aeolian dust and desert sand (Zheng 2016; Isozaki et al.
2020). In fact, onset of loess deposition occurred at the
latest Oligocene not only in the Tarim Basin but also in
the western Chinese Loess Plateau and Junggar Basin
(Sun et al. 2010; Qiang et al. 2011). Further research of
the paleo-environment in the Tarim Basin is necessary
for a more detailed discussion on the linkage between
the aridification in the Tarim Basin and the uplift of the
Pamir.

6 Conclusions

ESR signal intensity and CI analyses of detrital quartz
and thin section observations were performed for fluvial
sandstones obtained from the Aertashi section at the
southwestern edge of the Tarim Basin to examine prov-
enance changes in the drainage basin of the paleo-
Yarkand River. The result suggests that the provenance
of fluvial sediments at the Aertashi section is marked by
five times shift approximately at 34 Ma, 27 Ma, 20 Ma,
17 Ma, and 15 Ma, and on the basis of this observation,
we divided the sequence into six provenance stages.
Thin section observations of the fluvial sandstones
showed that the rocks exposed in the drainage basin
were predominantly sandstone, mudstone, limestone,
and chert throughout the sequence. The contribution of
metamorphic rocks and volcanic rocks started to in-
crease in stage 6. A sudden increase in the ratio of vol-
canic lithic fragments and biotite at the boundary
between stages 5 and 6 at ca. 15 Ma suggests the expan-
sion of the drainage basin and acquisition of new source
rocks such as volcanic rocks and granitic plutonic rocks
that were exposed in the North Pamir terrane. The re-
sults of this study and a previous provenance study
(Blayney et al. 2016) indicate that major tectonic events
in the NE Pamir occurred at ca. 27 Ma, ca. 20 Ma, and
ca. 15 Ma. On the other hand, the first appearance of
desert dunes at ca. 34 Ma in the Aertashi section (Zheng
et al. 2010; Blayney et al. 2019) precedes the major tec-
tonic events in the NE Pamir unraveled in this study.
Thus, the climate in the Tarim Basin was already arid
before the major tectonic events in the NE Pamir. How-
ever, the subsequent uplift of the NE Pamir at 27 Ma
may have intensified the aridification because it is ob-
served to be coeval with the initiation of loess deposition
in the Kekeya section (Tada et al. 2010). Testing the arid
conditions in the Tarim Basin by methods such as
chemical index of alteration (CIA), clay mineral, and
pollen analyses can help us to examine the relationship
between the timing of the tectonic movements in the
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Pamir and the aridification in the Tarim Basin more pre-
cisely in future studies.
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