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The Pamir‒Tian Shan collision zone, located at the northwestern edge of the
Himalaya‒Qingzang orogenic belt, provides a natural laboratory for investigating
the development of fluvial terraces controlled by regional climate change and
tectonic uplift. In this study, we conducted geomorphological mapping and
terrestrial cosmogenic nuclide 10Be dating of fluvial terraces in the Wuheshalu
syncline, within the Pamir‒Tian Shan collision zone. Four major fluvial terraces
were identified in the Wuheshalu syncline, with ages of approximately 187,
141, 90, and 19 ka, respectively. These terraces were abandoned during three
glacial‒interglacial transition periods (Marine Isotope Stage 6/5 (MIS6/5), cold-
to-warm transition period of MIS5, and end of MIS2 or MIS2/1) and one
interglacial‒glacial period (MIS7/6), and exhibit a strong correlation with regional
climate change. Tectonic uplift contributed only one-third of the observed fluvial
incision. These results suggest that river incision and terrace formation in the
Pamir‒Tian Shan collision zone are primarily driven by periodic fluctuations in
climate, with a lesser contribution from tectonic uplift.

KEYWORDS

Pamir-Tian Shan, fluvial terraces, terrestrial cosmogenic nuclide 10Be exposure dating,
regional climate change, tectonic uplift

1 Introduction

The sedimentary successions, origins, and structural deformation features of fluvial
terraces are critical subjects within the fields of neotectonics and paleoclimatology
(Bull, 1990; Dey et al., 2016; Maddy et al., 2001; Maddy et al., 2012; Veldkamp
and Van Dijke, 2000; Singh et al, 2024). With the continued accumulation of field,
experimental simulation, and numerical modeling evidence, a model of climate‒tectonic
interaction controlling terrace formation has gained widespread acceptance among the
research community (e.g., Huang et al., 2014; Pan et al., 2001; Starkel, 2003). In
this model, climate change dictates the timing of river aggradation (or incision) and
terrace development, while tectonic uplift provides the driving force and space for
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FIGURE 1
(A) Topographic map of central Asia. Circles represent cited glacial events (Abramowski et al., 2006; Koppes et al., 2008; Owen et al., 2012; Seong et al.,
2009; Zech, 2012; Zech et al., 2005; 2013). Triangles indicate cited climate proxies: Kesang cave (Cheng et al., 2016) and KS15 section (Li et al., 2018).
(B) Major Cenozoic tectonic structures of the Pamir‒Tian Shan collision zone.

fluvial incision (Bridgland and Allen, 1996; Bridgland et al., 2004;
Pan et al., 2003; Pan et al., 2009; Vandenberghe and Maddy, 2001).
However, differences in location, climate, tectonic activity, and
river size have led to diverse fluvial terrace genesis theories and
developmental traits. Consequently, it is crucial to conduct detailed
investigations of the ways in which fluvial terraces form and evolve
in various settings and circumstances.

The Pamir region, located at the northwestern margin of
the Himalaya‒Qingzang orogenic belt, continues to experience
substantial deformation owing to collision between the Indian and
Eurasian plates (Figure 1A) (Chen et al., 2011; Li et al., 2019;
Jayangondaperumal et al, 2018). Pamir is a frigid, high-altitude area
containing large modern continental glaciers. The regional climate
is mostly affected by the westerlies, resulting in notable periodic
climatic variations that have occurred since the late Quaternary
(Chen et al., 2008; Tao et al., 2020). Moreover, interactions between
regional climate change and tectonic activity have resulted in
the development of a sequence of broad, flat, and well-preserved
fluvial terraces (Li et al., 2015), positioning the Pamir area as an
ideal location for investigating the origin and formation processes
of such terraces.

Numerous investigations have been conducted on fluvial
terraces in the Pamir foreland area. For example, optically stimulated
luminescence (OSL) dating of fine-grained quartz has been
employed to determine the ages of fluvial terraces in the Mingyaole
anticline, Wuheshalu syncline, and Muji anticline (Li et al., 2013a;
2017; Thompson et al., 2017). By comparing these ages with
marine oxygen isotope curves, it has been revealed that these
terraces formed during glacial‒interglacial transitions, supporting
the hypothesis that fluvial incision and terrace formation occur
during climatic transitions. Given the problem of insufficient
bleaching in fine-grained quartz, Li et al. (2015) andThompson et al.
(2018) further employed coarse-grained quartz OSL dating and
terrestrial cosmogenic nuclide (TCN) 10Be depth profile dating
to constrain the ages of major fluvial terraces in the Mingyaole
anticline and Mayikake Basin, and estimated the deformation
rates of notable active structures. However, these studies primarily
focused on the deformation characteristics and formation ages of
terraces associated with active tectonics (e.g., active faults and folds)
to constrain the growthmechanisms and deformation rates of active
structures (Li et al., 2012; Li et al., 2013a; Li et al., 2017). However,
there is a gap in systematic studies of the formational mechanism
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of the terraces and the relative role of climate and tectonics in their
formation in the Pamir‒Tian Shan collision zone.

This research concentrates on the Wuheshalu syncline, which
is characterized by extensive fluvial terraces and notable tectonic
deformation, with the aim of determining its geomorphology and
a temporal framework of their development. Initially, thorough
field surveys and measurements were carried out to collect
precise geomorphological data, including the spatial distribution,
sequences, and sedimentary structures of the fluvial terraces.
We then determined the abandonment ages of the Wuheshalu
terraces using TCN 10Be depth profiles and surface exposure
boulder ages (Huang et al., 2019; Li et al., 2019). Finally, we
conducted a comprehensive study on the interplay between fluvial
terrace formation, tectonic uplift, and regional climate change,
combining tectonic uplift characteristics (Li et al., 2017) and regional
climate records (e.g., Berger and Loutre, 1991; Cheng et al., 2016;
Li et al., 2018; Lisiecki and Raymo, 2005; Owen et al., 2012;
Seong et al., 2009; Zech et al., 2013). The new data presented herein
can help to clarify the tectonic evolution and incision histories of
terraces in the Pamir‒Tian Shan convergence zone.

2 Regional setting

TheTarim Basin, located in northwest China, is one of themajor
foreland basins of Central Asia (Figure 1A). It is bounded to the
southwest by the Pamir Plateau, which extends northwards in a
curved shape and constitutes the northwestern edge of theHimalaya
orogen, with peaks >7,000 m high. To the north of the Tarim Basin,
the Tian Shan stretch over 2,000 km from Uzbekistan in the west
to China in the east, with a mountain belt width of 300–500 km
(Figure 1A). The large-scale collision between the Indian plate and
Eurasian continent has resulted in the formation of numerous fold
and thrust belts and thick late Cenozoic sediments along the frontal
zone of the Pamir Plateau and southern Tian Shan (Burtman and
Molnar, 1993).

2.1 Climatic setting

Late Quaternary climate change in the Pamir‒Tian Shan
region can be inferred from Northern Hemisphere benthic
cores, Greenland ice cores, regional climate records, and glacial
deposits (e.g., moraines). According to climate proxies obtained
from benthic cores and Greenland ice cores (Lisiecki and
Raymo, 2005; Mayewski et al., 1997), global climate change since
the Quaternary has exhibited cycles of 100, 41, 2.3, and 1.9 ka,
controlled by Earth’s orbital eccentricity, obliquity of the ecliptic,
and precession. Specifically, from 2.4 to 1.1 Ma, the duration of
dominant climate-change cycle was 41 ka, characterized by high
frequency and low amplitude. From 1.1 to 0.7 Ma, the 41-ka cycle
persisted, but with high frequency and high amplitude. Since 0.7 Ma,
influenced by the 100-ka orbital eccentricity cycle, the 41-ka cycle
has shown low frequency and high amplitude.

Regional indicators, such as stalagmite δ18O records from
Kesang Cave (Cheng et al., 2016), magnetic susceptibility data
from the KS15 loess section (Li et al., 2018), and glacial advances
or retreats recorded by moraines (Abramowski et al., 2006;

Koppes et al., 2008; Owen et al., 2012; Seong et al., 2009; Zech,
2012; Zech et al., 2005; Zech et al., 2013), are important for studying
regional climatic variations.These indicators complement the global
climate change indicators observed in benthic cores and Greenland
ice cores (Figure 1A).

In recent years, the development and widespread application
of TCN dating have provided precise constraints on the phases,
timing, and extent of late Quaternary glaciations in the Pamir and
Tian Shan regions (Owen and Dortch, 2014). Such studies have
identified four major glacial advances since the late Quaternary:
the penultimate glacial cycle (Marine Isotope Stage 6–8 (MIS6‒8)
and/or earlier, early Last Glacial (MIS4), early MIS2, and Last
Glacial Maximum (LGM) (Owen et al., 2012; Seong et al., 2009).
The primary factor influencing glacial advances appear to have
been rapid climate change associated with Northern Hemisphere
westerlies, whereas the South Asian monsoon had relatively little
impact (Owen and Dortch, 2014). Seong et al. (2009) discovered
multiple Holocene glacial advances in Muztagh Ata and Kongur
Shan, indicating millennial-scale glacial advance events coinciding
with rapid climate oscillations in theNorthernHemisphere since the
global LGM (e.g., Bond et al., 2001; Mayewski et al., 2004). These
glacial records have illuminated Pamir climate change and yielded
important information for studying fluvial aggradation/incision and
climate change.

2.2 Geological and geomorphological
setting

At the northwestern end of the Himalaya‒Qingzang orogenic
belt, the Pamir Plateau is the western tectonic knot where the
Indian plate aggressively converges with the Eurasian continent
(Figure 1A) (Burtman and Molnar, 1993). Since the Cenozoic, the
Pamir Plateau has experienced considerable crustal shortening,
thickening, and surface uplift owing to the northward indentation
of the Indian plate, pushing it approximately 300 km into the
Eurasian continent (Burtman and Molnar, 1993; Cowgill, 2010).
According to focal mechanism solutions, GPS velocity fields, and
active tectonic surveys, the modern Pamir Plateau has been severely
compressed and shortened along its northern and western borders
(Chapman et al., 2017; Li et al., 2012; Zubovich et al., 2010). Along
the approximately north‒south trendingKongur Extensional System
(KES), the central‒western Pamir Plateau is currently separating
from the eastern Pamir Plateau (Jay et al., 2017; Li et al., 2019;
Robinson et al., 2004; Schurr et al., 2014; Thiede et al., 2013).
On the northeastern Pamir Plateau, tectonic deformation since the
Miocene has been dominated by the north-verging Pamir Thrust
System, faults and folds within the foreland basin, dextral-slip
Kashgar‒Yecheng Transfer System along the eastern margin, and
east‒west extension along the KES (Li et al., 2017; Sobel et al., 2011;
Thiede et al., 2013; Thompson et al., 2017).

The Tian Shan, located to the north of the Tarim Basin, are
a crucial part of the Central Asian accretionary orogenic belt
(Charvet et al., 2011; Molnar and Tapponnier, 1975) (Figure 1A).
Several collisions between the Indian and Eurasian plates have
resulted in the complicated tectonic evolution of the Tian Shan since
the lateOligocene-earlyMiocene (Carroll et al., 1995; Dumitru et al.,
2001; Hendrix et al., 1992; Windley et al., 1990). The southwestern
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Tian Shan experienced considerable uplift at approximately 25 Ma
owing to the northward indentation of the Pamir region (Sobel et al.,
2006; Yin et al., 1998). With subsequent propagation in a foreland
direction, multiple fold‒thrust belts (Li et al., 2013b; Scharer et al.,
2004) and thick late Cenozoic deposits were formed in the foreland
basin (Heermance et al., 2008; Sobel et al., 2006).

ThePamir‒Tian Shan thrust belt is a convergence zonewhere the
northward-thrusting Pamir Plateau meets the southward-thrusting
southwestern Tian Shan (Figure 1); its major active structures
include faults (e.g., northward-thrusting Pamir and Biertuokuoyi
frontal thrusts) and folds (e.g., Wuheshalu syncline and Wulagen,
Mingyaole, and Mush anticlines) (Li et al., 2012; Li et al., 2013a;
Li et al., 2015; Thompson et al., 2017). These structures are
shortening at a rate of approximately 1‒4 mm/a, whereas the
deformation zone as a whole is shortening at a rate of approximately
7–10 mm/a, which matches the convergence rate of approximately
6‒9 mm/a obtained from GPS velocity profiles (Li et al., 2019).

There is a large axial river system (Kezilesu River) that flows
from west to east along the topographic low points of the Pamir
and southern Tian Shan convergent systems (Figure 1B). Most
of its water originates from glacier meltwater and atmospheric
precipitation, and its basin spans 16,000 km2. The Kaertanv River, a
tributary of the Kezilesu River, runs through the study area. Owing
to regional climatic variations and tectonic uplift, the river has
down-cut in phases, resulting inwell-preserved fluvial terraces being
formed along its banks since the late Pleistocene.

The Wuheshalu syncline lies between the Pamir Plateau and
southern Tian Shan (Figure 1B).The synclinal fold trendsNW‒SE in
the west, shifting to nearly E‒W in the east, and displays a gentle
southward-verging arcuate shape and a length exceeding 50 km
(Li et al., 2017).The northern and southern limbs dip approximately
50° S and 62° N, respectively. The eastern half of the syncline
trends east and is relatively open and broad, whereas in its western
half, the fold axis rotates to a SE trend and the syncline becomes
tight and narrow in response to the northward impingement of the
Pamir frontal thrust (Li et al., 2017). The southern Kaertanv River,
originating in the Tian Shan, runs north‒south, turns southeast
along the syncline axis, and joins the eastward-flowing Kezilesu
River. Lateral erosion and downcutting (the vertical erosion) by the
river have created a large channel and several broad, flat fluvial
terraces along the Wuheshalu syncline (Figure 1B).

3 Dating of quaternary fluvial terraces

Geomorphic surface exposure ages are essential for statistically
studying Wuheshalu fluvial terrace development mechanisms.
Various datingmethods are commonly used in river terrace chrono-
stratigraphy, including radiocarbon (14C), electron spin resonance
(ESR), U‒Th, OSL, and TCN 10Be exposure dating (Darling et al.,
2012; Harkins et al., 2007; Lavé and Avouac, 2001; Perrineau et al.,
2011; Wegmann and Pazzaglia, 2009; Yang et al., 2020; Singh et al.,
2024). In this study, we used TCN 10Be exposure dating, including
depth profile and surface gravel dating, to calculate terrace
abandonment ages.

Glacial and fluvial exogenic geological processes bring
subsurface rocks to the surface, where they are irradiated by
cosmic rays, producing cosmogenic nuclides (e.g., 10Be, 21Ne,

and 26Al) within mineral lattices (Lal, 1991). These nuclides
accumulate throughout the exposure time of the minerals, allowing
the calculation of geomorphic surface exposure ages based on the
nuclide concentration accumulated in surface rocks or sediments.

We collected surface and depth profile samples for TCN 10Be
analysis from major terraces within the Wuheshalu syncline. To
reduce the influence of secondary transport and erosion, we selected
sampling locations on well-preserved and flat terrace surfaces with
minimal surface erosion (i.e., absence of substantial water channels
and gullies), avoiding the effect of topographic shielding. Surface
samples contained several 2 cm quartz grains and weighed >500 g.
Because quartz exposed at the surface may have an initial nuclide
concentration, we assumed homogeneous inheritance at a given site
and rapid sedimentation across the sampling region. Therefore, we
collected depth profile samples from several terraces to obtain more
accurate terrace abandonment ages. Multiple samples were taken
from different depths within a given vertical profile using 1 × 2 m
sampling trenches that were approximately 2 m deep; these samples
were also used to correct for inheritance in the surface samples.

The purification of quartz minerals from all samples was
conducted at the Neotectonics and Chronology Laboratory of the
Institute of Geology, China Earthquake Administration. First, gravel
samples were crushed and sieved to obtain particles in the size
range of 250–500 μm. Next, the samples were treated in HCl and
H2O2 to remove carbonate minerals and organic debris, while
magnetic minerals were removed using magnetic separation. The
samples were then repeatedly etched with a 5% HF/HNO3 mixture
to thoroughly remove atmospheric 10Be and feldspar minerals
associated with the quartz. Final purification was achieved using
sodium polytungstate heavy liquid separation.

The purified quartz minerals were then processed for 10Be
chemical separation at the Terrestrial Cosmogenic Nuclide
Preparation Laboratory of the Institute of Crustal Dynamics, China
Earthquake Administration. First, ∼30 g of quartz sample was
combined with a 9Be carrier, dissolved in HF, and heated until
fully dissolved. The Be was then extracted using a cation exchange
resin column, and ammonia was used to modify the pH of the
post-column solution to 9, precipitating Be(OH)₂. Next, BeO
was obtained by combusting this precipitate at 920°C in a muffle
furnace. Finally, the BeO was combined with an equal amount of
Nb powder, transferred to a Cu target, and pressed into accelerator
mass spectrometry (AMS) 10Be targets.

All 10Be targets were sent to the PRIME Laboratory
at the Department of Physics, Purdue University, for AMS
testing. The measurement standard used was 07KNSTD (10Be
half-life of 1.387 ± 0.012 Ma, and 10Be/9Be ratio of 2.851 ×
10−12; Nishiizumi et al., 2007).

Depth profiles in this study were dated using the Monte
Carlo simulator (version 1.2) in Matlab (Hidy et al., 2010). The
exposure ages of the 10Be surface samples were determined using
the CRONUS-Earth online calculator (version 3.0) provided by
the University of Washington (http://hess.ess.washington.edu/),
employing the LSDn production rate model (Lifton et al., 2014).The
inheritance values obtained from depth profile dating were utilized
to adjust the 10Be concentrations of surface samples during the
computation of surface sample ages, while the effects of erosion rates
were disregarded. Detailed sample information and test results are
presented in Table 1.
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4 Results

4.1 Characteristics of fluvial terrace
development

4.1.1 Overall distribution characteristics
The Kaertanv River terraces can be divided approximately into

four phases according to their height above the modern riverbed,
relative position, and surface weathering (Figures 2–4). East bank
terraces are broader and more widespread than those on the west
bank. The earliest (T4) terrace is 90–130 m above the present-
day riverbed, and occurs solely on the east bank. Weathering and
erosion have strongly damaged this terrace surface. Bedrock is
widely exposed along this terrace scarp and outer gully, with a
15–36 m-thick gravel layer. North of T4, T3 can be subdivided into
T3b and T3a, with deep gullies developed; T3b is 75–100 m above
the riverbed and has a >40 m-thick gravel layer, whereas T3a is
∼10 m lower. The largest terrace on both river banks is T2, and this
can be subdivided into T2a and T2b; T2b is 45–75 m above the
riverbed and has a 30–40 m-thick gravel layer, whereas T2a is 5‒7 m
lower. Terrace 1 is 20–30 m above the riverbed, can be separated
into T1a and T1b, and bedrock exposure is only locally visible in the
terrace scarp and steep gullies.

The Wuheshalu terraces are predominantly strath terraces
underlain by Miocene dark-red and brownish-red muddy siltstone
(Figures 3, 4). The terrace deposits consist of bluish-gray and
gray-black fluvial gravel layers, with well-rounded, moderately
sorted gravel ranging from approximately 2–10 cm in diameter,
with the largest examples exceeding 30 cm. This gravel, which
mainly comprises gray-black and bluish-gray metamorphic
sandstone with some quartzite and limestone, is clast-supported
with a fine to medium-grained sand matrix. The Quaternary
deposits in these four terraces exhibit similar sedimentary
characteristics.

4.1.2 Cross-sectional distribution characteristics
Fluvial terrace formation varies greatly between river sections.

Hence, we conducted a detailed examination of fluvial terrace
development and sedimentary structures along four cross-sections
from north to south (Figures 3, 4).

The northernmost profile A‒A’ (Figures 2A, 3A) contains
three terraces: T3, T2, and T1, with a riverbed elevation at
this point of ∼2,600 m. The T3b terrace on the east bank
is ∼75 m above the present-day riverbed. The terrace deposits
feature a ∼58 m-thick gravel layer, with a ∼40 m-thick finer
gravel layer in the upper section and coarser gravel in the lower
section. The T2 terrace, developed on the west bank, includes
T2b and T2a, which are ∼61 and ∼53 m above the present-
day riverbed, respectively. The T1 terrace, developed on both
banks, includes T1b and T1a, which are ∼22 and 16–17 m
above the present-day riverbed, respectively. Terrace T1a on
the east bank exposes Miocene bedrock with a ∼13 m-thick
gravel layer, while no bedrock exposure is observed in other
terraces.

Profile B‒B′, approximately 1 km south of profile A‒A'
(Figures 2A, 3B), contains four terraces: T4, T3, T2, and T1, with a
present riverbed elevation of ∼2,580 m.The T4 and T3b terraces are
present on the east bank: T4, which is ∼126 m above the present-day
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FIGURE 2
Wuheshalu fluvial terrace distribution and deformation. (A) Satellite imagery of Wuheshalu and locations of cross-sections. (B) Interpreted map of
Wuheshalu fluvial terraces and sampling locations. (C, D) Photographs [viewpoints in this figure (B)] of a flexural slip scarp (red arrows) and a fold scarp
(red arrows) on the T3 terrace.

riverbed, has a ∼32 m-thick gravel layer on the exposed bedrock;
T3b, which is ∼98 m above the present-day riverbed, has a gravel
layer >25 m in thickness. The T2a and T1 terraces are present on
the west bank: T2a, which is ∼71 m above the present-day riverbed,

has a ∼13 m-thick gravel layer and exposed bedrock, whereas T1 is
∼28 m above the present-day riverbed with no bedrock exposure.

Profile C‒C′, approximately 2 km south of profile B‒B’
(Figures 2A, 3C), contains four terraces: T4, T3, T2, and T1, and

Frontiers in Earth Science 07 frontiersin.org

https://doi.org/10.3389/feart.2024.1488517
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Deng et al. 10.3389/feart.2024.1488517

FIGURE 3
Cross-sectional profiles of Wuheshalu fluvial terraces, with profile locations indicated in Figure 2A. (A) Cross-sectional profiles A-A'; (B) Cross-sectional
profiles B-B'; (C) Cross-sectional profiles C-C'; (D) Cross-sectional profiles D-D'.

at this section the current riverbed elevation is ∼2,520 m. The T4
and T3b terraces are present on the east bank: T4, which is ∼121 m
above the present-day riverbed, features a ∼37 m-thick gravel layer
and heavily eroded terrace surface, whereas T3b is ∼98 m above
the present-day riverbed with no bedrock exposure. The T2 terrace
includes T2b on the east bank and T2a on the west bank, being ∼71
and ∼72 m above the present-day riverbed, with gravel layers of ∼37
and 13–18 m thickness, respectively. The T1 terrace, developed on
the west bank, is ∼25 m above the present-day riverbed with no
bedrock exposure.

Profile D‒D′, approximately 2 km south of profile C‒C’
(Figures 2A, 3D), contains three terraces: T4, T2, and T1, with a
present riverbed elevation of ∼2,465 m. Terrace T4 on the east bank,
∼95 m above the present-day riverbed, features a 24–36 m-thick
gravel layer and heavily eroded terrace surface. Terrace T2 on the
east bank includes T2b and T2a, which are ∼49 and ∼46 m above the
present-day riverbed, respectively. The T1 terrace, 25–26 m above
the present-day riverbed, features a ∼13 m-thick gravel layer and
exposed bedrock in deeply incised gullies on the west bank.

4.2 Deformation characteristics of fluvial
terraces

TheWuheshalu syncline has undergone substantial deformation
since the late Quaternary, affecting the Kaertanv River terraces. In
the northern part of the syncline, nearly parallel distribution fault
scarps, dipping northwards and perpendicular to the river valley,

have developed owing to bedding-plane slip during fold formation
(Figures 2B, C) (Aravind et al., 2022; Li et al., 2013a). The T1a
and T3b fault scarp heights are 0.1–0.7 and 0.5–4.3 m, respectively,
and they tend to increase with age. Farther south, a SE-striking,
∼21 m-high and ∼350 m-wide topographic scarp, with a slope of
∼6° S, deforms the T2b terrace (Figures 2B, D). This scarp can be
traced laterally on the T2b tread and is associated with, and trends
parallel to, the southern synclinal hinge in underlying beds. These
features support the interpretation of this scarp as a typical fold
scarp resulting from hinge migration (Li et al., 2017). Notably,
these fault-scarps extend across T3 and T1, whereas the fold-related
scarp extends eastwards to the T4 terrace but is not evident on
the T1, suggesting a major reduction in fold activity after the T1
terrace formed.

4.3 Age of terraces

Thompson et al. (2017) used OSL dating of fine-grained quartz
to date the T3b terrace on the east bank of the Wuheshalu syncline,
obtaining an age of 41.3 ± 13.4 ka. The age of T3b obtained using
this approach may be overestimated, owing to the common issue of
insufficient bleaching in fine-grained quartz (Thompson et al., 2018).
Here, 10Be depth profile samples WHSL3, WHSL2, and WHSL1
were collected from the east bank T3b and T2b terraces, and west
bank T1 terrace, respectively; 10Be surface samples WHSL5 and
WHSL4 were obtained from the east bank T4 terrace and west
bank T2a terrace, respectively (Figure 2B). The sample processing
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FIGURE 4
Wuheshalu fluvial terraces on the (A) western and (B) eastern banks of the Kaertanv River, with locations of the photographs indicated in Figure 2A.

and testing procedures are detailed in Section 3, and the results are
presented in Table 1.

The abandonment ages of terraces T3b, T2b, and T1, obtained
from depth profile samples, were 187.1 +34.2/−23.4, 140.7
+15.9/−16.2, and 19.0 +2.0/−2.3 ka, respectively (Figure 5A–C).
After correcting the 10Be concentrations of surface samples using
the average inheritance from the depth profile samples, the ages of
the T4 and T2a terraces were determined to be 160.7 ± 10.4 and
90.4 ± 5.9 ka, respectively. Surface erosion rates were ignored in the
calculations.Thus, these data represent theminimum abandonment
ages. The dating results apparently indicate that T4, the highest
terrace in the region, is younger thanT3b; this is likely to be the result
of the development of deeply incised gullies and intense weathering
erosion on the T4 terrace surface.

Notably, the T3b terrace age obtained here (∼187 ka) is
much older than the ∼41 ka age obtained using OSL dating
(Thompson et al., 2017). Incomplete bleaching of river terrace
sediments, mostly fluvial and alluvial gravel deposits, might reduce
the accuracy of fine-grained sediment dating techniques such asOSL
and ESR dating (Gosse and Phillips, 2001).

The physical mechanism of cosmogenic nuclide dating is well-
defined, with relatively few affecting variables, allowing for the direct
dating of coarse clastic deposits, such as gravel and coarse sand, to
establish geomorphic surface exposure or burial ages.The 10Bedepth
profile dating results obtained herein are within an acceptable error
range, and sample 10Be concentrations from a given depth profile

decline exponentially with depth (Figure 5C).Therefore, the T3b age
of ∼187 ka is considered reliable.

5 Discussion

5.1 Relationship between fluvial terrace
formation and climate change

Climate change primarily influences river aggradation and
incision processes by changing the ratio of sediment flux to water
discharge, thereby controlling fluvial terrace development (Bull,
1990; Penck and Brückner, 1909; Scherler et al., 2015; Singh et al.,
2024). Numerous studies have demonstrated that fluvial terraces
were abandoned during climatic transitions and correspond well
with regional climate change (e.g., Bridgland and Westaway, 2008;
Cordier et al., 2006; Deschodt et al., 2004; Gao et al., 2016; Hu et al.,
2007; Huang et al., 2019; Maddy et al., 2012; Pan et al., 2007;
2013; Starkel, 2003; Stinchcomb et al., 2012; Tao et al., 2020;
Thompson et al., 2018). Most terraces were abandoned during
climate warming periods, specifically glacial‒interglacial transition
periods. A small number of terraces have been shown to emerge
during cooling periods, such as interglacial‒glacial transitions (e.g.,
Dey et al., 2016; Huang et al., 2014; Schildgen et al., 2016;
Strecker et al., 2003; Yang et al., 2020).

We have compared the abandonment ages of Wuheshalu
terraces with regional climate proxies and glacial records (Figure 6)
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FIGURE 5
10Be depth profile dating results of Wuheshalu fluvial terraces. (A) Terrace T1 Age (WHSL1); (B) Terrace T2b Age (WHSL2); (C) Terrace T3b Age (WHSL3).
Gray lines represent the fitted data obtained by running the Monte Carlo simulation calculator 10,000 times with a 95% confidence interval (Hidy et al.,
2010); red lines indicate the best fit curves; vertical dashed lines represent the inherited concentrations derived from the simulations; and insets show
the probability density functions (pdf) and minimum χ2 of the ages. Sample locations are indicated in Figure 2B, with specific test data
provided in Table 1.

(Abramowski et al., 2006; Koppes et al., 2008; Owen et al., 2012;
Seong et al., 2009; Zech, 2012; Zech et al., 2005; Zech et al.,
2013). Regional climate proxies used in our comparison include
stacked benthic δ18O records (LR04; Lisiecki and Raymo, 2005), 65°
N summer insolation records (Berger and Loutre, 1991), Kesang
Cave stalagmite δ18O records (Cheng et al., 2016), and magnetic
susceptibility records from the KS15 loess section (Li et al., 2018).

According to our 10Be exposure dating, the T3b, T2b, T2a,
and T1 Wuheshalu terraces were abandoned at ∼187, ∼141,
∼90, and ∼19 ka, respectively. These terrace ages correlate well
with regional climate change records (Figure 6). Overall, fluvial
incision and terrace formation occurred during glacial‒interglacial
(MIS6/5, cold-to-warm transition in MIS5, and end of MIS2
or MIS2/1) or interglacial‒glacial (MIS7/6) transitions, matching
regional climate proxies and glacial records in the Pamir‒Tian
Shan region.

The T2b terrace formed during the MIS6/5 glacial‒interglacial
transition period (Lisiecki and Raymo, 2005). During this period,
δ18O values from Kesang Cave increased from low to high,
indicating a gradual rise in precipitation and temperature associated
with the westerlies (Cheng et al., 2016). The age of the T2a
terrace correlates with the global climate transition from MIS5c
to MIS5b (warm to cold; Lisiecki and Raymo, 2005); however,
it also corresponds closely to the transition from low to high
magnetic susceptibility in the KS15 record (Li et al., 2018) and the
large-scale transition from glacial advance to retreat identified in
the Tian Shan region during MIS5 (Koppes et al., 2008). Based
on the characteristics of regional climate change the T2a terrace
also formed during a cold-to-warm transition period, similar to

a glacial‒interglacial transition. The T1 terrace formed at the end
of MIS2 or during the transition period from MIS2 to MIS1
(Lisiecki and Raymo, 2005). This period matches well with the last
major glacial advance (LGM) to glacial retreat (interglacial) in the
Pamir‒Tian Shan region. According to previous studies (Owen et al.,
2012; Zech et al., 2005; 2013), the last significant glacial advance
in the Pamir region ended at approximately 17–19 ka, and was
followed by glacial retreat. Therefore, the ages of the T2b, T2a,
and T1 terraces correspond well with global climate change and
glacial advance/retreat records in the Pamir region, with all these
terraces forming during glacial‒interglacial transition periods. As
temperatures rise during a cold-to-warm transition, atmospheric
precipitation and meltwater from ice and snow increase, increasing
river runoff and transport capacity. Simultaneously, increased
vegetation may reduce upstream mountain erosion and sediment
flux. Thus, the overall ratio of sediment flux to water discharge
decreases, resulting in river downcutting and lateral erosion forming
terraces (Maddy et al., 2001). This climatic response pattern of
terrace formation during cold (glacial) to warm (interglacial)
transitions has been proven in numerous locations, including the
Pamir, Southern Tian Shan, and the Shiyang River and Qilianshan
Shan. (e.g., Gao et al., 2016; Huang et al., 2019; Pan et al., 2007;
Tao et al., 2020; Wu et al., 2018).

Comparative analysis of the T3b terrace age with climatic
data indicates that it formed during the MIS7/6 interglacial‒glacial
transition period (Figure 6; Lisiecki and Raymo, 2005). Summer
insolation records and δ18O values from Kesang Cave stalagmites
also reveal a shift in climate from warm to cold, supporting
a widespread glacial advance in the Pamir‒Tian Shan region
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FIGURE 6
Comparison of abandonment ages of the Wuheshalu fluvial terraces with paleoclimate proxies since 220 ka. (A) Stacked benthic δ18O records for the
Pacific Ocean (LR04; Lisiecki and Raymo, 2005). (B) Summer insolation at 65°N (Berger and Loutre, 1991). (C) Stalagmite oxygen isotope data from
Kesang cave (Cheng et al., 2016). (D) Magnetic susceptibility of Tian Shan loess in the KS15 section (Li et al., 2018). (E) Glacial events in the Pamir‒Tian
Shan region over the past 100 ka [modified from Owen and Dortch (2014)]. (F) 10Be exposure ages of the Wuheshalu fluvial terraces.

(penultimate glaciation and/or earlier;Owen et al., 2012; Seong et al.,
2009). Fluvial incision versus aggradation depends on the ratio of
sediment flux to river discharge (Bull, 1990; Scherler et al., 2015;
Singh et al., 2024). Under the condition of decreasing rainfall and
an increasingly colder atmosphere, the areal extent of mountain
glaciers increased within the Himalaya‒Qingzang orogenic belt.
However, our results indicate that terrace sediment cycles in the

Pamir‒Tian Shan region are predominantly controlled by changes
in sediment flux during the MIS7/6 transition period. Thus, during
an interglacial‒glacial transition period, the ratio of sediment flux
to water discharge can also decrease, driving river incision and
terrace development (Dey et al., 2016; Scherler et al., 2015). This
phenomenon has also been reported from the Qilian Mountains
(Yang et al., 2020), Tian Shan (Huang et al., 2014), Pamir Plateau
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(Strecker et al., 2003), NW Himalaya (India; Dey et al., 2016), and
NW Argentina (Schildgen et al., 2016).

Comparative analysis with terrace dating results from other
regions indicates that accurately dated T3b to T1 terraces are
widespread in the Pamir‒Tian Shan region, showing substantial
regional correlation.Molnar et al. (1994) identified a∼180 ka terrace
on the Dushanzi anticline in the northern Tian Shan via 10Be dating,
which correlates with the T3b terrace identified herein. Fluvial
terraces with ages of ∼130–145 ka have been recognized associated
with theMushi anticline,Urumqi River, andYushanguxi River; these
are comparable with the T2b terrace identified herein (Li et al.,
2013a; Lu et al., 2014; Wu et al., 2018). Terraces with ages similar
to the T2a terrace have been reported from the Muji River (∼95
ka; Ran, 2009) and Mingyaole anticline (80–82 ka; Wang et al.,
2005). The T1 terrace is found throughout the Pamir‒Tian Shan
region, dated at 16–22 ka, including at locations such as the Mushi
anticline and Mayikake Basin in the convergence zone, Manas and
Anjihai rivers in the northern Tian Shan, and Yushanguxi River in
the southern Tian Shan (Gong et al., 2014; Li et al., 2012; Li et al.,
2013a; Thompson et al., 2018; Wang and Wang, 2000; Wu et al.,
2018). Regional correlations of terrace ages suggest that fluvial
terrace development and incision in the Pamir‒Tian Shan region
are intimately linked to regional climatic variations, principally
influenced by periodic climatic change. Notably, influenced by rapid
millennial-scale climatic swings (Bond et al., 2001; Mayewski et al.,
2004; Seong et al., 2009), we did not findwidely developedHolocene
fluvial terraces in the Pamir‒Tian Shan region (e.g., Li et al., 2019;
Thompson et al., 2018; Wu et al., 2018). Further research is needed
to elucidate the specific conditions associated with such terraces.

In summary, theWuheshalu syncline contains four major fluvial
terraces, with the ages of the T3b, T2b, T2a, and T1 terraces being
∼187, ∼141, ∼90, and ∼19 ka, respectively.These four fluvial terraces
correlate with Pamir‒Tian Shan regional climate change and glacial
advance/retreat cycles.They were formed during glacial‒interglacial
(MIS6/5, cold‒warm transition ofMIS5, and endofMIS2 orMIS2/1)
and interglacial‒glacial (MIS7/6) climate transitions. This indicates
that fluvial incision and terrace development in the Pamir‒Tian Shan
collision zone are intimately linked to regional periodic variations
in climate.

5.2 Relationship between fluvial incision
and tectonic uplift

According to the fluvial terrace genesis hypothesis, tectonic uplift
primarily provides the driving force and space for river incision. In
tectonically stable areas, owing to limited incision space, periodic
climaticfluctuationsoftenresult intheformationofnestedaggregational
terraces. Only in regions with at least moderate tectonic uplift
rates, where sufficient space is provided for river downcutting, are
rhythmic climatic fluctuations particularly suitable for the formation
of river terraces (Bridgland and Allen, 1996; Bridgland et al., 2004;
Maddy et al., 2001; Maddy et al., 2012; Pan et al., 2003; Pan et al., 2009;
Starkel, 2003; Vandenberghe andMaddy, 2001).

Fluvial incision rates across different periods can be calculated
by integrating terrace elevation above the modern riverbed,
height variations between terraces, and abandonment ages
(Palamakumbura et al., 2016). Along the northern scarp profile

FIGURE 7
Fluvial incision rate and tectonic uplift rate in the Wuheshalu syncline.

A‒A′, terrace T3b is ∼75 m above the modern riverbed, and the
terrace riser heights of T3b/T2b, T2b/T2a, T2a/T1, and T1/T0 are
∼14, ∼8, ∼31, and ∼22 m, respectively. On the basis of the dating
results of each terrace, the average incision rate has been ∼0.40
mm/a since the formation of terrace T3b at ∼187.1 ka. Specifically,
the incision rate between T3b and T2b (∼140.7 ka) was ∼0.30mm/a,
and that between T2b and T1 (∼19.0 ka) was 0.16–0.43 mm/a; since
the formation of the T1 terrace, the incision rate has increased to
∼1.16mm/a (Figure 7).Thus, theKaertanvRiver has had an unstable
incision rate since the Pleistocene. Along the southern scarp profile
D‒D′, terraces T2b, T2a, and T1 are ∼49, ∼46, and ∼25 m above the
modern riverbed. The average incision rate has been ∼0.35 mm/a
since the formation of the T2b terrace. Between terraces T2b and T1,
the incision rate was ∼0.06–0.27 mm/a; after the formation of T1, it
rose to ∼1.39 mm/a (Figure 7). In summary, these results indicate
that the magnitudes and trends of river incision rates on both sides
of the fold scarp have been highly consistent, whereas tectonic uplift
has had a minimal impact.

A series of fault and fold scarps have formed on the terrace
surfaces owing to extensive tectonic deformation (Figure 2B).
The fold scarp of the T2b was measured to be 21 m height
using differential GPS topographic measurements (Li et al., 2017).
This height is considered to represent the net vertical uplift
of T2b (Figures 2B, D). The abandonment ages of terraces T2b
are determined to be 140.7 +15.9/−16.2 ka in this study. The
vertical offset and age of the terrace yield a tectonic uplift
rate of ∼0.15 mm/a since its development (Figure 7). Compared
with the fluvial incision rate on the elevated side of the fold,
tectonic uplift accounts for only one-third of the total incision
rate. In summary, tectonic uplift appears to only minimally
affect fluvial incision; instead, regional climatic variations or
glacial/interglacial aggradation/incision processes appear to regulate
fluvial incision in the Pamir‒Tian Shan collision zone. Our
finding that the fluvial incision rate is markedly higher than the
tectonic uplift rate is consistent with the results of studies in
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the northern Tian Shan and Qilian Mountains (Gong et al., 2014;
Hu et al., 2020; Yang et al., 2020).

6 Conclusion

In this study, we have established the geomorphological
sequence and chronological framework of the Wuheshalu terraces
through geomorphological interpretation, field investigation, and
TCN 10Be depth profile and surface gravel exposure dating. Four
major fluvial terraces (T4, T3a/b, T2a/b, and T1) were identified in
theWuheshalu syncline, most of which are bedrock-seated terraces.
The ages of the T3b, T2b, T2a, andT1 terraces are approximately 187,
141, 90, and 19 ka, respectively. These four terraces correspond well
with regional changes in climate and glacial advance or retreat events
in the Pamir‒Tian Shan region, forming during glacial‒interglacial
(MIS6/5, cold-to-warm transition period of MIS5, and end of MIS2
or MIS2/1) and interglacial‒glacial (MIS7/6) climatic transitions.
Analysis of fluvial incision and tectonic uplift rates indicates that
tectonic uplift-induced fluvial incision in the Wuheshalu syncline
accounts for only one-third of the total incision rate. These
results suggest that fluvial incision and terrace formation in the
Pamir‒Tian Shan collision zone are likely driven by periodic climatic
fluctuations, in particular glacial advance- or retreat-controlled
aggradation/incision processes, with tectonic uplift providing only
a minimal contribution.
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