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Abstract we explore the spatial and temporal variations in denudation rates in the northern Pamir—Tian
Shan region using '°Be-derived denudation rates from modern (n = 110) and buried sediment (2.0-2.7 Ma;

n = 3), and long-term exhumation rates from published apatite fission track (AFT; n = 705) and apatite
(U-Th-Sm)/He (AHe; n = 211) thermochronology. We found moderate correlations between denudation rates
and topographic metrics and weak correlations between denudation rates and annual rainfall, highlighting
complex linkages among tectonics, climate, and surface processes that vary locally. The °Be data show

a spatial trend of decreasing modern denudation rates from west to east, suggesting that deformation and
precipitation control denudation in the northern Pamir and western Tian Shan. Farther east, the denudational
response of the landscape to Quaternary glaciations is more pronounced and reflected in our data. Modern '°Be
denudation rates are generally higher than the long-term AFT and AHe exhumation rates across the studied
area. In the Kyrgyz Tian Shan, on average, the highest '’Be denudation rates are recorded in the Terskey range,
south of Lake Issyk-Kul. Here, modern denudation rates are higher than '°Be-derived paleo-denudation rates,
which are comparable in magnitude with the long-term exhumation rates inferred from AFT and AHe. We
propose that denudation in the region, particularly in the Terskey range, remained relatively steady during the
Neogene and early Pleistocene. Denudation increased due to glacial-interglacial cycles in the Quaternary, but
this occurred after the onset and intensification of the Northern Hemisphere glaciations at 2.7 Ma.

Plain Language Summary Tectonic forces create mountains, while climatically modulated erosion
breaks them down into sediment that rivers carry to the final depositional basin. This cycle affects global
climate over long periods, but it's unclear whether mountain uplift causes climate change or if climate cooling
leads to faster erosion and mountain uplift. To tackle these questions, we explore temporal and spatial changes
in rates of denudation in the northern Pamir—Tian Shan region and find that rates remained steady during

the Neogene and early Pleistocene but increased due to glacial-interglacial cycles in the Quaternary. We also
find that modern denudation rates decrease from west to east. This suggests that tectonic deformation controls
denudation in the northern Pamir and western Tian Shan, while further east the denudational response of

the landscape to Quaternary glaciations is more pronounced and reflected in our data. Dominant controls on
modern denudation rates vary across the mountain range and reflect local factors. Our results highlight how
the evolution of mountain belts strongly depends on denudation, which reflects complex interactions between
tectonics, climatic changes, and surface processes, and show how in the northern Pamir—Tian Shan region,
climate cooling during the Quaternary period resulted in faster erosion rates.
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1. Introduction

The evolution of orogens depends on the balance between rock uplift and denudation, which reflects complex
interactions among tectonics, climate, and surface processes (e.g., Avouac & Burov, 1996; Burbank et al., 2003;
Molnar & England, 1990; Montgomery & Brandon, 2002; Raymo & Ruddiman, 1992; Whipple, 2009). However,
these interactions are often interdependent, and their relative importance for denudation is mainly controlled by
regional and local conditions (e.g., S. A. Chen et al., 2022; Portenga & Bierman, 2011). Denudation has been
argued to either increase with the late Cenozoic onset of the Northern Hemisphere glaciations (S. A. Chen
et al., 2022; Herman & Champagnac, 2016; Herman et al., 2018; Mariotti et al., 2021; Molnar, 2004; Norton &
Schlunegger, 2017; Shuster et al., 2011; Zhang et al., 2001), or remain steady (Willenbring & Jerolmack, 2016;
Willenbring & Von Blanckenburg, 2010). Alternatively, other studies argue that denudation rates are primar-
ily controlled by enhanced tectonic activity (Hecht & Oguchi, 2017; Koppes & Montgomery, 2009) or by
post-orogenic isostatic rebound of foreland basins (Bernard & Sinclair, 2022). However, other studies show
that late Cenozoic denudation rates are too poorly resolved to determine any global patterns (e.g., Schildgen
et al., 2018).

During the Cenozoic, Central Asia experienced extensive tectonic deformation associated with the uplift of the
Tibetan Plateau, the Pamir mountains, the Tian Shan, and the Altai mountains (e.g., Molnar & Tapponnier, 1975)
as well as dramatic changes in climate associated with the onset of Quaternary glacial-interglacial cycles
(Batbaatar et al., 2021; Caves et al., 2016). Moreover, the Tian Shan creates an important topographic barrier to
moisture-bearing westerly winds, playing a crucial role in the Cenozoic aridification of Central Asia (e.g., Caves
Rugenstein & Chamberlain, 2018).

Studies on the Quaternary denudation in the Pamir (Fuchs et al., 2015; Grin et al., 2018) and the eastern (Chinese)
Tian Shan (Charreau et al., 2011, 2017, 2023; Guan et al., 2022; Guerit et al., 2016; Liu et al., 2011; Puchol
et al., 2017) shed light on spatial and temporal variations in denudation throughout northern Central Asia
(Figure 1), yet denudation within the Kyrgyz part of the Tian Shan, situated between the Pamir and Chinese Tian
Shan, has been poorly studied. Available thermochronology data from the Kyrgyz Tian Shan help to constrain
exhumation rates averaging over million-year timescales (e.g., Glorie & De Grave, 2016); however, these data are
not suitable for evaluating the variability of late-Cenozoic denudation rates following the Plio-Pleistocene onset
of Northern Hemisphere glaciations (e.g., Reiners & Brandon, 2006).

Here we present previously unpublished '’Be-derived basin-wide denudation rates from modern river sediment
(n =54) from across the Kyrgyz Tian Shan and the Kazakh part of the Trans Ili (Zaili) and Kungey ranges (Kyrgyz
data set), as well as '°Be-derived paleo-denudation rates from buried river sediment dated 2.0-2.7 Ma (n = 3)
from the southern side of the Issyk-Kul basin (Figure 1a). We compare these data to published °Be-derived
basin-wide denudation rates from the western Tian Shan and northern Pamir (Western data set; n = 20; Grin
et al., 2018) and eastern (Chinese) Tian Shan (Eastern data set; n = 34; Charreau et al., 2023), as well as to long-
term exhumation rates calculated from published apatite fission track (AFT) (n = 705) and apatite (U-Th-Sm)/He
(AHe, n = 211) thermochronology data from across much of the Tian Shan. We also explore relationships
between denudation rates and geomorphic, tectonic, and climatic parameters to identify potential controls on
denudation at the regional and local scales. Taken together, these data provide insights into spatial and temporal
variations in denudation in the Tian Shan and allow us to untangle the effects of tectonics and climatic changes
on denudation across the orogen.

2. Tectonic and Climatic Setting

The Tian Shan is a 2,500-km long intracontinental mountain belt, situated between the Tarim and Tajik basins
to the south and the Kazakh platform to the north and extending over the territories of north-western China,
Kyrgyzstan, southern Kazakhstan, eastern Uzbekistan, and northern Tajikistan (Figure 1).

The Tian Shan is formed by accretion and collision of oceanic fragments, island arcs, and continental blocks
during the Paleozoic, which resulted in the formation of the Northern, Middle, and Southern terranes in the Kyrgyz
portion of the Tian Shan (e.g., Bakirov & Maksumova, 2001; Bazhenov et al., 2003; Biske & Seltmann, 2010;
Windley et al., 1990, 2007). The terranes are cross-cut by the dextral strike-slip Talas-Fergana Fault and separated
by the sinistral strike-slip Nikolaev Line and the Southern Tian Shan Suture (Figure 1a) (Alexeiev et al., 2017;
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Figure 1. Topographic maps of the Tian Shan based on the 90-m SRTM DEM and distribution of samples. (a) Positions of '°Be, apatite fission track (AFT), and AHe
samples across the Tian Shan, distribution of present-day glaciers, and major tectonic structures. Glacier extent based on the Global Land Ice Measurements from Space
(GLIMS) database (Raup et al., 2007) and tectonic structures based on H.-D. Li et al. (2022). (b) Distribution of '’Be, AFT, and AHe samples by region within the Tian
Shan. Regions 1-3: western Tian Shan and northern Pamir. Regions 4-11: Kyrgyz Tian Shan. Regions 12-14: eastern (Chinese) Tian Shan. (c) Position of the Tian

Shan in Central Asia.

Bazhenov & Mikolaichuk, 2004; Glorie et al., 2011). In the Mesozoic and Cenozoic, the Tian Shan was period-
ically reactivated in response to distal collisions (De Grave, 2003; Hendrix et al., 1992; Jolivet et al., 2010) with
an intervening period of tectonic quiescence (Abdrakhmatov et al., 2001; Macaulay et al., 2013).

The present topography of the Tian Shan and the Pamir is a result of crustal shortening triggered by deformation
due to the India-Asia collision (Molnar & Tapponnier, 1975). The northward movement of the Pamir and the
Tarim block causes shortening and deformation in the Tian Shan, and the Main Pamir Thrust separates the two
orogens (Figure 1). Deformation in the Tian Shan started in the late Oligocene at ca. 25 Ma, as indicated by
thermochronology, and remained tectonically confined to the major fault zones (Glorie & De Grave, 2016; Sobel,
Chen, & Heermance, 2006). Cenozoic shortening in the Tian Shan decreases from south to north and from
west to east, deformation progressed out of sequence; associated surface uplift rates varied along the strike
(Abdrakhmatov et al., 1996; Bande, Sobel, Mikolaichuk, & Torres Acosta, 2017; Glorie & De Grave, 2016;
Glorie et al., 2011; Goode et al., 2014; Macaulay et al., 2014; S. C. Thompson et al., 2002; Zubovich et al., 2010).
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North-south shortening and deformation in the Tian Shan intensified at ca. 15-5 Ma and caused widespread
thrusting at ca. 10 Ma (e.g., Bande, Sobel, Mikolaichuk, Schmidt, & Stockli, 2017; Bullen et al., 2003; Jolivet
etal., 2010; W. Li et al., 2022; Macaulay et al., 2014; Y. Wang et al., 2023; Zubovich et al., 2010). Deformation in
the interior ranges possibly intensified at ca. 3-2 Ma (e.g., Glorie et al., 2010, 2011; Goode et al., 2014; Macaulay
et al., 2014) mostly in the western and partly in the central parts of the Tian Shan (Y. Wang et al., 2023). The strike
slip displacement of the Talas-Fergana Fault commenced at ca. 25 Ma and was relatively rapid until ca. 13.5 Ma
(Bande, Sobel, Mikolaichuk, & Torres Acosta, 2017). Quaternary shortening is distributed across the entire
Tian Shan and rates are inferred to be similar to modern shortening rates. The most rapid Quaternary shortening
documented in the Kyrgyz Tian Shan occurred in the Naryn basin (S. C. Thompson et al., 2002). However, seis-
micity seems to be concentrated along the northern margin, including a significant series of five large-magnitude
earthquakes between 1885 and 1938 (M, 6.9 to >8) (e.g., Landgraf et al., 2016). The present-day shortening rate
is about 20 mm yr~! in the Kyrgyz Tian Shan, which is approximately half of the present-day India-Asia conver-
gence rate (Abdrakhmatov et al., 1996; Zubovich et al., 2010), and 10-15 mm yr~! in the western Tian Shan and
in the Pamir (Ischuk et al., 2013; Sippl et al., 2014).

In the Pamir, significant Cenozoic deformation commenced in the Eocene; a second major pulse was recorded in
the early Miocene; in the north Pamir, the latter is typically linked to motion along the north-vergent Main Pamir
Thrust (Figure 1), which bounds the northern Pamir (e.g., Amidon & Hynek, 2010; Rutte et al., 2017). Deforma-
tion migrated to the bounding basins in the middle-late Miocene (e.g., Abdulhameed et al., 2020; J. Thompson
et al., 2015). Although there are debates about the magnitude and mechanism of Pamir shortening (e.g., Burtman
& Molnar, 1993; Kufner et al., 2016; Y. P. Li et al., 2020), Pamir-Tian Shan convergence is certainly driven by
the northward motion of India.

The Cenozoic climate in Central Asia has been arid and mainly influenced by the northern mid-latitude wester-
lies, which transport moisture eastward across Eurasia (e.g., Caves et al., 2015, 2016). Aridification was likely
caused by a decrease in the westerlies' moisture flux, which resulted from Cenozoic global cooling and Parathe-
thys retreat (Miao et al., 2012; Ramstein et al., 1997), as well as the creation of orographic barriers due to surface
uplift of the Tibetan Plateau, the Tian Shan, and the Pamir mountains (Caves Rugenstein & Chamberlain, 2018;
Kent-Corson et al., 2009; Kudriavtseva et al., 2023; X. Wang et al., 2020). The Tian Shan has interacted with the
westerlies since the late Oligocene (X. Wang et al., 2020). In the mid-Pliocene and during Quaternary interglacial
periods, northerly migration of the westerlies induced higher precipitation, whereas their southward migration
during Quaternary glacial periods led to drier climate conditions (Botsyun et al., 2022).

Modern precipitation in the Tian Shan and the Pamir is controlled by interactions between the westerlies and the
Siberian High (V. B. Aizen et al., 1997; Schwarz et al., 2017; Zech, 2012). The westerlies bring moisture from the
North Atlantic, the Mediterranean, and the Black Sea (V. B. Aizen et al., 2006; Lauterbach et al., 2014). In winter,
the Siberian High reaches the Tian Shan and blocks the midlatitude westerlies, resulting in cold conditions and
reduced precipitation (E. M. Aizen et al., 2001; Ricketts et al., 2001). The South and East Asian monsoons never
consistently reached the Tian Shan and do not influence precipitation and long-term climate within the range
(Caves et al., 2015; Wu et al., 2022). Presently, an orographic barrier created by the range is responsible for the
seasonality of precipitation, with dominantly winter-spring precipitation on the windward (north-western) side
of the Tian Shan and summer precipitation within the range and on its leeward (south-eastern) side (Baldwin &
Vecchi, 2016). This seasonality occurs because during the winter, the prevalent Siberian High and weak wester-
lies lead to orographic rainout of the westerly moisture on the windward side, while strong cyclonic activity at
high elevations in the summer leads to rainfall at high elevations (Bershaw & Lechler, 2019).

Summarizing the above, high topography of the Tian Shan developed during the Neogene due to the India-Asia
collision, with the most significant intensification at 15-5 Ma. The range prevents the westerly moisture from
reaching the Chinese part of Central Asia, playing a part in aridification.

3. Materials and Methods
3.1. Cosmogenic ’Be Analysis

Cosmogenic '"Be produced in quartz has proven to be the best suited technique for studying the denudation of
Earth's continental topography over millennial timescales (Schaefer et al., 2022). Indeed, '°Be-based denudation
rates have now been determined in more than 4,000 river basins—mostly from mountain landscapes—providing
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us with a large inventory of denudation rate estimates (Codilean et al., 2018, 2022). The concentration of '’Be
nuclides in river sediments is proportional to their exposure age, with the highest '°Be concentrations reflecting
longer exposure time and, consequently, slower denudation (Granger & Schaller, 2014; Schaefer et al., 2022).

3.1.1. Sampling

We collected 54 modern river sediment samples to calculate '°Be-derived millennial-scale basin-wide denu-
dation rates (Figure la and Figure S1 in Supporting Information S1, Table S1 in Supporting Information S2).
Sampling was performed in locations across Kyrgyzstan accessible by road with the purpose of covering the larg-
est possible area of the Kyrgyz Tian Shan and covering several catchments in individual ranges, if possible. River
sediment was sieved in the field to isolate the 250-500 pm fraction for analysis. At two sampling locations we
also collected material in the 8—16 mm (samples KYR16-01B and KYR16-02B) and 16-32 mm (sample KYR16-
01C) grain size ranges. Sampling of buried sediments for calculation of °Be-derived paleo-denudation rates and
calculation of ages using isochron burial dating (Figure 1a, Table S2 in Supporting Information S2) are described
in Kudriavtseva et al. (2023). Our sample inventory includes one modern river sediment sample (KYR-DRMS1)
previously reported by Landgraf et al. (2016).

3.1.2. Sample Preparation

Quartz was purified following the procedures described in Kohl and Nishiizumi (1992) using froth flotation to
separate feldspars from quartz. For all samples except those labeled “DRMS” in Table S1 in Supporting Infor-
mation S2, beryllium was separated at the University of Wollongong (UOW) following procedures described in
Codilean et al. (2023). Samples were spiked with 2300 pg of °Be from a low-level beryllium carrier solution
added prior to complete HF dissolution. '’Be/°Be ratios were measured using the 10 MV ANTARES accelerator
(samples with cathode ID's in Table S1 starting with “B” in Supporting Information S2) and using the 6 MV
SIRIUS accelerator (samples with cathode ID's in Table S1 starting with “Be” and “XBE” in Supporting Informa-
tion S2) at the Australian Nuclear Science and Technology Organisation (ANSTO) (Fink & Smith, 2007; Wilcken
et al., 2017, 2019, 2022), and were normalized to the KN-5-2 and KN-5-3 (Nishiizumi et al., 2007) standards.
Analytical uncertainties for the final '°Be concentrations (atoms g~!') include AMS measurement uncertainties
(the larger of counting statistics or standard deviation of repeats and blank corrections) in quadrature with 1%-2%
for 1°Be standard reproducibility (depending on the individual AMS measurement conditions) and 1% uncer-
tainty in the °Be carrier concentration. Samples labeled “DRMS” were prepared and analyzed at the DREAMS
facility at Helmholtz-Zentrum Dresden Rossendorf (Rugel et al., 2016).

3.1.3. Denudation Rates From Modern Samples

We used the open-source program CAIRN v.1 (Mudd et al., 2016) to calculate denudation rates from our Kyrgyz
samples, and to recalculate published denudation rates from Grin et al. (2018) and Charreau et al. (2023).
Basin-averaged nuclide production from neutrons and muons was calculated with the approximation of Braucher
et al. (2011) and using a sea-level and high-latitude total production rate of 4.3 atoms g~!' yr~! for 1°Be (Mudd
et al.,, 2016). Production rates for catchment-wide denudation rates were calculated at every grid cell of a
hydrologically enforced 90-m SRTM DEM (Farr et al., 2007) using the time-independent Lal/Stone scaling
scheme (Stone, 2000). Atmospheric pressure was calculated via interpolation from the NCEP2 reanalysis data
(Compo et al., 2011). For consistency with the denudation rates compiled in the OCTOPUS database (Codilean
et al., 2018, 2022), we applied topographic shielding corrections to our data. The latter was calculated from the
same DEM using the method of Codilean (2006) with Af = 8° and A¢ = 5°. For completeness and in line with
DiBiase (2018), we also calculate denudation rates without correcting for topographic shielding. The uncorrected
denudation rates are provided in Tables S1 in Supporting Information S2 and overlap with those corrected for
topographic shielding at 1o uncertainty.

In mountain regions, not accounting for snow or glacier ice shielding will result in an overestimation
of '°Be-derived denudation rates (Granger & Schaller, 2014; Schaefer et al., 2022). The lack of detailed meteor-
ological data on snow thickness from the study area prevents us from rigorously correcting our denudation rates
for snow shielding. To determine whether not accounting for snow shielding could bias our denudation rates, we
calculate snow shielding-corrected denudation rates assuming an average annual snow depth of 5 cm (equivalent
to 20 cm over the winter months) uniformly covering the surface of each sampled basin. This snow depth value is
equivalent to the maximum mean snow depths recorded in the Tian Shan over the last century (Q. Li et al., 2019)
and thus represents an upper limit. End-member snow-depth corrected denudation rates are about 8% lower
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than the uncorrected ones and the two overlap at 1o uncertainty. Actual snow shielding values are lower than
our assumed end-member case, and thus, not accounting for snow shielding has minimal impact on the reported
denudation rates (Table S1 in Supporting Information S2). Given the lack of meteorological data required for
rigorous snow shielding corrections, and given that both topographic shielding and snow shielding corrections
have minimal impact on the obtained denudation rates, and for consistency with denudation rates compiled in
the OCTOPUS database (Codilean et al., 2018, 2022), in subsequent analyses we use denudation rates that were
corrected for topographic shielding but not corrected for snow shielding.

Due to the presence of glaciers in the study area we also explore the potential impact of present and past glacia-
tions on the inferred '°Be denudation rates. To this end, we calculate end-member °Be denudation rates for the
entire '°Be data set using present-day glacier extents mapped in the Global Land Ice Measurements from Space
(GLIMS) database (Raup et al., 2007; Stroeven et al., 2013) by assuming that glaciated areas contribute with
sediment in proportion to their surface areas and that this sediment has a '°Be concentration of zero. Stroeven
et al. (2013) have mapped the extent of glaciated valleys throughout the Kyrgyz section of the Tian Shan, and we
use these data to calculate end-member °Be denudation rates for our Kyrgyz data accounting for the maximum
extent of Quaternary glaciations. Similar to our present-day glacier calculations, we assume that the sediment
sourced from glaciated valleys have '’Be concentrations equal to zero. Results are summarized in Table S1 in
Supporting Information S2 and discussed below.

3.1.4. Paleo-Denudation Rates From Buried Samples

Paleo-denudation rates were calculated using three buried amalgamated sand samples (250-500 pm grain size)
from south of lake Issyk-Kul (Figure 1a), taken from the same stratigraphic layers as the individual clasts collected
for isochron burial dating by Kudriavtseva et al. (2023). The 2°Al and '°Be concentrations measured in the sand
samples plot near (sample AKT) or intersect (samples PET-QTS) the lines defined by the isochron clast samples
(Figure S2 in Supporting Information S1), indicating that the sands and clasts have experienced similar exposure
and burial histories. We calculate paleo-denudation rates by first correcting the '°Be concentrations measured in
the sand samples for radioactive decay using the isochron burial ages calculated for each location (see Table S2
in Supporting Information S2 and Kudriavtseva et al., 2023). To account for uncertainties related to the average
elevation of the sediment's source areas and to the possibility of incomplete burial or lengthy exposure to cosmic
radiation prior to sampling, we express paleo-denudation rates for each of the three localities as a range of values
in addition to a central value obtained by assuming complete and continuous burial (Table S2 in Supporting
Information S2).

3.2. AFT and AHe Thermochronology

Thermochronology is used to reconstruct the time at which rocks cooled through a temperature window, which
allows the estimation of the timing and rate of exhumation for rocks that are currently at the surface (e.g., Reiners
& Brandon, 2006). Different thermochronological systems have different closure temperatures (dependent on
mineral used or decay scheme targeted), and different closure temperatures result in different averaging times-
cales of exhumation. The temperature windows for the AFT and AHe systems are 60-120 and 40-85°C, respec-
tively, and the typical closure temperatures are 110 and 70°C, respectively (e.g., Reiners & Brandon, 2006).

To estimate long-term exhumation rates across the Tian Shan, we compile AFT (n = 705, Table S3 in Supporting
Information S2) and apatite (U-Th-Sm)/He (AHe, n = 211, Table S4 in Supporting Information S2) ages avail-
able in the published literature (see Tables S3 and S4 in Supporting Information S2 for list of publications). We
calculate one-dimensional, steady-state exhumation rates from the published AFT and AHe cooling ages using
the age2exhume MATLAB code (Van der Beek & Schildgen, 2023).

The age2exhume code incorporates surface temperature based on a defined mean annual temperature at sea level
(T,) and a temperature lapse rate. Using mean annual temperature values for the Tian Shan from the WorldClim
Global Climate database (Fick & Hijmans, 2017), we estimate a value for T, of 19°C. Based on values estimated
for the Chinese Tian Shan (Shen et al., 2016), we assume a temperature lapse rate of 5°C km~!. To explore the
sensitivity of the calculated exhumation rates to our choices of T, and lapse rate, we also calculated exhumation
rates using T, = 15°C and 25°C, and lapse rates of 4 and 4.5°C km~! (Tables S3 and S4 in Supporting Infor-
mation S2). The average difference in obtained exhumation rates for a change in T, from 15 to 25°C is 11% for
AFT and 21% for AHe (Figure 2), and for a change in the lapse rate from 4 to 5°C km~! the differences are 2.6%
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whisker plots showing AFT and AHe exhumation rates, and modern '°Be-derived denudation rates from across the Tian Shan. (e) Averaging timescales for the AFT,
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and 5.7% for AFT and AHe, respectively (Figure 2). Given the orders-of-magnitude range in exhumation rates
(and denudation rates) explored here, the above differences are not significant. We set the initial geotherm to
25°C km™!; as required to initiate the model, but a steady-state geotherm is calculated for each sample as the
model runs (see Van der Beek & Schildgen, 2023). We assume a (default) thermal diffusivity of 30 km? Myr~!,
and a model thickness of 30 km. Model results are not sensitive to the assumed model thickness (see sensitivity
tests in Van der Beek & Schildgen, 2023); this value was chosen as a rough estimate of the starting thermal field
for the model, which encompasses typical depths from which rocks were tectonically exhumed in the Tian Shan.
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Kinetic parameters for the AHe system are derived from Farley (2000) and for the AFT system from Reiners
and Brandon (2006). A local relief correction, Ak, for each sample is calculated based on the difference between
the sample elevation and a smoothed version of the modern topography that approximates the relief on the
closure-temperature isotherm (for details, see Van der Beek & Schildgen, 2023). To calculate a smoothed version
of the DEM from which Ah values are derived, the 90-m resolution SRTM DEM was smoothed over a circular
radius equal to 70 pixels (6,300 m) for the AHe system, and 105 pixels (9,450 m) for the AFT system. These
distances are equivalent to assuming a closure depth (z,) of ca. 2 km for the AHe system, and ca. 3 km for the
AFT system, with a smoothing radius equal to z * z, (Willett & Brandon, 2013). The Ah values for each sample
(modern elevation minus smoothed DEM) are included in Tables S3 and S4 in Supporting Information S2. Our
approach assumes exhumational steady state and neglects track length data, which is not available for many AFT
samples. For AFT samples with pre-Cenozoic ages, our simplifying assumptions likely overestimate the exhuma-
tion rates; however, the rates calculated from these samples are already quite low.

We acknowledge that for sites with both AFT and AHe data, it would be possible to model the data together to
obtain more accurate exhumation histories, but for the purposes of this study, in which we simply aim to explore
how exhumation rates change over time, we opted for an approach that could be rapidly and consistently applied
to all samples.

3.3. Geomorphic, Climatic, and Tectonic Parameters

To explore potential environmental controls on '°Be-derived denudation rates, we calculate the average of various
geomorphic, tectonic, and climatic metrics for each drainage basin (Figure 3). For geomorphic metrics, we use
a hydrologically enforced 90-m SRTM DEM (Farr et al., 2007). We calculate the topographic gradient using the
algorithm proposed by Horn (1981), and we calculate local relief as the elevation range within a moving circular
window with a radius of 2 km. We calculated the normalized channel steepness index (k) with the Topographic
Analysis Kit for the TopoToolbox MATLAB package (Forte & Whipple, 2019; Schwanghart & Kuhn, 2010;
Schwanghart & Scherler, 2014) using the KsnChiBatch tool with the reference concavity set to 0.5 and with the
output parameter set to “ksn” and a stream network basin area threshold of 1 km?. The latter produces a stream
network with k, values for each stream segment, as opposed to a continuous raster with interpolated k_, values.
We use these raw stream network &, values as opposed to an interpolated k_, raster to calculate our summary
statistics for each basin. As metrics for climate, we use the bioclimatic variables available as part of the World-
Clim Global Climate database (Fick & Hijmans, 2017), namely BIO12 (mean annual rainfall) and BIO13 (rain-
fall of the wettest month), and the global aridity index (AI) map (Zomer et al., 2022). As a metric for tectonic
deformation, we use data from the Global Strain Rate Model (Kreemer et al., 2014). The extracted metrics are
summarized in Tables SSA and S5B in Supporting Information S2. Lastly, we extract the dominant lithological
units for each basin using the Global Lithological Map (GLiM) database (Hartmann & Moosdorf, 2012) and
present the results in Figure S3 in Supporting Information S1.

3.4. Data Grouping

To facilitate a meaningful comparison between the '’Be-derived denudation rates and the long-term exhumation
rates inferred from the published AFT and AHe data, we divide our Kyrgyz '°Be data set into eight regions
(Figures 1b and 2, Figure S1 in Supporting Information S1, Table S5 in Supporting Information S2): Issyk-Kul
North (n = 14), Issyk-Kul South (n = 8), Song Kul (n = 13), Naryn (n = 5), Kyrgyz range (n = 4), Toktogul
(n = 3), Jalal Abad (n = 4), and Osh (n = 3). The grouping strategy is focused on the regional distribution of our
modern sediment '°Be data. The published denudation rates from Grin et al. (2018) and Charreau et al. (2023) are
divided into regions proposed by the corresponding authors. In each region we include AFT and AHe datapoints
that are located within, or in the proximity, of the drainage basins with '°Be data and belong to the same tectonic
position (e.g., footwall/hanging wall). In total data are grouped into 14 regions, shown in Figure 1b.

4. Results

The '°Be concentrations of modern river sands in the Kyrgyz Tian Shan range between 7.92 + 0.83 x 103 and
1,460.12 + 29.24 x 103 atoms g~! (Table S1 in Supporting Information S2 and Figure 2). Basin-wide denu-
dation rates calculated from these concentrations ranged between 17.3 and 2,780.4 mm kyr~! (uncorrected for
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Figure 3. Maps showing the spatial distribution of topographic, tectonic, and climatic metrics across the Tian Shan. Topographic gradient (a), local relief (b),

and normalized channel steepness—ksn (c) were calculated using the 90-m SRTM DEM (Farr et al., 2007). For clarity of the maps, the topographic gradient and
normalized ksn are shown as average values within a 5 km radius moving window. The second invariant of the model strain rate field (d) was obtained from the Global
Strain Rate Model (Kreemer et al., 2014), annual rainfall (e) was obtained from the WorldClim Global Climate database (Fick & Hijmans, 2017), and the aridity index
(f) was obtained from Zomer et al. (2022).

modern glacial cover), with a mean value of 393.8 mm kyr~! and a median value of 179.6 mm kyr~' (Tables S1
and S6 in Supporting Information S2). Averaging time range between 15.3 and 0.2 kyr, with one outlier value
of 34.8 kyr (sample KYR16-39) in the Song Kul region (Figures 2a and 2e; Tables S1 and S5A in Supporting
Information S2). Recalculated '°Be-derived denudation rates from the western Tian Shan and northern Pamir
ranged between 142.3 and 1,861.8 mm kyr~!, with a mean value of 1,234.8 mm kyr~! and a median value of
1,391.8 mm kyr~!, and averaging times between 0.3 and 4.2 kyr (Figures 2a and 2e; Table S5B in Support-
ing Information S2). Recalculated '°Be-derived denudation rates from the eastern (Chinese) Tian Shan range
between 43.8 and 743.2 mm kyr~!, with the mean value of 274.2 mm kyr~! and median value of 243.6 mm kyr~',
and averaging times between 0.8 and 13.7 kyr (Figures 2a and 2e; Table S5B in Supporting Information S2).
Correcting for the maximum impact of present-day glaciers yields end-member basin-wide denudation rates that
are on average 21% lower than the uncorrected values (Tables S1, S5A, and S5B in Supporting Information S2),
however this difference has negligible impact on the overall distribution of denudation rates and on their compar-
ison to the AFT- and AHe-derived exhumation rates (Figures 4 and 5).
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Figure 4. Interquartile-range (IQR) box and whisker plots showing apatite fission track and AHe exhumation rates, and '’Be-derived modern and paleo-denudation
rates for (a) the Kyrgyz Tian Shan, (b) northern Pamir and western Tian Shan, and (c) eastern (Chinese) Tian Shan. Blue box plots with no fill show

end-member '°Be-derived modern denudation rates corrected for the maximum effect of present-day glacier cover on diluting the '°Be-signal exported by rivers from
each sampled drainage basin (see text for details).

The cosmogenic nuclide concentrations, ages, and paleo-denudation rates of buried samples from the southern
part of the Issyk-Kul basin are shown in Figure 4 and Table S2 in Supporting Information S2. The '°Be and 26Al
concentrations (X103 atoms g~!) of the buried samples are as follows: 30.80 + 1.01 and 57.34 + 6.56 (1°Be and 2°Al
respectively, AKT-U); 92.04 + 2.53 and 272.15 + 16.11 (PET-QTS-L); and 114.78 + 3.16 and 227.15 + 17.31
(PET-QTS-PIT). Paleo-denudation rates (mm kyr~!) obtained by assuming complete and continuous burial are
72.2 +11.7 (AKT-U; burial age =2.71 + 0.37), 33.0 + 3.5 (PET-QTS-L; burial age =2.08 + 0.14), and 18.7 + 1.8
(PET-QTS-PIT; burial age = 2.75 + 0.15). Allowing for uncertainties related to the average elevation of the sedi-
ment's source areas and to the possibility of incomplete burial or lengthy exposure to cosmic radiation prior to
sampling, we obtain the following paleo-denudation rate ranges for the three sites: 50.6 + 8.2-204.0 + 32.8 for
AKT-U; 22.9 + 2.5-94.1 + 10.0 for QTS-L; and 12.9 + 1.2-53.8 + 5.1 for QTS-PIT.

The calculated long-term AFT and AHe exhumation rates from the entire Tian Shan are summarized in Figures 2
and 4 and in Tables S3 and S4 in Supporting Information S2. Inferred AFT exhumation rates (7, = 19°C, lapse
rate = 5°C km™!) range between 11.1 and 831.4 mm kyr~!, and inferred AHe exhumation rates (T, = 19°C,
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Figure 5. Deglaciation ages in the Tian Shan and links between '°Be-derived modern denudation rates and modern and past glaciers. (a) Map

summarizing '"Be-derived deglaciation ages across the Tian Shan obtained from the ExpAge database (https:/expage.github.io). Ages are grouped in clusters based on
their geographic locations (blue circles) and for each cluster the map lists the median age (MED; green box) and the interquartile-range (Q1 and Q2 respectively). The
size of circles is proportional to the number of ages within each cluster. (b) and (c) Log-transformed '°Be denudation rate versus percentage of basin area covered by
present-day glaciers (b) and glacial valleys (c). Box plots summarize log-transformed denudation rates for basins with no glacial impact (red circles) and basins with

glacier impact (blue circles).

lapse rate = 5°C km~') range between 3.9 and 1,044.2 mm kyr~'. The compiled AFT and AHe data that are not
included in the 14 regions (see Section 3.4 above) are still used for the calculation of the mean and median values
for the Kyrgyz, Western, and Eastern data sets (see Figure 2d). Mean and median AFT/AHe exhumation rates in
the Kyrgyz data set are 212.0 and 96.0 mm kyr=!/94.1 and 39.4 mm kyr~!, respectively. Mean and median AFT/
AHe exhumation rates in the Western data set are 268.3 and 291.9 mm kyr~!/300.4 and 227.0 mm kyr~!, respec-
tively. Mean and median AFT/AHe exhumation rates in the Eastern data set are 69.4 and 41.7 mm kyr~'/110.7
and 41.9 mm kyr~!, respectively. The mean and median values for the ’Be-derived millennial-scale denudation
rates, AFT-, and AHe-derived long-term exhumation rates for each of the regions are summarized in Table S6 in
Supporting Information S2.

When considering the entire '°Be data set, we found moderate but statistically significant (at p < 0.001) corre-
lations between the log-transformed !°Be-derived modern denudation rates and topographic metrics (elevation,
topographic gradient, and local relief) and strain rate (R =~ 0.5; Figure 6). Weak, but still statistically significant
correlations are obtained between the log-transformed '°Be-derived modern denudation rates and normalized
channel steepness (R = 0.3; p < 0.001), and between the log-transformed rates and rainfall (annual and wettest
month) (R = 0.2; p < 0.05) and the Al (R ~ 0.3; p < 0.01) (Figure 6). At the intermediate scale, the North
Pamir and western Tian Shan data sets show a strong correlation between the log-transformed '°Be-derived
denudation rates and elevation (R =~ 0.8; p < 0.001), and a moderate correlation between log-transformed rates
and the rainfall of the wettest month and the Al (R ~ 0.6; p < 0.01) (Figure 6). The Kyrgyz data set shows
statistically weak but significant correlations between the log-transformed '°Be-derived denudation rates and
topographic metrics (topographic gradient and local relief) (R ~ 0.4; p < 0.001) and a weak correlation between
log-transformed rates and mean annual rainfall (R = 0.3; p < 0.05) (Figure 6). In the eastern (Chinese) Tian Shan,
correlations are moderate between the log-transformed '°Be-derived denudation rates and topographic metrics
(R = 0.5; p < 0.001), and weak but still statistically significant between log-transformed rates and climatic
metrics (R =~ 0.4; p < 0.05) (Figure 6). At the regional scale, the picture becomes more complicated with correla-
tions between denudation rate and predictors likely reflecting local conditions (Table S7 in Supporting Informa-
tion S2), and a strong influence of the reduced sample counts. Only seven of the 14 regions have sufficient sample
numbers to justify a correlation analysis, and even here the low sample counts likely bias the results.
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Figure 6. Correlation matrix displaying Pearson's correlation coefficients for '°Be-derived denudation rates and different topographic, tectonic, and climatic metrics
calculated for data from northern Pamir and western Tian Shan (Grin et al., 2018), the Kyrgyz Tian Shan (this study), and the eastern (Chinese) Tian Shan (Charreau

et al., 2023).

The absence of detailed geology maps for the entire study area prevents us from completing a detailed assess-
ment of potential lithological controls on °Be-derived denudation rates. However, using the GLiM database
(Hartmann & Moosdorf, 2012), we found no correlation between denudation rates and the dominant major litho-
logical units of the sediments' source areas (Figure S3 in Supporting Information S1).

5. Discussion
5.1. The Impact of Present-Day Glaciers on Denudation Rates in the Tian Shan

Alpine glacial cover may impact cosmogenic '’Be abundances via two mechanisms: (a) excavation of material
from depth, and (b) shielding of bedrock from cosmic radiation. Both mechanisms lead to a decrease in '°Be
concentration in the sediment mix exiting a glaciated drainage basin, and consequently, can result in an overesti-
mation of 1°Be-derived denudation rates (Granger & Schaller, 2014; Schaefer et al., 2022). Based on the GLIMS
database (Raup et al., 2007), present-day glaciers occupy about 3% of the land surface area of the Tian Shan and
79 of the 110 drainage basins included in this study (72%) are glaciated.

Concerning the timing and extent of past glaciations, a re-evaluation of existing cosmogenic nuclide exposure
ages from the Tian Shan (Figure 5a) by Blomdin et al. (2016) suggests that the only well-constrained regional
glacial expansion occurred during Marine Isotope Stage (MIS) 2 (29-14 ka; Lisiecki & Raymo, 2005), with
glacier extent restricted to valley glaciation due to aridity (Blomdin et al., 2016 and references therein). The larg-
est glacial cover during this time developed in the eastern part of the Kyrgyz Tian Shan (Blomdin et al., 2016).
Glacial deposits from the central Kyrgyz and eastern Chinese Tian Shan have apparent minimum ages overlap-
ping with MIS 3 and MIS 5 (29-57 and 71-130 ka, respectively; Lisiecki & Raymo, 2005) (Figure 5), however,
given the paucity of the data and/or the poor resolution of the dating, any attempts at correlating regional scale
glacial chronologies beyond MIS 2 are speculative (Blomdin et al., 2016).

In the Kyrgyz Tian Shan, drainage basins with present-day glaciers, and those that are currently ice-free but were
glaciated in the past (i.e., basins hosting glacial valleys) record on average higher '°Be-derived modern denuda-
tion rates than those basins that were never glaciated (Figures 5b and 5c). Given the relatively short averaging
timescales characterizing our '°Be denudation rates (average = 3.5 kyr and median = 2.1 kyr) as compared to the
“ages” of the glacial valleys (at least MIS 2; Figure 5a), it is unlikely that elevated denudation rates are the result
of glacial valleys contributing sediment depleted in '°Be and therefore diluting the '°Be signal exported by rivers.
Rather, a more likely cause of the apparent elevated '°Be-derived denudation rates in these basins is the coinci-
dence of glacial valleys with higher elevations, steeper topographic gradients, and higher local reliefs (Figure S4
in Supporting Information S1).

Unlike glacial valleys, there is evidence to suggest that the presence of modern glaciers in a basin does influence
the '°Be-derived denudation rate inferred for that basin. For example, in the Kyrgyz Tian Shan, there seems to
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be a correlation between the log-transformed '°Be denudation rate and the percentage of basin area occupied by
modern glaciers (Figure 5b). Furthermore, relatively high '°Be-derived denudation rates in the Issyk-Kul South
region (Figure 4) compared to other sampled regions in the Kyrgyz Tian Shan suggest increased denudation of the
northern flank of the Terskey range. The reason for these elevated rates, however, is unclear. This region receives
a low amount of precipitation (Figure 3e, Table S5A in Supporting Information S2), it is not dissimilar to other
regions in terms of topography, and exhumation rates in the Terskey range did not increase after 5 Ma (Macaulay
et al., 2014). Presently, the northern peripheral ranges of the Tian Shan, including the Terskey range, are experi-
encing severe glacier shrinkage (Kutuzov & Shahgedanova, 2009; Sorg et al., 2012). The Terskey range receives
most of precipitation in summer, when rainout occurs at high elevations (Bershaw & Lechler, 2019), during
which time streams probably transport sediments from previously glaciated areas of the drainage basins. Also,
the Tian Shan drainage basins with a higher portion of glaciated area, especially the northern slope of the Terskey
range, show a substantial increase in runoff due to glacier reduction (Unger-Shayesteh et al., 2013 and references
therein). Additionally, the strong positive correlation between °Be-derived denudation rates and precipitation
of the wettest month (Table S7 in Supporting Information S2) indicates that river runoff might be amplified
by summer rainout despite the generally low precipitation. Therefore, relatively high °Be-derived denudation
rates in the Issyk-Kul South region may reflect an increase in denudation due to higher summer runoff, possibly
combined with admixing of previously shielded sediments with lower °Be concentration.

It is not possible to accurately correct every single '’Be-derived denudation rate for the likely dilution effect of
modern glaciers on the '°Be concentrations exported from basins, but it is possible to estimate the maximum
effect by calculating end-member °Be denudation rates by assuming that: (a) each glaciated portion of a basin
contributes with sediment to the total mix exported in proportion to its surface area, and (b) that this sediment is
completely depleted in '°Be. Modern-glacier corrected end-member '’Be denudation rates are on average 21%
lower than the uncorrected values (interquartile range between 7% and 31%). However, when denudation rates are
amalgamated in the various regions for comparison with the AFT and AHe exhumation rates (Figure 4), differ-
ences are insignificant for all but two regions, namely the North Pamir and Vakhsh-Alai, where the corrected and
uncorrected data sets have non-overlapping interquartile ranges (Figure 4b). Notwithstanding these differences,
end-member '°Be-derived denudation rates are still significantly higher than their respective AFT and AHe exhu-
mation rates. In light of the above, we suggest that our uncorrected '’Be denudation rates are generally not signif-
icantly overestimated, especially in the Kyrgyz and eastern (Chinese) Tian Shan.

5.2. Temporal Changes in Denudation Rates in the Kyrgyz Tian Shan

5.2.1. Increase of the Denudation Rates in the Terskey Range (Kyrgyz Tian Shan) After the Onset of
Quaternary Glaciations

Denudation/exhumation rates derived from AFT, AHe, and '°Be have very different averaging timescales. More
recent rapid exhumation results in younger AFT and AHe cooling ages and faster exhumation rates, while old
ages show that the majority of exhumation occurred long ago and that recent exhumation was minor or slow. Ulti-
mately, averaging timescales for AFT and AHe are equal to the measured cooling age, and the resulting exhuma-
tion rates represent an average for the entire period of exhumation (Figure 2¢). '°Be-derived denudation rates are
averaged over the period necessary to erode about 60 cm of surface rock (or 100 cm of sediment), which in tecton-
ically active landscapes are usually on the order of several thousand years. Therefore, our comparison of AFT,
AHe, and '°Be data relies on the fact that different thermochronology-derived exhumation rates and °Be-derived
denudation rates reflect a recent change in denudation rates in comparison to a long-term general denudational
trend.

Ganti et al. (2016) suggested that in glaciated areas—such as our study area—there is a time-dependent bias of
higher denudation rates toward the present with shorter averaging time scales caused by the discrete nature of
erosional processes. Their model shows that when using a power law distribution, erosional hiatuses result in a
systematic increase in denudation rates toward the present and this mechanism might be invoked to explain the
observed increase in '°Be-derived modern denudation rates as compared to the long-term AFT- and AHe-derived
exhumation rates. However, the difference between our modern denudation rates and the !'°Be-derived
paleo-denudation rates—that are also similar in magnitude to the AFT- and AHe-derived rates—suggests that the
observed temporal increase in denudation rates in the Kyrgyz Tian Shan is real rather than an artifact of differing
averaging timescales.
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Sample AKT-U, in the south-western part of the Issyk-Kul basin, dated to 2.71 + 0.37 Ma (Kudriavtseva
etal.,2023), yields a paleo-denudation rate between 50.6 + 8.2-204.0 + 32.8 mm kyr~!, whereas the nearest modern
river sediment sample (KYR16-05) yields a rate of 612.1 + 112.8 mm kyr~'. Farther east, samples PET-QTS-L
(2.08 + 0.14 Ma) and PET-QTS-PIT (2.75 + 0.15 Ma) (Kudriavtseva et al., 2023) yield paleo-denudation
rates between 22.9 + 2.5-94.1 + 10.0 and 12.9 + 1.2-53.8 + 5.1 mm kyr~!, respectively, which are lower
than those obtained from the nearest modern river sediment samples: 154.7 + 28.6 mm kyr~! (KYR16-03),
871.9 + 158.8 mm kyr~! (KYR16-55), 727.0 + 131.3 mm kyr~' (KYR16-01B), and 798.17 + 144.31 mm kyr™!
(KYR16-01C) (Tables S1 and S2 in Supporting Information S2). The elevated '°Be-derived modern denudation
rates compared to both the 2.0-2.7 Ma '°Be-derived paleo-denudation rates and the long-term AFT and AHe
exhumation rates indicate that in the Terskey range of the Kyrgyz Tian Shan, denudation remained relatively
steady until an increase in the Quaternary, after ca. 2 Ma.

The Northern Hemisphere glaciations initiated in the Pliocene (Westerhold et al., 2020) and intensified after
2.7 Ma (Hayashi et al., 2020; Ruggieri et al., 2009), but our 2.0-2.7 Ma '"Be-derived paleo-denudation rates
from the southern side of the Issyk-Kul basin do not seem to reflect these global climatic changes. Further-
more, thermochronological data suggest that the Terskey range (situated on the southern side of the Issyk-Kul
basin; Figure 1a) formed in the Miocene and did not experience strong deformation and exhumation afterward
(Macaulay et al., 2014). The strongest glacial erosional response to Quaternary glaciations is predicted by numer-
ical modeling to occur in regions with extensive glaciations, moderate rock uplift rates (i.e., 0.3—1 mm per year),
and a wet climate, whereas in arid regions, the response time of glacial erosion is predicted to be long and of small
magnitude (Herman et al., 2018). Given the above, we propose that the aridity of the Tian Shan has dampened and
delayed the denudational response to climatic forcing and that the Quaternary glacial-interglacial cycles played
a primary role in increasing millennial-scale denudation rates in the Kyrgyz Tian Shan and particularly in the
Terskey range.

5.2.2. Implications of the Onset of Plio-Pleistocene Glaciations in the Kyrgyz Tian Shan

The similarity in magnitudes between the 2.08 Ma and 2.7 Ma 'Be-derived paleo-denudation rates and the
long-term AFT and AHe exhumation rates implies a relatively steady denudation throughout the Miocene, Plio-
cene, and early Pleistocene. The three samples used to determine our °Be-derived paleo-denudation rates were
collected from rare and thin fine-grained lenses in conglomerates from the Sharpyl Dak sedimentary group,
which was deposited above finer-grained sediments and is analogous to the Xiyu formation conglomerates in the
Chinese Tian Shan (Abdrakhmatov et al., 2001; J. Chen et al., 2002; Heermance et al., 2007). The deposition
of the Sharpyl Dak and Xiyu conglomerates is diachronous across the Tian Shan, varying from mid-Miocene to
Pleistocene (Charreau et al., 2009; J. Chen et al., 2002; Heermance et al., 2007; Kudriavtseva et al., 2023), and is
considered to mark either the intensification of tectonic activity or the onset of Plio-Pleistocene glaciation in the
region (Zhao et al., 2021). Samples AKT-U (2.71 + 0.37 Ma) and PET-QTS-PIT (2.75 + 0.15 Ma) were taken
from the basal parts of the conglomerates, whereas sample PET-QTS-L (2.08 + 0.14 Ma) was collected from the
youngest outcropping Sharpyl Dak conglomerates (Kudriavtseva et al., 2023). Therefore, the commencement of
the deposition of the Sharpyl Dak conglomerates was synchronous with the global intensification of Northern
Hemisphere glaciation at 2.7 Ma (Hayashi et al., 2020; Ruggieri et al., 2009). Nevertheless, despite the transition
from fine-grained to conglomerate deposition, our data do not indicate an acceleration of denudation at 2.7 Ma.

In the Tian Shan, denudation is generally slow due to arid conditions, despite tectonic activity, high relief, and
glaciations (Guerit et al., 2016; Jepson et al., 2021). The absence of a denudational response to the Plio-Pleistocene
onset of glaciations inferred from our data may indicate that significant glaciation in the Terskey range of the
Kyrgyz Tian Shan only initiated after 2 Ma, or that the onset of Plio-Pleistocene glaciations did not cause a
detectable increase in denudation rates. Determining which of the two explanations is more likely is compli-
cated by poor constraints on the onset of glaciations in the Tian Shan (see Blomdin et al., 2016 and discus-
sion above), although there is evidence suggesting that glaciations there occurred asynchronously with those
in Europe and North America (Koppes et al., 2008; Sanhueza-Pino et al., 2011). It is important to note that
the '°Be-derived paleo-denudation rates reported here are likely not representative of the entire Kyrgyz Tian Shan,
but rather reflect local conditions of the Terskey range (Figure 1a). For example, Charreau et al. (2011) reported
a '%Be-derived erosional pulse from 3.0 to 1.7 Ma in the eastern (Chinese) Tian Shan, suggesting a transient
increase in denudation in response to the onset of Quaternary glaciations. However, this conclusion is based only
on data from a single drainage basin. Conversely, Puchol et al. (2017) reported '°Be-derived paleo-denudation
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Figure 7. Interquartile-range (IQR) box and whisker plots showing modern '"Be-derived denudation rates, topographic gradient, and strain rate from northern Pamir
and western Tian Shan (Grin et al., 2018), the Kyrgyz Tian Shan (this study), and the eastern (Chinese) Tian Shan (Charreau et al., 2023). The horizontal gray bands

highlight the IQRs for the Kyrgyz data.

rates from four localities in the eastern (Chinese) Tian Shan, indicating that denudation continuously increased in
9 Ma and remained relatively steady since 4 Ma (i.e., since before the onset of glaciations). Additionally, Puchol
et al. (2017) found an increase in the spatial and short-term (<1 Myr) temporal variability of denudation rates
between 3 and 1 Ma, suggesting a transient response of the landscape to glacial-interglacial cycles.

Taken together, the above evidence suggests that the erosional response and adjustment of the landscape to the
onset of Plio-Pleistocene glaciation may vary spatially and temporally across the Tian Shan. Furthermore, each
studied drainage basin may be affected by local tectonic processes. However, it is intriguing that the recent
sequence of large magnitude earthquakes in the Kyrgyz, Kungey, and Trans Ili ranges (Landgraf et al., 2016) does
not seem to be specifically reflected within the modern !°Be-derived denudation rates.

5.3. Spatial Differences in Denudation/Exhumation Rates in the Tian Shan
5.3.1. West to East Decrease in Denudation/Exhumation Rates Across the Tian Shan

Comparison of our Kyrgyz '°Be data with the Western (Grin et al., 2018) and the Eastern (Charreau et al., 2023)
data sets illustrates a west to east trend of decreasing average °Be-derived modern denudation rates (Figures 2
and 7). A similar decreasing west to east trend is also observed in the AFT and AHe data, yet the '°Be-derived
denudation rates remain higher than AFT and AHe across the Tian Shan (Figure 2). Elevated exhumation and
denudation rates and notably higher strain rates in the western Tian Shan and northern Pamir most likely reflect
strong deformation caused by the northward motion of the Pamir (Figure 7c; Y. Wang et al., 2023). High denu-
dation rates might also be sustained by higher precipitation because the Pamir acts as a topographic barrier to the
westerlies (Figure 3e; Carrapa et al., 2014; X. Wang et al., 2020; Richter et al., 2022). Conversely, in the eastern
(Chinese) Tian Shan, exhumation and denudation rates are relatively low (Figure 7) and denudation rates stayed
relatively steady since at least the Pleistocene (Charreau et al., 2011, 2017, 2023). Geodetically determined
north-south shortening rates decrease eastward within the Tian Shan (Zubovich et al., 2010). Taken together,
the available data suggest that strong tectonic activity and higher precipitation rates exert a pronounced control
on denudation in the northern Pamir and western Tian Shan, whereas further east, precipitation and tectonically
driven denudation decrease and the denudational response of the landscape to Quaternary glaciations becomes
detectable.
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5.3.2. Kyrgyz Range—Outlier Region in the Kyrgyz Tian Shan

The exhumation of the Kyrgyz range, the only area in the Tian Shan showing modern °Be-derived denudation
rates that are lower than exhumation rates derived from thermochronology, commenced at 11-7 Ma and propa-
gated eastward (Bullen et al., 2001, 2003; Sobel, Oskin, et al., 2006). Before that time, this area was a basin filled
with ca. 2 km of young, relatively poorly consolidated sediments. For this reason, elevated AFT exhumation rates
recorded for the Kyrgyz range likely represent rapid exhumation of these poorly consolidated sediments at the
beginning of the range growth (Bullen et al., 2003; Sobel, Oskin, et al., 2006). '°Be-derived modern denudation
rates in the Kyrgyz range are similar to those recorded in other Kyrgyz regions (Figure 4a), suggesting a decelera-
tion of denudation after removal of the poorly consolidated sediments and a subsequent adjustment of denudation
rates to the glacial conditions across the Kyrgyz Tian Shan.

5.4. Influence of Topographic, Tectonic, and Climatic Factors on ’Be-Derived Denudation Rates

When considering the entire '’Be data set, our analyses reveal weak but statistically significant correlations between
log-transformed '°Be-derived modern denudation rates and climatic metrics (precipitation and Al), and moderate
correlations with strain rate (expressed as the second invariant of the model strain rate field; Kreemer et al., 2014) and
topographic metrics (Figure 6). However, the pattern changes when considering the three data sets (namely (a) norther
Pamir and western Tian Shan, (b) Kyrgyz Tian Shan, and (c) eastern (Chinese) Tian Shan) separately (Figure 6) and
the regions within them (Table S7 in Supporting Information S2). The three data sets exhibit stronger correlations
with topographic metrics and weaker correlations with climatic metrics. Both the Kyrgyz and the eastern (Chinese)
Tian Shan data sets show moderate correlations with slope and relief and weak correlations with annual rainfall.
Western and eastern Tian Shan data sets show moderate (western) and weak (eastern) correlations with precipitation
of the wettest month and Al. Elevation is a strong predictor in the western Tian Shan data set and only moderate in
the eastern one. The normalized channel steepness (k) is a moderate predictor only in the eastern Tian Shan data set.
Among separate regions, a strong correlation is observed only between denudation rates in the western Tian Shan and
topographic gradient. The majority of other regions show moderate and weak correlations with topographic metrics,
and several regions have weak correlations with climatic metrics (Table S7 in Supporting Information S2).

The above likely reflects moderate but primary tectonic and topographic control on denudation rates in general across
the Tian Shan and both strong deformation and high precipitation rates in the Pamir. Interestingly, in the Issyk-Kul
South region (Terskey range of the Kyrgyz Tian Shan), denudation rates only show a statistically significant corre-
lation with the precipitation of the wettest month and Al, implying that denudation in the Terskey range is primarily
controlled by summer rainfall despite the generally low amount of precipitation. This pattern is notably different
from other regions of the Tian Shan, where topographic metrics are more significant predictors than climatic ones.
The lack of a strong correlation between denudation rates in separate regions and topographic metrics is not unusual,
considering the complex interplay among surface processes, tectonics, and climate (S. A. Chen et al., 2022; Dosseto
& Schaller, 2016; Portenga & Bierman, 2011). This result is consistent with findings by Grin et al. (2018) in the
western Tian Shan and northern Pamir and Charreau et al. (2023) in the eastern (Chinese) Tian Shan—both studies
reported weak correlations between °Be denudation rate and topographic metrics. Furthermore, our analysis found
no statistically significant correlation between denudation rates in the three data sets and separate regions and strain
rate (expressed as the second invariant of the model strain rate field; Kreemer et al., 2014).

The lack of strong correlation and the variability in dominant predictors between regions is not surprising and is
likely explained by the large spatial spread of our °Be data set—especially in the Kyrgyz Tian Shan—and the
influence of local factors. Despite a relatively large '’Be sample count (n = 110), due to the large spatial spread of
the data set, the individual groups (Figure 1b) have relatively few °Be data points, some too few to even warrant
correlation analyses. It is likely that even in the relatively larger groups for which we did undertake correlation
analyses (i.e., those included in Table S7 in Supporting Information S2), outliers may have too much influence
on the obtained correlation coefficients. For this reason, correlation analyses are included here for their heuristic
value and need to be interpreted with caution.

6. Conclusions

We report °Be-derived basin-wide denudation rates from modern river sediment from across the Kyrgyz Tian
Shan and the Kazakh part of the Trans Ili and Kungey ranges, as well as °Be-derived paleo-denudation rates
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from buried river sediment dated to 2.0-2.7 Ma from the southern side of the Issyk-Kul basin. We compare these
data to published '°Be-derived basin-wide denudation rates from the western Tian Shan and northern Pamir and
eastern (Chinese) Tian Shan, as well as long-term exhumation rates, calculated from published AFT and apatite
(U-Th-Sm)/He (AHe) thermochronology data from this entire region, and explore the spatial and temporal vari-
ations in denudation rates in the Tian Shan and northern Pamir as well as relationships between denudation rates
and geomorphic, tectonic, and climatic metrics to identify potential controls on denudation at the local scale.

Our results show that the '"Be-derived denudation rates obtained from modern river sediment are generally
higher than long-term AFT and AHe exhumation rates across the entire study area, except for the Kyrgyz range
(Figures 2 and 4). There, '“Be-derived modern denudation rates are lower than long-term exhumation rates,
likely because of rapid exhumation and removal of poorly consolidated sediments at the beginning of the range
growth. On average, within the Kyrgyz data set, the highest '°Be-derived denudation rates are recorded in the
Terskey range, south of lake Issyk-Kul. Here, '°Be-derived modern denudation rates are higher than '°Be-derived
paleo-denudation rates obtained from material dated to 2.0-2.7 Ma, which are comparable in magnitude to long-
term exhumation rates inferred from AFT and AHe. The high '°Be-derived denudation rates on the southern side
of the Issyk-Kul basin compared to other sampled regions in the Kyrgyz Tian Shan suggest a recent increase in
denudation rates on the northern slope of the Terskey range due to high glacial meltwater runoff, and/or admixing
of previously shielded sediments with low °Be concentration.

We find that denudation in the Kyrgyz Tian Shan, particularly in the Terskey range, remained relatively steady
during the Neogene and early Pleistocene despite the late Pliocene facies change from fine-grained sediment to
conglomerates. Denudation in the Terskey range increased in the Quaternary, but this occurred after the onset
and intensification of the Northern Hemisphere glaciations at 2.7 Ma. This delay in the denudational response
of the landscape could indicate that glacial erosion in arid regions is detectable using cosmogenic radionuclides
only after substantial cooling and extensive growth of glaciers. We acknowledge, however, that our °Be-derived
paleo-denudation rate data are limited in size and areal extent and so might not be representative of the entire
Kyrgyz Tian Shan and that other parts of the orogen might exhibit different temporal patterns of denudational
response to Quaternary climate changes.

Comparison of our '°Be-derived modern denudation rates with published data from the western Tian Shan,
Northern Pamir and eastern (Chinese) Tian Shan show a spatial trend of decreasing denudation rates from west
to east (Figure 2). This suggests that denudation in the Pamir and western Tian Shan is controlled by deformation
caused by the northward motion of the Pamir, as well as high precipitation rates due to an orographic barrier to
the westerlies created by the Pamir and Tian Shan. Further east, precipitation and tectonically driven denudation
decrease and the denudational response of the landscape to Quaternary glaciations becomes detectable (Figure 7).

When considering the entire °Be data set, our analyses reveal weak but statistically significant correlations
between log-transformed °Be-derived modern denudation rates and climatic metrics (precipitation and Al), and
moderate correlations with strain rate and topographic metrics (Figure 6). When analyzed separately, the three
data sets (namely, northern Pamir and western Tian Shan, Kyrgyz Tian Shan, and eastern Tians Shan) exhibit
stronger correlations with topographic metrics and weaker correlations with climatic metrics. At the local scale,
the picture is more complicated: albeit a moderate correlation is observed between denudation rate and topo-
graphic metrics in most of the regions with enough data points to warrant an analysis, climatic metrics such as
annual rainfall, the rainfall of the wettest month, and the Al are stronger predictors of °Be denudation rate in
some regions including the Terskey range, south of lake Issyk-Kul. The above highlights the complex linkages
among tectonics, climate, and surface processes that may lead to local variations in the dominant controls on
denudation.

Data Availability Statement

All cosmogenic radionuclide and thermochronology data included in this study are available as part of the
Supporting Information and have been archived in the Zenodo open repository and can be accessed here: https://
doi.org/10.5281/zen0do.8321776. Furthermore, all cosmogenic °Be-derived modern denudation rates will be
made available in the OCTOPUS database (Codilean et al., 2018, 2022). The database can be accessed at https://
octopusdata.org/ and is listed in the Registry of Research Data Repositories (https://www.re3data.org/) and
follows FAIR data principles.
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