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ABSTRACT

During the Cenozoic, global cooling and uplift of the Tian Shan, Pamir, and Tibetan
plateau modified atmospheric circulation and reduced moisture supply to Central Asia.
These changes led to aridification in the region during the Neogene. Afterwards,
Quaternary glaciations led to modification of the landscape and runoff.

In the Issyk-Kul basin of the Kyrgyz Tian Shan, the sedimentary sequences reflect the
development of the adjacent ranges and local climatic conditions. In this work, |
reconstruct the late Miocene — early Pleistocene depositional environment, climate, and
lake development in the Issyk-Kul basin using facies analyses and stable 50 and §*3C
isotopic records from sedimentary sections dated by magnetostratigraphy and 2°Al/*°Be
isochron burial dating. Also, I present °Be-derived millennial-scale modern and paleo-
denudation rates from across the Kyrgyz Tian Shan and long-term exhumation rates
calculated from published thermochronology data. This allows me to examine spatial and
temporal changes in surface processes in the Kyrgyz Tian Shan.

In the Issyk-Kul basin, the style of fluvial deposition changed at ca. 7 Ma, and
aridification in the basin commenced concurrently, as shown by magnetostratigraphy and
the 580 and 5'3C data. Lake formation commenced on the southern side of the basin at
ca. 5 Ma, followed by a ca. 2 Ma local depositional hiatus. 26Al/*°Be isochron burial
dating and paleocurrent analysis show that the Kungey range to the north of the basin
grew eastward, leading to a change from fluvial-alluvial deposits to proximal alluvial fan
conglomerates at 5-4 Ma in the easternmost part of the basin. This transition occurred at
2.6-2.8 Ma on the southern side of the basin, synchronously with the intensification of
the Northern Hemisphere glaciation. The paleo-denudation rates from 2.7-2.0 Ma are as
low as long-term exhumation rates, and only the millennial-scale denudation rates record
an acceleration of denudation.

This work concludes that the growth of the ranges to the north of the basin led to creation
of the topographic barrier at ca. 7 Ma and a subsequent aridification in the Issyk-Kul
basin. Increased subsidence and local tectonically-induced river system reorganization on
the southern side of the basin enabled lake formation at ca. 5 Ma, while growth of the
Kungey range blocked westward-draining rivers and led to sediment starvation and lake
expansion. Denudational response of the Kyrgyz Tian Shan landscape is delayed due to
aridity and only substantial cooling during the late Quaternary glacial cycles led to notable
acceleration of denudation. Currently, increased glacier reduction and runoff controls a
more rapid denudation of the northern slope of the Terskey range compared to other
ranges of the Kyrgyz Tian Shan.
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PLAIN LANGUAGE SUMMARY

During the past ~66 Myr, global cooling and growth of the Tibetan plateau, Tian Shan,
and Pamir mountains modified atmospheric circulation and reduced moisture supply to
Central Asia. These changes resulted in a dry and arid climate in the region. Afterwards,
glaciations in the past ~2.6 Myr modified the landscape and river runoff.

In the Issyk-Kul basin of the Kyrgyz Tian Shan, sedimentary layers record information
about the development of the adjacent mountain ranges and local climatic conditions. In
this work | reconstruct the processes that led to climatic changes and lake development.
In order to do so, I describe and date sedimentary deposits and extract oxygen and carbon
isotopic data, which are a proxy for local climatic conditions. Also, | present denudation
rates (modern and from 2.7-2.0 Ma) from across the Kyrgyz Tian Shan and long-term
(millions of years) exhumation rates calculated from published data. This allows me to
examine spatial and temporal changes in surface processes in the Kyrgyz Tian Shan.

The results show that in the Issyk-Kul basin, the style of the river sediment accumulation
changed at ~7 Ma, and aridification in the basin commenced concurrently. Lake
formation commenced on the southern side of the basin at ~5 Ma, followed by a ~2 Ma
local break in sediment accumulation. Directions of sedimentary deposition indicate that
the Kungey range to the north of the basin grew eastward and caused intensification of
sediment accumulation at 5-4 Ma in the easternmost part of the basin, which is reflected
by an abrupt increase in grain size. Similar intensification of sediment accumulation
occurred at 2.6-2.8 Ma on the southern side of the basin synchronously with the
intensification of the Northern Hemisphere glaciations. The denudation rates from 2.7-
2.0 Ma are as low as long-term exhumation rates, and only modern denudation rates
record an acceleration of denudation.

This work concludes that the growth of the ranges to the north of the basin led to creation
of the topographic barrier at ~7 Ma, which prevented moisture-bearing winds from
penetrating into the Issyk-Kul basin, leading to aridification. Local tectonic activity on
the southern side of the basin reorganized the river system and enabled lake formation at
~5 Ma, while eastward growth of the Kungey range blocked the connection of the Issyk-
Kul basin with other eastern basins, leading to lake expansion.

Landscape modification of the Kyrgyz Tian Shan is slow due to aridity and only
substantial cooling and glaciations during the latest glacial cycles led to notable
acceleration of denudation. Currently, increased glacier reduction and river runoff
controls a more rapid denudation of the northern slope of the Terskey range compared to
other ranges of the Kyrgyz Tian Shan.
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ALLGEMEINVERSTANDLICHE ZUSAMMENFASSUNG

Wihrend der letzten ca. 66 Millionen Jahre verdnderten die globale Abkiihlung und das
Wachstum der tibetischen Hochebene, des Tian Shan und des Pamirgebirges die
atmosphirische Zirkulation und verringerten die Feuchtigkeitszufuhr nach Zentralasien.
Diese Veranderungen fiihrten zu einem trockenen und ariden Klima in der Region.
Danach verdnderten die Vergletscherungen der letzten ca. 2,6 Millionen Jahre die

Landschaft und den Flussabfluss.

Im Issyk-Kul-Becken des Kirgisischen Tian Shan geben die Sedimentschichten
Aufschluss tiber die Entwicklung der angrenzenden Gebirgsziige und die lokalen
klimatischen Bedingungen. In dieser Arbeit rekonstruiere ich die Prozesse, die zu den
klimatischen Verdnderungen und der Entstehung der Seen gefiihrt haben. Zu diesem
Zweck beschreibe und datiere ich die Sedimentablagerungen und extrahiere Sauerstoft-
und Kohlenstoffisotopendaten, die stellvertretend fiir die lokalen klimatischen
Bedingungen stehen. Aullerdem présentiere ich Denudationsraten (heutige und aus der
Zeit von vor 2,7 bis 2,0 Millionen Jahren) aus dem gesamten kirgisischen Tian Shan und
langfristige (Millionen von Jahren) Exhumierungsraten, die aus verdffentlichten Daten
berechnet wurden. Dies ermoglicht es mir, rdumliche und zeitliche Verdnderungen der

Oberfldchenprozesse im kirgisischen Tian Shan zu untersuchen.

Die Ergebnisse zeigen, dass sich im Issyk-Kul-Becken der Stil der
Flusssedimentakkumulation vor ca. 7 Millionen Jahren verédnderte und gleichzeitig eine
Aridifizierung des Beckens einsetzte. Die Bildung von Seen begann auf der Siidseite des
Beckens vor ca. 5 Millionen Jahren, gefolgt von einer lokalen Unterbrechung der
Sedimentakkumulation vor ca. 2 Millionen Jahren. Die Richtungen der
Sedimentablagerung deuten darauf hin, dass das Kungey-Gebirge im Norden des Beckens
nach Osten wuchs und vor 5-4 Millionen Jahren im Ostlichsten Teil des Beckens eine
Intensivierung der Sedimentakkumulation bewirkte, was sich in einer abrupten Zunahme
der Korngrofle widerspiegelt. Eine dhnliche Intensivierung der Sedimentakkumulation
fand vor 2,6-2,8 Millionen Jahren auf der Siidseite des Beckens statt, zeitgleich mit der
Intensivierung der Vergletscherung der Nordhemisphire. Die Denudationsraten von vor
2,7-2,0 Millionen Jahren sind so niedrig wie die langfristigen Exhumierungsraten, und

nur die modernen Denudationsraten zeigen eine Beschleunigung der Denudation.

Diese Arbeit kommt zu dem Schluss, dass das Wachstum der Gebirgsketten im Norden
des Beckens zur Entstehung der topografischen Barriere vor ca. 7 Millionen Jahren
gefiihrt hat, die das Eindringen feuchtigkeitsfithrender Winde in das Issyk-Kul-Becken

verhinderte und zur Aridifizierung fiihrte. Lokale tektonische Aktivititen auf der Siidseite
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des Beckens fithrten zu einer Neuordnung des Flusssystems und ermdglichten die
Bildung von Seen vor ca. 5 Millionen Jahren, wihrend das Ostliche Wachstum des
Kungey-Gebirges die Verbindung des Issyk-Kul-Beckens mit anderen 6stlichen Becken

blockierte, was zur Ausdehnung der Seen fiihrte.

Die Landschaftsveranderung im kirgisischen Tian Shan erfolgt aufgrund der Trockenheit
nur langsam, und erst die starke Abkiihlung und die Vergletscherung wihrend der letzten
Gletscherzyklen fiihrten zu einer bemerkenswerten Beschleunigung der Denudation.
Gegenwartig wird die Denudation des Nordhangs des Terskey-Gebirges im Vergleich zu
anderen Gebirgsziigen des kirgisischen Tian Shan durch den verstirkten

Gletscherschwund und den Flussabfluss beschleunigt.
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1 INTRODUCTION

1.1 OVERVIEW OF THE RESEARCH

My work is focused on the reconstruction of Cenozoic paleoclimatic changes in the
Kyrgyz Tian Shan and the development of the Issyk-Kul basin (Figure 1.1). The main
goal of the project is to decipher the relative importance of global and regional climatic
changes, surface processes, and tectonic uplift shaping the Central Asian environment.

The most significant stages of the tectonic and climatic development of the Tian Shan
and, more broadly, Central Asia occurred during the Miocene and Pliocene. The uplift of
the Tibetan Plateau, Pamir, Tian Shan, and Altai mountains (e.g., Molnar & Tapponnier,
1975) occurred simultaneously with westward Parathetys retreat (e.g., Ramstein et al.,
1997; Bosboom et al., 2017; Kaya et al., 2019) and global cooling (e.g., Herbert et al.,
2016), changing atmospheric circulation and leading to aridification in Central Asia (e.g.,
Caves Rugenstein & Chamberlain, 2018), which led to changes in flora and fauna across
the region (e.g., Barbolini et al., 2020).

Subsequently, the Plio-Pleistocene onset of glaciation and Quaternary glacial-interglacial
cycles also affected the Central Asian climate and landscape development. Glacial
erosion modifies topography, and associated changes in the hypsometry of the landscape
influence the relationships between climate and glacial extent by enabling rapid and
nonlinear glacial growth (Pedersen & Egholm, 2013). Ice and snow accumulation affect
river runoff, particularly during interglacial periods. Moreover, Pleistocene moisture
variability caused by the interplay between high topography in Central Asia and air
masses influenced Siberian rivers discharge and their ability to transfer fresh water to the
Arctic Ocean (Prud’homme et al., 2021).

At present, Central Asia is the largest arid region in the Northern Hemisphere,
accommodating millions of people living in Kazakhstan, Kyrgyzstan, Uzbekistan,
Tajikistan, Turkmenistan, Afghanistan, western China, and Mongolia (Figure 1.1A), who
depend on the regional climatic conditions and water resources. Aridity controls
vegetation and water availability, and glacial retreat due to climatic changes raises
concern about the future of the region (Chen et al., 2022a). The Miocene and Pliocene
periods are considered the best analogues for future climatic conditions (Burke et al.,
2018; Steinthorsdottir et al., 2021). Studying the Cenozoic development of the landscape
and climate in Central Asia is, therefore, essential for understanding moisture transfer in
Eurasia and estimation of future climatic changes on the continent.
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Figure 1.1. Topographic maps of Central Asia and the Kyrgyz Tian Shan based on SRTM90 digital
elevation data. (A) Map of Central Asia with countries and major topographic features. Kgz — Kyrgyzstan;
Tjk — Tajikistan; Uzb — Uzbekistan; Trkm — Turkmenistan. (B) Map of Central Asia showing major ranges
and major atmospheric circulation directions. Light blue arrows — westerly winds; dark blue arrows —
Siberian High; pink arrows — monsoons. (C) Topographic map of the Kyrgyz Tian Shan showing the main
ranges and faults, the north-flowing Chu river, country borders (dashed line), and locations of the Ak Terek
and Kaji Say sedimentary sections.



In this study, | focus on the Kyrgyz part of the Tian Shan range (Figures 1.1B-C).
Together with other active mountain ranges in Central Asia, the Tian Shan was created
due to reactivation of Palaeozoic structures by the Cenozoic India-Asia collision (Molnar
and Tapponnier, 1975). The Kyrgyz Tian Shan is a perfect area for studying tectonic-
climatic interactions because this range is situated in the north-western part of Central
Asia (Figure 1.1B), creating an immediate topographic barrier in the way of the moisture-
bearing westerly winds, enhancing aridification in Central Asia (Baldwin & Vecchi,
2016), and ultimately leading to desertification of the Tarim basin (Heermance et al.,
2018; Richter et al., 2022).

This work emphasises the importance of studying the tectonic-climatic interactions within
the range and particularly in the Issyk-Kul basin (Figure 1.1C). The internally-drained
intermontane Issyk-Kul basin hosts a large lake and is mainly fed by meltwater from snow
and glaciers of the Terskey and Kungey ranges (Aizen et al., 1995). The lake formed
while the basin and the whole Kyrgyz Tian Shan experienced intensive aridification,
creating a unique environment. The basin contains late Mesozoic - Cenozoic sedimentary
deposits (Abdrakhmatov et al., 2001), which record information about local climatic
conditions, tectonic activity, and lake-level fluctuations. Therefore, by studying these
deposits, we are able to obtain information about the development of the basin and the
adjacent ranges and interactions with global climatic changes.

Previously, the late Oligocene — late Miocene (ca. 25-8 Ma) Issyk-Kul basin deposits have
been dated using magnetostratigraphy (Wack et al., 2014) and the first paleoclimatic
record was provided for these deposits using stable 530 and §**C isotopes (Macaulay et
al., 2016). In this study we aim to complete the Cenozoic record of the Issyk-Kul basin
by providing the first magnetostratigraphic age models, 2Al/*°Be isochron burial ages,
and paleoclimatic records using stable 30 and §*3C isotopes for the late Miocene — early
Pleistocene sedimentary deposits. We also examine the landscape development by
discussing spatial and temporal variability of surface processes in the Kyrgyz Tian Shan
and particularly in the Terskey range and their interactions with tectonic activity and
climatic changes. In order to do this, we provide a dataset of modern °Be-derived
denudation rates from across the Kyrgyz Tian Shan, °Be-derived paleo-denudation rates
from the Issyk-Kul basin, and long-term exhumation rates calculated from published
thermochronology data.

We collected samples for magnetostratigraphic dating, 26Al/*°Be isochron burial dating,
and stable isotope analysis during the field seasons in 2016 and 2017. During the 2016
field season, we also collected samples for the study of denudation rates, which constitute
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a part of the whole dataset. This dataset of modern °Be-derived denudation rates was
kindly provided by Dr. Angela Landgraf and Dr. Alexandru Codilean for interpretation
and publication. We aimed to collect samples from as many late Miocene — early
Pleistocene sedimentary sections around the lake Issyk-Kul as possible. However, due to
poor quality of outcrops and scarce availability of material suitable for sampling and
analysis, | was able to provide detailed description and study of only two stratigraphic
sequences on the southern side of the basin. These sequences provide valuable
information related to the development of the Terskey range, local climatic conditions,
and commencement of lake formation.

The study and analysis of the magnetostratigraphic record was primarily conducted by
Dr. Sophie Roud, Prof. Stuart Gilder, and Dr. Michael Wack. | prepared the samples for
stable isotope analysis; measurements were performed at the Joint Goethe University—
Senckenberg BiK-F Stable Isotope Facility at Goethe University Frankfurt, Germany in
collaboration with Prof. Andreas Mulch and Prof. Maud Meijers. | prepared samples for
26A1/*°Be isochron burial dating in both Potsdam and during my 3-month and 14-month
stays in Wollongong; analyses were conducted at the University of Wollongong,
Australia, and the Australian Nuclear Science and Technology Organisation (ANSTO).
Measurements for the °Be denudation rates were conducted at ANSTO and the AMS
facility DREAMS, Dresden. The results are discussed in the following chapters, two of
which are peer-reviewed and published in the journals Geochemistry, Geophysics,
Geosystems and Basin Research, and one is submitted to the Journal of Geophysical
Research: Earth Surface. In chapters 3-4, | refer to the publications instead of chapters:
chapter 2 is referred to as Roud et al. (2021), chapter 3 is referred to as Kudriavtseva et
al. (2023).

1.2 THESIS OUTLINE

1.2.1 CHAPTER 2: MIOCENE TO EARLY PLEISTOCENE DEPOSITIONAL HISTORY AND
TECTONIC EVOLUTION OF THE ISSYK-KUL BASIN

In chapter 2, we present a magnetostratigraphic age model for the sedimentary section Ak
Terek in the southwestern part of the Issyk-Kul basin, and we propose two
magnetostratigraphic age models for the section Kaji Say further east (Figure 1.1C).
Previously, lithostratigraphic correlation with deposits in the neighboring Chu basin
suggested a late Miocene — early Pliocene age for the Issyk-Kul sediment accumulation,
and this work provides the first relatively robust age models based on the Issyk-Kul basin
data.



The Ak Terek age model suggests sedimentation between 6.3 and 2.8 Ma. The two Kaji
Say models suggest very different ages and depositional environments for the sequence:
one suggests continuous sedimentation from 12.7 to 9.5 Ma, while the second one
suggests sediment accumulation from 7.0 to 5.1 Ma and from 3.0 to 2.4 Ma with a ca. 2
Myr hiatus. At this point it was impossible to suggest which of the two options was more
plausible. However, the advantage of the second option is that it places the transition from
fine-grained to coarse-grained deposits in the Kaji Say section to the same time interval
as the age model of the Ak Terek section. Additionally, in this chapter we reevaluate
magnetostratigraphic age models for older deposits in the eastern part of the basin
previously described by Wack et al. (2014). These previously published age models
showed inconclusive results because of ambiguous polarity intervals.

This work allowed us to date transitions between sedimentary groups of the Issyk-Kul
basin, estimate sedimentation rates, and describe Miocene-Pliocene tectonic development
of the Terskey range. Inconclusive results of the magnetostratigraphic dating of the Kaji
Say section raise a question of precise timing of sediment accumulation there, which we
discuss in the next chapter.

1.2.2 CHAPTER 3: NEOGENE ARIDIFICATION AND LAKE DEVELOPMENT IN THE ISSYK-
KUL BASIN

Chapter 3 further develops the study of the sedimentary sequences in the Issyk-Kul basin.
This work is based on detailed descriptions of the Ak Terek and Kaji Say sedimentary
sections. We provide 28Al/*°Be isochron burial ages for the upper parts of both sections.
These results support the Ak Terek magnetostratigraphic age model and allow us to
choose one of the age models for the Kaji Say section. The chosen Kaji Say age model
suggests a ca. 2 Myr depositional hiatus in the middle of the section occurring
simultaneously with commencement of lake formation. Therefore, we provide an
explanation for existence of the hiatus in a tectonically active region. We also provide the
first paleoclimatic record for the late Miocene — early Pleistocene deposits based on stable
5180 and 8*3C isotope data from the Ak Terek and Kaji Say sections. This record suggests
that aridification in the basin started at ca. 7 Ma. As there were no significant global
climatic changes at this time, we suggest that local tectonic activity is responsible for this
environmental change, which was later amplified by global climatic changes.
Furthermore, we discuss how the lake formed in arid climatic conditions.

This chapter provides a comprehensive description of the environmental development of

the Issyk-Kul basin and surrounding ranges in the late Miocene — early Pleistocene due

to local tectonic activity and global climatic changes. However, we were not able to fully
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clarify the timing of sediment deposition in the Kaji Say section because the samples for
the 26Al/1°Be isochron burial dating of the basal part of the section did not provide any
reliable results. Therefore, the question remains whether the proposed depositional hiatus
existed as described.

1.2.3 CHAPTER 4: IMPACT OF QUATERNARY GLACIATIONS ON DENUDATION RATES IN
THE KYRGYZ TIAN SHAN INFERRED FROM COSMOGENIC 1'BE AND LOW-TEMPERATURE
THERMOCHRONOLOGY

In chapter 4 we discuss denudation and exhumation rates at different timescales within
the Kyrgyz Tian Shan. These data reflect different surface processes that shaped the
landscape during the Cenozoic. A combination of 54 millennial-timescale °Be-derived
denudation rates from across the Kyrgyz Tian Shan with three 1°Be-derived denudation
rates from 2.7-2 Ma from the southern Issyk-Kul basin, as well as with 421 long-term
exhumation rates derived from published thermochronology data provides an insight into
spatial and temporal variability of denudation in the Kyrgyz Tian Shan. The data show
that the Plio-Pleistocene onset of Northern Hemisphere glaciations did not significantly
affect denudation in the Terskey range, but Pleistocene glacial-interglacial cycles led to a
widespread increase in denudation after substantial cooling and growth of the glacial
cover. We show that tectonic activity notably but temporarily affects exhumation rates in
the Kyrgyz range, situated in the northwestern part of the Kyrgyz Tian Shan (Figure
1.1C), due to rapid exhumation of the sediments, which covered the area before surface
uplift. Our data also show relatively fast modern denudation of the Terskey range due to
intensive glacier melting compared to the rest of the Kyrgyz Tian Shan. We compare our
data with published °Be-derived denudation rates from the parts of the Tian Shan to the
west and to the east from our study area. We show a west to east decreasing trend and
suggest that enhanced deformation in the Pamir and Western Tian Shan controls
denudation there, erasing the glacial signal, while further east, the intensity of
deformation decreases and the influence of global climate and local factors increases.

In summary, this chapter shows that in the Kyrgyz Tian Shan surface processes are mainly
controlled by local factors, while on a regional scale only substantial environmental
changes triggered by global climate affect denudation.

1.2.4 CHAPTER 5: DISCUSSION AND CONCLUSIONS

Chapter 5 summarizes the conclusions of each chapter and provides an integrated view
of environmental development of the Issyk-Kul basin and the entire Kyrgyz Tian Shan in
relation to tectonic activity in the range and climatic changes.



1.3 PUBLICATION AND AUTHOR CONTRIBUTION

For the study discussed in chapter 2, magnetostratigraphic analysis was done by Dr.
Sophie Roud, Prof. Stuart Gilder, and Dr. Michael Wack based on my descriptions and
sedimentological analysis of the Kaji Say and Ak Terek sedimentary sequences. I
participated in sample collection and data discussion and interpretation by providing
information about the depositional environment in the Issyk Kul basin. The text was
drafted by Dr. Sophie Roud and refined by all coauthors. This work is published as: Roud,
S.C., Wack, M.R., Gilder, S.A., Kudriavtseva, A., & Sobel, E.R. (2021). Miocene to Early
Pleistocene Depositional History and Tectonic Evolution of the Issyk-Kul Basin, Central
Tian  Shan. Geochemistry,  Geophysics, Geosystems, 22(4), €2020GC009556.
https://doi.org/10.1029/2020GC009556
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A., Hoke, G.D,, Fink, D., Mikolaichuk, A.V., Fiilop, R.-H., Wilcken, K.M., & Enge,
T.G. (2023). Neogene aridification and lake development in the Issyk-Kul basin,
Kyrgyzstan. Basin Research, 00, 1- 35. https://doi.org/10.1111/bre.12751
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Landgraf, A., Filop, R.-H., Dzhumabaeva, A., Abdrakhmatov, K., Wilcken, K.M.,
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2 MIOCENE TO EARLY PLEISTOCENE DEPOSITIONAL
HISTORY AND TECTONIC EVOLUTION OF THE ISSYK-
KUL BASIN, CENTRAL TIAN SHAN

Sophie C. Roud, Michael R. Wack, Stuart A. Gilder, Anna Kudriavtseva, & Edward R. Sobel

ABSTRACT

The Issyk-Kul basin (Kyrgyzstan), situated in the central Tian Shan Mountains, hosts the
largest and deepest mountain lake in Central Asia. Erosion of the surrounding Terskey
and Kungey ranges led to the accumulation of up to 4 km of sediment in the adjacent
depression. Creation of the basin from regional shortening and uplift likely initiated
around the Oligocene-Miocene, yet precise age control is sparse. To better understand the
timing of these processes, we obtained magnetostratigraphic age constraints on fossil-
poor, fluvio-lacustrine sediments exposed south of lake Issyk-Kul, that agree well with
previous age constraints of the equivalent strata outside the Issyk-Kul basin. Two 500
650 m thick sections comprised mainly of Chu Group sediments were dated at 6.3—-2.8 Ma
and 7.0-2.4 Ma (late Miocene to early Pleistocene). Together with reinterpreted
magnetostratigraphic constraints from underlying strata, we find that syn-tectonic
deposition commenced at ca. 22 Ma with average sedimentation rates <10 cm ka™.
Sedimentation rates increased to 10-30 cm ka™' at 7 Ma, concurrent with accelerated
uplift in the Terskey Range to the south. A deformation event in one section (Kaji-Say)
between 5 and 3 Ma together with concurrent shifts of depositional centers throughout
the basin signal the onset of substantial uplift of the Kungey Range to the north at ca.
5 Ma. This uplift and deformation transformed the Issyk-Kul area into a closed basin that
facilitated the formation of a deep lake. Lacustrine facies deposited around 3 Ma mark

the existence of lake Issyk-Kul by that time.

2.1 INTRODUCTION

2.1.1 REGIONAL GEOLOGY

The Tian Shan mountains comprise a 2500-km-long orogenic belt in Central Asia.
Ongoing uplift of the range is driven by the India-Asia collision. Although located 1500
km north of the India-Asia plate boundary, the Tian Shan currently accommodate about
20 mm yr! of north-south shortening, which is equivalent to nearly two-thirds of the total
convergence between India and Asia (Zubovich et al., 2010). Mountain building in
Central Asia initiated along reactivated Paleozoic structures in the late Oligocene,
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creating vast basins that were subsequently dissected by younger ranges (Sobel &
Dumitru, 1997; Buslov et al., 2003; Macaulay et al., 2014).

The Issyk-Kul basin is one of the largest intermountain basins in the Tian Shan realm,
bounded by the Kungey range to the north and the Terskey range to the south (Figure 2.1)
with maximum peak heights of 4.8 and 5.2 km, respectively. The basin contains up to
4 km of Cenozoic sediments (Turchinskiy, 1970; Buslov et al., 2003) that record the
uplift and erosion history of the surrounding mountain ranges. Unroofing of the Terskey
range commenced around the Oligocene-Miocene boundary between 26 and 20 Ma based
on thermochronologic cooling ages (De Grave et al., 2013; Macaulay et al., 2013, 2014)
and on the onset of sediment deposition in the adjacent Issyk-Kul basin (Wack
et al., 2014). The initial uplift phase was followed by a second phase of rapid basement
cooling after 10 + 5 Ma when deformation of the Terskey range propagated northward,
creating the Issyk-Kul Broken Foreland (Macaulay et al., 2013, 2014). Uplift of the
youngest ranges initiated in the Plio-Pleistocene. Unroofing of the Kungey range that led
to the closure of the Issyk-Kul basin is loosely estimated to ca. 7-4 Ma based on sediment
provenance data (Selander et al., 2012).

To better resolve the uplift history of the Central Tian Shan around the Issyk-Kul basin,
we collected Cenozoic sediments at two sections, Ak Terek and Kaji Say (Figure 2.1), in
the southern rim of the basin in 2016 and 2017 to constrain the age, sedimentation rate
and the depositional environment. Here, we describe the geologic setting, the rock
magnetism and magnetostratigraphy of the sections. We then discuss the new and existing
magnetostratigraphic age constraints from the Issyk-Kul basin, and place our results in
the larger context of the tectonic evolution of the area.
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Figure 2.1. Geologic overview of the study area at lake Issyk-Kul (Central Tian Shan, Kyrgyzstan). (a)
General location map. Names and abbreviations in white boxes denote locations of new and previously
studied stratigraphic sections as follows: (C) Chu, (AB) At Bashi, (K1) Toru Aygir, (K2) Cholpon Ata,
(AT) Ak Terek, (KS) Kaji Say, (CK) Chon Kyzylsuu and (JO) Jeti Oguz. (b) Geology of the southern Issyk-
Kul basin with mapped sedimentary units (see legend and text for details), major faults (thick lines) and
folds (thin lines, anticlines dashed, synclines dotted). Geologic and structural information were mapped
from satellite images, a digital elevation model, Burgette (2008), Macaulay et al. (2013; 2014; 2016) and
Korzhenkov and Deev (2017). Rectangles show locations of maps (c)—(e); units corresponding to the
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legend: Q, Quaternary; N, Neogene; 1, lower, 2, upper; Pg, Paleogene, J, Jurassic; Pz, Paleozoic basement.
Filled circles in (c) and (d) indicate paleomagnetic sample locations of this study (black = normal polarity
and white = reversed polarity). Circles in (e) show sample locations from Wack et al. (2014). Projection
(b)—(e): Pulkovo 1942/Gauss-Kruger zone 14. (f) Cross-section through the western (W-W’) and eastern
transect (E-E') at Kaji Say (2:1 vertical exaggeration); bedding attitudes outside the magnetostrigraphic
section from Burgette (2008). Camera symbols show locations where the field photos in Figure 2.2 were
taken.

2.1.2 LOCAL GEOLOGY AND STRATIGRAPHY

Cenozoic sediments in the Central Tian Shan can be divided into four main lithologic
groups. These are, from oldest to youngest, the Kokturpak, Shamsi, Chu, and Sharpyl
Dak groups (Abdrakhmatov et al., 2001). All four groups are exposed in the southern
Issyk-Kul basin, where we mapped their extent with satellite images (Bing Maps and
Sentinel 2, Bands 12-4-2) using QGIS software (Figure 2.1). Outside our study area, we
also referred to Soviet geological maps (Turchinskiy, 1970; Pomazkov, 1971) and the
PhD thesis of Burgette (2008).

The Kokturpak group represents pre-orogenic sediments. It comprises deeply weathered
paleosols, thin lacustrine deposits and reddish sandstones that formed in shallow, low-
relief areas above the Paleozoic basement or above locally preserved Jurassic deposits
(Fortuna et al., 1994). In the Issyk-Kul basin, the Kokturpak group reaches up to 100 m
in thickness (Selander et al., 2012). The age is loosely constrained as late Cretaceous to
Eocene (Fortuna et al., 1994; Sobel & Arnaud, 2000). Kokturpak and Jurassic sediments
were combined in our geologic maps (Figure 2.1, J-Pg); these are identified as white and
yellow layers that cover basement rocks and/or by resistant red horizons that crop out in

the cores of anticlines (Figures 2.1D-E).

The Shamsi group represents the basal, syn-orogenic sediments (locally called the Kyrgyz
or Dzhety Oguz formation) overlying the Kokturpak group. In the Issyk-Kul basin, these
deposits consist of poorly sorted sandstone and conglomerate with a characteristic red
pigment near the base that fades toward the top. In the vicinity of the Terskey Range (CK
and JO in Figure 2.1A), the ca. 1-km-thick sections were magnetostratigraphically dated
between 26 and 11 Ma (Wack etal., 2014). We mapped the Shamsi unit in
Figure 2.1 based on its distinctive red color and strong reflectance in the Sentinel bands
12 and 4. In the eastern part of the basin, the Shamsi group can be subdivided into a lower
(N1-S1, red) and upper (Ni-S, light red) unit based on a characteristic decrease in red
pigment (Figure 2.1E). The similar appearance of lower Shamsi and upper Kokturpak

groups made it sometimes ambiguous to distinguish them on the aerial images.
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The Shamsi group grades upward into lighter, more fine-grained strata of the Chu group,
which consists of white to tan sandstone and siltstone, intercalated with conglomerate.
The Chu group is often described as the main basin-filling unit, with thicknesses up to
2.5 km reported in the Naryn basin (Goode et al., 2011), 1.5 km in the Chu basin (Bullen
et al., 2001) and 3 km in the At-Bashi basin (Abdrakhmatov et al., 2001). In the latter two,
the Chu group was magnetostratigraphically dated between 7.5 and 3.0 Ma
(Abdrakhmatov et al., 2001; Bullen etal., 2001). Selander etal. (2012) reported a
maximum thickness of 600 m in the northern Issyk-Kul basin. This unit was mapped
based on its tan color at the base that fades toward the top and possesses alternating lighter
and darker horizons. Where possible, we differentiated between lower Chu (dominantly
darker tones; mapped as N1Ci) and upper Chu (highly reflective, grayish beds; mapped
as N1C; Figures 2.1B-D).

Poorly sorted, coarse conglomerates of the Sharpyl Dak group overlie the Chu group,
with the contact being sometimes gradual and sometimes unconformable, indicating that
locally, deformation has occurred prior to deposition of the conglomerates. The basal age
of the Sharpyl Dak group was dated to ca. 5-3 Ma in adjacent basins (Abdrakhmatov
et al., 2001; Bullen et al., 2001). We mapped the Sharpyl Dak deposits (N2-Q1) based on
their bright gray appearance without visible bedding structures. The Sharpyl Dak
conglomerates are locally covered by lacustrine deposits and river terraces that formed in
response to lake level variations and glaciation events during the Quaternary (Burgette
et al., 2017). We did not map these youngest features (Q in Figures 2.1C-E) in detail. The
distinction between Sharpyl Dak conglomerates and Quaternary terraces in

Figure 2.1 was primarily based on topography.

The major tectonic structures in Figure 2.1 were adapted from Burgette (2008), Macaulay
et al. (2013, 2014, 2016), and Korzhenkov and Deev (2017) and mapped on a 30"
(arcsec) digital surface model (Tadono et al., 2015) that is shown as topographic shading
in all maps. The two major thrust faults are the north-vergent South Issyk-Kul Fault and
the Main Terskey Fault. The Issyk-Kul Broken Foreland, north of the Main Terskey Fault,
is dominated by secondary south-vergent reverse faults that thrust Cenozoic sediments
over basement rocks (Burgette, 2008; Macaulay et al., 2014; Korzhenkov & Deev, 2017),
thereby producing E-W striking folds in the southern Issyk-Kul basin. Anticlines with
gently tilted northern and steep southern limbs are typically thrust up along reverse faults
(Buslov et al., 2003; Figure 2.1F).
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2.2 SECTIONS AND SAMPLING

2.2.1 AK TEREK SECTION

The Ak Terek section was sampled on the west side of the Ak Terek river valley, spanning
500 m in stratigraphic height (Figures 2.1C, 2.2A, and 2.3A). Figure 2.3A includes a
stratigraphic column of the section that can be subdivided into three lithologic units (AT-
1 to AT-3). The lower part (AT1) contains alternating sand and silt layers intercalated with
conglomerate. Above ca. 230 m, fine massive sandstones become dominant (AT2). Above
324 m, the number of conglomerate layers, sporadic calcareous deposits and paleosols
increase (AT3). A 30-cm-thick gypsum layer was found at 430 m. Massive conglomerates
above ca. 500 m mark the conformable transition from Chu to Sharpyl Dak deposits.
Bedding dips gradually flatten from 21° at the base to 5° at the top, reflecting regional
scale folding or growth strata. No major discontinuity, unconformity, or fault was

observed in the section.

Figure 2.2. Field photos of the Ak Terek (AT) and Kaji Say (KS) sections. (a) Upper ca. 400 m of the AT
section; view to the north with lake Issyk-Kul in the background; dashed lines highlight bedding
structures and numbers indicate approximate stratigraphic heights. (b) Panorama of the eastern part of the
KS section with bedding attitudes steepening from nearly horizontal to >70° above ca. 250 m. (c)
Syncline structure between the eastern and western parts of KS (d) Panorama of the Chu-Sharpyl Dak
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contact in the western part of the KS section. See Figure 2.1 for the locations where the photos were
taken.

We collected two oriented paleomagnetic cores per horizon (302 in total), generally
selecting fine-grained mud or silt layers. The lower 200 m of the section were sampled
along the Ak Terek river valley in ca. 2 m intervals. The coarser grained upper 300 m of
the section were sampled every 7 m on average, following tributaries away from the river
valley. Samples were obtained using a battery-powered, water or air-cooled drill; poorly
lithified strata were sampled with a handheld push corer that we manufactured for this
purpose. The corer injects the extracted, oriented sediment directly into plastic cylinders
of the same dimension as standard paleomagnetic specimens (2.5 cm diameter, 2.2 cm
height). All samples were oriented with a magnetic and, when possible, with a sun
compass using a Pomeroy orientation tool. The average anomaly from 58 sun compass
readings was 4.0°£2.5°, in good agreement with the International Geomagnetic
Reference Field (IGRF) declination anomaly of 4.6°, which we used to correct the
declination azimuths of all samples.
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Figure 2.3. Summary of sedimentologic and rock magnetic data of the Ak Terek (a) and Kaji Say (b)
sections. Lithologic columns show fluvial beds in gray scale; lacustrine carbonates in blue, with dominant
grain size of clay (CI), mud (Mu), silt (Si), sand (Sa) and gravel (Gr). Letters indicate: p, paleosol; c,
carbonate; g, gypsum. Groups correspond to the lower and upper Chu and Sharpyl Dak (Sdk.) groups
mapped in Figure 2.1; Units (AT-1 to AT-3 and KS-1 to KS-2) defined based on prominent changes in
the lithologic and rock magnetic parameters. Parameters left to right: bed thickness, IRMo st reflecting
magnetite concentration, HIRM reflecting hematite concentration and S-ratio reflecting relative magnetite
to hematite proportions.

2.2.2 KAJI SAY SECTION

The Kaji Say section is located 10 km northeast of Kaji Say village and spans 650 m in
stratigraphic height. We sampled the section along two transects, west and east
14



(Figures 2.1D and 2.1F). Bedding dips in the eastern transect are ca. 25° (N) at the base
of the section (0 m) and flatten to horizontal at around 225 m height. After 245 m the beds
abruptly dip ca. 75° (N), defining an asymmetric anticline with its axis striking E-W
(Figure 2.2B). The beds remain steeply dipping (ca. 75°) until the top of the eastern
transect at 464 m. Farther north of these sites, the steeply dipping beds disappear under
Sharpyl Dak conglomerates. Following 1 km along strike to the west (western transect),
the Chu beds dip more gently around 30° (N) (Figure 2.2D) shallowing to ca. 15° (N)
toward the top of the section. The beds thicken to the northwest and pinch out to the

southeast, which could indicate the presence of growth strata.

We could not follow individual beds between the eastern and western transects. The
change in dip from ca. 75° in the eastern section to ca. 30° in the western section could
signal an unconformable surface thereby suggesting the section was folded prior to the
deposition of the upper unit, with a hiatus between the two. The postulated unconformable
surface likely strikes E-W, parallel to the strike of the strata, which would explain why
we did not identify it on the ground or in aerial images. An alternate interpretation that
we cannot rule out is that a syncline observed between the two transects (Figure 2.2C)
connects the steeply dipping (ca. 75°) units in the east to the shallow-dipping (ca. 30°)

units in the west.

Fluvial deposits of alternating sand, silt, and mudstone layers intercalated with
conglomerates characterize the lower, eastern part of the section (Figure 2.3B, KS-1). At
the top of this transect, between 440 and 460 m, we identified two, < 0.5 m thin calcareous
interbeds. Along the western transect, the sediments consist mostly of fine-grained
calcareous silt, and carbonates that alternate with laminated silt or mudstone, and rippled
or cross-bedded sandstone (Figure 2.3B, KS-2). The up to 9 m thick calcareous, partially
laminated beds indicate lacustrine deposition. The number and thickness of interbedded
coarse conglomerates increases above ca. 550 m, marking the transition between Chu and
Sharpyl Dak style deposits (Figure 2.2D); above 600 m the section is dominated by
Sharpyl Dak conglomerates.

Paleomagnetic samples were collected in approximately 2 m intervals, taking two
oriented cores per horizon (312 in total) and selecting fine grained mud or silt when
possible. In contrast to Ak Terek, most strata in this section were poorly lithified. We
obtained drill cores from 15 horizons, while 297 horizons were sampled with the push
corer. Therefore, samples from Kaji Say were predominantly contained within plastic
cylinders. The average anomaly from 156 Sun compass readings was 4.2° + 2.3°, again

in good agreement with the IGRF declination anomaly of 4.5°.

15



2.3 PALEO AND ROCK MAGNETIC CHARACTERIZATION

2.3.1 LABORATORY METHODS

Because the majority of the samples were contained in plastic cylinders that prevented
thermal treatment, we subjected one sample of each horizon to stepwise alternating field
(AF) demagnetization. In case of unstable trajectories, or if polarity intervals were defined
by a single specimen, a second sample was AF demagnetized. In addition, samples from
all 15 drilled horizons from Kaji Say and from 23 of the drilled sites from Ak Terek were
thermally demagnetized using 14 heating steps to compare against the AF
demagnetization data. AF demagnetization (16 steps up to 90 mT) and magnetic moment
measurements were conducted inside a magnetically shielded room (ca. 500 nT) using an
automated measurement system (SushiBar) based on a 2G Enterprises, three-axis
superconducting magnetometer (Wack & Gilder, 2012). Characteristic remanent
magnetizations were determined by principal component analysis (Kirschvink, 1980) and
mean directions were calculated with Fisher statistics (Fisher, 1953) using the software
PaleoMac (Cogné, 2003).

Rock magnetic parameters were measured on at least one sample per horizon to determine
magnetic mineralogy and grain size variations throughout both sections. We measured
magnetic susceptibility (), anhysteretic remanent magnetization (ARM) with a peak
alternating field of 90 mT and a 0.1 mT bias field and calculated the ARM/y ratio as a
proxy for grain size and/or mineralogic changes (King et al., 1982). Subsequently, a 1 T
isothermal magnetic remanence (IRM) followed by a back field IRM of -0.3 T were
measured in order to calculate the S-ratio (Bloemendal et al., 1992), which is a proxy for
the relative hematite to magnetite concentration. We further determined the low coercivity
component (IRMpy31) and the high coercivity component (HIRM) representative of the

magnetite and hematite concentrations, respectively (e.g., Liu et al., 2012).

2.3.2 ROCK MAGNETIC ANALYSES

Thermal demagnetization experiments indicated that both sections contain two magnetic
phases: one that unblocks between 300°C and 580°C, suggestive of magnetite with
variable titanium concentrations and another whose magnetic remanence persists to ca.
680°C, indicative of hematite (Figures 2.4A-B, S2.1 and S2.2). At Ak Terek, the
magnetic mineralogy changes midsection, as indicated by an increase in the S-ratio from
an average of 0.65 below 200 m (AT1) to 0.82 above 300 m (AT3) (Figure 2.3A),

signifying a decrease in relative hematite contribution with increasing stratigraphic
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height. HIRM and IRMoy3r show that this trend is linked to a decrease in hematite

concentration above 200 m and an increase in magnetite above 350 m.

At the Kaji Say section, IRMo3rand HIRM indicate that hematite and magnetite
concentrations are significantly lower above the hypothetical unconformity at 464 m (KS-
2) compared to below (KS-1) (Figure 2.3B). In unit KS-2, the magnetic properties
correlate with lithology, where calcareous lacustrine horizons have an order of magnitude
lower IRMo 3t and HIRM than coarser grained, fluvial deposits. Substantially lower
magnetite and hematite concentrations in the lacustrine sediments likely reflect the
dilution of detrital particles by diamagnetic carbonate. Sharpyl Dak conglomerates are
characterized by elevated HIRM and low S-ratios, reflecting higher proportions of
hematite. A slightly reddish color of the Sharpyl Dak Group at Kaji Say (Figure 2.2C)

further suggests the presence of hematite pigment in these layers.

2.3.3 PALEOMAGNETIC ANALYSES

AF demagnetization removed 70%-80% of the natural remanent magnetization (NRM)
on average, suggesting that at least 20%-30% of the NRM is carried by hematite. Most
samples had a single magnetization component that decayed toward the origin or close to
it, and demagnetization trajectories from thermal and AF treatment of samples from the

same horizon yielded compatible demagnetization components (Figures 2.4A-B,
and S2.2).

Best-fit directions from AF demagnetized samples were derived using an average of nine
steps between 20 and 80 mT, and thermally demagnetized samples were mostly fit
between 400°C and 680°C. For Ak Terek, we retained 188 magnetization directions out
of 216 demagnetized samples (Figure 2.4C). For Kaji Say, 163 magnetization directions
were retained from 235 demagnetized samples (Figure 2.4D). At both sections, the
McFadden and McElhinny (1990) reversals test is negative. For Ak Terek, the angle
between the two polarity populations is 6.3°, which exceeds the critical angle of 4.3°; for
Kaji Say, the angle between the two means is 7.9° with a critical angle of 6.7° (Table 2.1,
Figures 2.4C-D). The bootstrap reversals test of Tauxe (2010) shows that the Y and Z
components overlap at 95% confidence but not X for Ak Terek and overlap for the X and
Z components but not Y for Kaji Say. Incompletely removed recent field components can
explain the differences between the two polarities. For Kaji Say, the fold test is positive
at 95% confidence limits McFadden (1990) (Xicritos: 14.85, Xiig: 23.27, Xiis: 6.39), with
the Fisher (1953) precision parameter (k) being maximized at 96 + 32% unfolding when
considering no uncertainty on bedding attitudes or at 90 + 18% unfolding with 5°
uncertainty on bedding attitudes (Watson & Enkin, 1993). Only minor differences in
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bedding attitudes at Ak Terek lead to an insignificant change in k, hence an

inconclusive/indeterminate fold test.
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Figure 2.4. Summary of paleomagnetic data. (a)—(b) Comparison of stepwise thermal (red) and AF
(black) demagnetization trajectories showing selected demagnetization steps (values in °C and mT,
respectively). A normal and reversed polarity sample pair from the same horizons are shown for (a) Ak
Terek and (b) Kaji Say. Further examples shown in Supplementary Figures S2.1 and S2.2. (¢)—(d)
Stereographic projections of the best-fit line components in in-situ (IS) and tilt corrected (TC) coordinates

for both sections; mean directions and 95% confidence ellipsoids shown in red.
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Table 2.1. Average paleomagnetic directions from this study

n Dg Ig k Olo5 Ds Is k Olos
Ak-Terek
(42.2°N, 76.7°E)
All samples 188 341.6 67.0 24.9 2.1 352.4 56.0 24.3 2.1

Reversed-only 110 157.5 —68.8 295 25 1703 583 308 2.5

Normal-only 78 346.5 64.2 21.5 35 355.0 52.6 19.8 3.7
Kaji-Say
(42.2°N, 77.3°E)
All samples 163 335.2 85.7 5.9 5.0 29 48.0 115 34
Reversed-only 83 42.4 —80.5 4.7 81 1780 503 10.5 5.0
Normal-only 80 10.2 76.2 11.0 5.0 7.4 45.5 134 45

Note. Precise GPS coordinates are given for each sample in the on-line data.

Abbreviations: n, number of samples; D, declination; I, inclination; g, geographic (in-situ) coordinates, s,
stratigraphic (tilt-corrected) coordinates; k, best estimate of the precision parameter; a95, radius that the
mean direction lies within 95% confidence.

2.4 MAGNETOSTRATIGRAPHY

To establish a magnetic polarity sequence for each section we converted the
magnetization component directions into virtual geomagnetic poles (VGPs;
Figures 2.5A-B). At least two successive horizons of the same VGP polarity were used to
define polarity intervals. The obtained polarity sequence was then correlated to the
Neogene geomagnetic polarity time scale (GPTS2012) of Gradstein et al. (2012).
Because both sections mostly contain Chu group sediments, our correlations assumed the
sections must be younger than the top of the underling Shamsi group, which was
previously dated to 11 or 13 Ma (Wack et al., 2014) in the Issyk-Kul basin. We therefore

took 13 Ma as the maximum possible age for both sections.
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Figure 2.5. Magnetostratigraphy of Ak Terek and Kaji Say. (a)-(b) Virtual geomagnetic pole (VGP)
latitude versus stratigraphic height and assigned polarity sequences (green: normal polarity, white: reversed
polarity). (c) Magnetostratigraphic correlation of Ak Terek (AT) and Kaji Say (KS) with the geomagnetic
polarity time scale (GPTS2012) of Gradstein et al. (2012). Two options are shown for Kaji Say assuming
either continuous (Opt. 1) or discontinuous (Opt. 2) deposition between the eastern and western transects.
AT, Ak Terek; KS, Kaji Say; VGP, Virtual geomagnetic pole.
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2.4.1 AKTEREK

Based on 188 tilt-corrected VGP directions, we established 15 polarity intervals for Ak
Terek (Figure 2.5A). Visual correlation of the polarity sequence with the GPTS yields the
best match between 6.3 and 2.8 Ma (Figure 2.5C). This correlation includes a missing
normal polarity subchron (C2An.2n) at ca. 3.2 Ma (450 m) and a normal polarity interval
at 5.9 Ma (60 m) that has no equivalent with the reference scale. The former lasted ca.
90 ka, which corresponds to about 10 m in thickness. With an average sampling interval
of 7 m in this part of the section, the subchron could have been missed given fluctuations
in the sedimentation process. The normal polarity interval at ca. 60 m is restricted to a
2.5 m thin conglomerate layer of anomalously high IRM values (Figure 2.4A), so it likely

represents an isolated aberration in the magnetic recording process.

2.4.2 KAJI SAY

The magnetic polarity sequence for Kaji Say was based on 165 tilt-corrected directions
(Figure 2.5B), which identified 13 polarity intervals. A normal polarity interval spans ca.
150 m across the potential unconformity between the eastern and western transect.
However, the base of the upper section contains a single reversed and two transitional
samples, which may indicate that a reversed polarity interval lies below. Two possibilities
were considered when correlating the obtained polarity sequence with the global
reference scale. Option 1 assumes continuous sedimentation between the eastern and
western transects, where a correlation can be found between 12.7 and 9.5 Ma
(Figure 2.5C). This solution includes one reversed polarity interval at ca. 100 m that does
not exist in the reference scale and misses two short subchrons at the top of the section
(580-620 m). Option 2 assumes a hiatus exists between the eastern and western transects
at 464 m. The stratigraphically higher, western section spans ca. 200 m in thickness but
contains only two polarity intervals. However, assuming the sedimentation rates are
similar in the lower unit, restricts the possible correlations with the GPTS. Moreover, the
transition between Chu and Sharpyl Dak deposits between 550 and 600 m can serve as a
tentative tie point to the equivalent transition at the Ak Terek section. When respecting
these criteria, the 160 m normal polarity interval, followed by a 50 m reversed polarity
interval of the upper section, best match the reference scale between 3.0 and 2.4 Ma
(Figure 2.5C).

Correlating the lower part of the section (eastern transect) individually to the GPTS yields

two plausible matches. One possibility is to correlate the lower section in the same way

as in Option 1, from 12.7 to 10.9 Ma (Figure 2.5C). However, this correlation results in

an 8 Myr hiatus within the section and a ca. 4 Myr age gap between the Chu Group at
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Kaji Say and Ak Terek. The other possible correlation to the reference scale lies between
7.0 and 5.1 Ma, which overlaps our age estimate for the base of the Ak Terek section and
reduces the hiatus to 2 Myr (Figure 2.5C). This correlation involves two normal polarity
zones around 320 and 400 m height that are not matched to the reference scale.
Considering their short duration, the unmatched intervals are likely explained by local
magnetic recording aberrations in our sections but could also represent true subchrons

that were too short to be recognized in the global polarity scale.
2.5 DEPOSITIONAL HISTORY OF THE ISSYK-KUL BASIN

2.5.1 DEPOSITIONAL AGE AT AK TEREK

The magnetostratigraphic correlation of the 500-m-thick Ak Terek section yields a robust
correlation to the reference scale, suggesting that the Chu sediments were deposited
between 6.3 and 2.8 Ma with an average sedimentation rate of 14 cm ka'. The
conformable transition to conglomerate at the top of the section dates the Chu-Sharpyl
Dak transition at 2.8 Ma. We did not observe a lithologic transition at the base of the
section; however, along strike to the east, Shamsi deposits are exposed by a reverse fault
(Figure 2.1C). Together with the observation of slightly reddish layers at the base of the
section (Figure 2.2A) that are rich in hematite (Figure 2.3A), this points to a Shamsi-Chu
transition close to 6.3 Ma at Ak Terek.

2.5.2 DEPOSITIONAL AGE AT KAJI SAY

Of the two plausible magnetostratigraphic correlations for Kaji Say, Option 1 assumes
quasi-continuous sedimentation between the eastern and western transects, thereby dating
the ca. 650 m thick section to between 12.7 and 9.5 Ma, with an average sedimentation
rate of 25 cm ka™! and places the Chu-Sharpyl Dak transition at ca. 10 Ma. Based on more
reddish strata south of the sampled section, suggestive of Shamsi type deposits
(Figure 2.1D), we assume that the base of our section represents approximately the base
of the Chu group at Kaji Say. A basal age of ca. 13 Ma for the Chu group is consistent
with previous age estimates from the eastern Issyk-Kul basin that dated the top of the
Shamsi group to 13—11 Ma (Wack et al., 2014). On the other hand, this age model implies
a 4 Myr hiatus between the Chu sediments deposited at Kaji Say and Ak Terek. It also
suggests that the stratigraphic boundary between the Chu and Sharpyl Dak groups at Kaji
Say predates the equivalent transition at Ak Terek by more than 7 Myr.

Option 2 dates the lower unit to 7.0-5.1 Ma and the upper unit to 3.0-2.4 Ma with average
sedimentation rates of 23 and 30 cm ka™', respectively. This places the Shamsi-Chu

transition at around 7 Ma and the Chu-Sharpyl Dak transition at 2.8-2.6 Ma, which agrees
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well with the stratigraphic boundaries inferred for Ak Terek. Although average
sedimentation rates of the two age models are similar, Option 2 involves less variability
within the section (20-30 cm ka™!, Figure 2.7A) compared to Option 1 (1643 cm ka™).
The presence of calcareous lacustrine deposits in the upper part of Kaji Say (Figure 2.3B)
yields an additional age constraint that points to the younger age of Option 2, as it implies
the existence of a lake (lake Issyk-Kul) at the time of deposition. A precondition for lake
formation was the closure of the Issyk-Kul basin, caused by uplift of the Kungey Range,
which was estimated to post-date 7 Ma (Selander et al., 2012; Macaulay et al., 2014).

A conformable transition to Sharpyl Dak conglomerates in the upper section also argues
for the younger ages implied by Option 2. Deposition of Sharpyl Dak-type conglomerates
marks a prominent transition from a low to high energy depositional regime, a widely
recognized phenomenon throughout the Tian Shan, with Sharpyl Dak equivalents
identified in China as the Xiyu Formation (e.g., Zhou et al., 2020) and the Polizak
Formation in Tajikistan (e.g., Dedow et al., 2020). Commonly, these formations are late
Plio-Pleistocene in age and have been linked to the onset of northern hemispheric
glaciation (e.g., Peizhen et al., 2001; Zhao et al., 2021). However, other authors described
the Xiyu conglomerates as a time-transgressive prograding gravel wedge with
depositional ages ranging from ca. 15 to 2 Ma (Heermance et al., 2007; Charreau
et al., 2009), therefore, regional correlation of the formations should be made with

caution.

In the Chu basin (Noruz section, 150 km west of AT, Figure 2.1A), the transition between
the Shamsi equivalent (Saryagach Formation) and the 1.5 km thick Chu Formation was
dated magnetostratigraphically to ca. 7.5 Ma, while the Chu-Sharpyl Dak transition was
dated to ca. 3 Ma (Bullen et al., 2001) and 4.5 Ma (Abdrakhmatov et al., 2001; C1 and
C2 in Figure 2.6). Based on similar depositional ages inferred for a ca. 3.5 km thick Chu
group in the At-Bashi basin (AB in Figure 2.6) and on further preliminary
magnetostratigraphic studies from the Kochor and Naryn basins, Abdrakhmatov
et al. (2001) suggested that the transitions between the main stratigraphic groups occurred
coevally from basin to basin in the Central Tian Shan. Their proposed Shamsi-Chu and
Chu-Sharpyl Dak transition ages around 8 and 4 Ma, respectively, generally agree with
the depositional ages we determined for Ak Terek and with the age model of Option 2 at
Kaji Say (Figure 2.6).

23



GPTS

Issyk-Kul Basin

W< E
Chu At-Bashi T
Basin  Basin KS

Opt.2

e
C1 AB AT [

—— \
\
" KS
',

/

I

Figure 2.6. Magnetostratigraphic correlations of sections from the central (Kyrgyz) Tian Shan.
Abbreviations above the polarity sequences indicate name and location of the sections from Figure 2.1.
New and reinterpreted magnetostratigraphies from the Issyk-Kul basin are shown in color (this study).
Polarity sequences of CK and JO after Wack et al. (2014); arrows indicate tie points based on a prominent
change in magnetic properties (see also Figure 2.8). C1 and C2 represent the Naryn section from the Chu
Basin after Bullen et al. (2001) and Abdrakhmatov et al. (2001), respectively; AB is from the At Bashi
basin (Abdrakhmatov et al., 2001). CK, Chon Kyzylsuu; JO, Jeti-Oguz.
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Taking into account all local and regional age constrains from the Chu and Sharpyl Dak-

equivalent formations supports Option 2 at Kaji Say, suggesting a depositional age of ca.

7.0-2.4 Ma, with a hiatus between ca. 5 and 3 Ma.
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Figure 2.7. Characterization of the Mio- to early Pleistocene sediments from the southern Issyk-Kul basin.
From bottom to top: (a) Dominant average grain size; data for the Shamsi group after Macaulay
etal. (2016). (b) Sedimentation rates determined from the magnetostratigraphic age models; JO, CK, KS,
and AT indicate section name/location from Figure 2.1. Option 2 is shown for KS. (c)—(e) Rock magnetic
parameters ARM, ARM/Xy, and S-ratio; symbols denote the section as shown in (c); arrow indicates tie
point between sections; data for the Shamsi group from Wack et al. (2014), data for the Chu group (this
study) were smoothed using a 5 point moving average. (f) Global climate trends represented by compiled
deep-sea oxygen isotope (6 *20) record from Zachos et al. (2001) using a 90 point moving average. (g)
Exhumation rates of the Terskey Range in 10 Ma bins determined from thermochronologic data (Macaulay
et al., 2013). Vertical lines indicate transitions between stratigraphic groups and lithologic units (solid and
dashed lines, respectively). AT, Ak Terek; CK, Chon Kyzylsuu; JO, Jeti Oguz; K1, Toru Aygir; K2,

Cholpon Ata; KS, Kaji Say.
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2.5.3 THE SHAMSI GROUP, EASTERN ISSYK-KUL BASIN

The new age constraints for the Chu group at Ak Terek and Kaji Say with a tentative
Shamsi-Chu transition age close to 7 Ma led us to reevaluate the magnetostratigraphy of
the Shamsi group in the eastern Issyk-Kul basin (Figure 2.1E), previously dated between
26 and 11 Ma (Wack et al., 2014). Owing to its lower sedimentation rate and poorer
magnetic recording than the Chu group, the magnetizations in the Shamsi group were less
stable and their polarity sequence yielded ambiguously defined polarity intervals, leading
to inconclusive magnetostratigraphic age estimates (Wack et al., 2014). The polarity
sequence of Chon Kyzylsuu (CK) was assigned to two age models (A) and (B), with
model A yielding 26—16 Ma and model B yielding 25—11 Ma. Re-correlating this section
with the GPTS2012 (Gradstein et al., 2012) to the period from 26 to 7 Ma, by considering
all inconclusive horizons as unknown polarities, yields a plausible match between 17.3

and 7.5 Ma (Figure 2.6), with an average sedimentation rate of 9 cm ka!.

The polarity sequence of Jeti-Oguz (JO) was originally correlated between ca. 23 and
13 Ma or 23 and 11 Ma (Wack et al., 2014). The lower 400 m of the section are robustly
defined as 23—18 Ma in both age models they considered. Polarity intervals were more
ambiguously defined above 400 m. However, a tie-point exists between the two sections
based on a characteristic change in magnetic properties (up-section increase in ARM)
observed at around 550 and 700 m stratigraphic height in the CK and JO sections,
respectively (arrows in Figures 2.6 and 2.7; Wack et al., 2014). Respecting this tie point,
the whole section yields a plausible correlation to the GPTS2012 as well as to the CK
polarity sequence between 22.4 and 8.5 Ma with an average sedimentation rate of 8 cm
ka! (Figure 2.6).

Geologic mapping based on satellite images further supports the proposed tie-point
between the two sections (Figure 2.1E). In both sections, the levels characterized by
increasing ARM values, reflecting an increase in fine grained magnetite (Figures 2.7C-
D), mark a prominent color transition from intense dark red beds below (lower Shamsi)
to lighter, pale red beds above (upper Shamsi; Figure 2.1E), indicating a decrease in
pigmentary hematite. The difference in basal ages (22.4 Ma vs. 17.3 Ma) of the two
sections appears reasonable, considering that the Shamsi deposits extend significantly
farther below the base of the CK section. In contrast, the base of JO lies above white
(lower) Kokturpak or Jurassic strata (observed on satellite images and in the field) that
onlap on up-thrusted basement rocks (Figure 2.1E). The transition from Shamsi to Chu
type deposits is unconformably overlain by Sharpyl Dak conglomerates at both sections

and was therefore not identified in the field. However, our satellite image mapping further
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supports that the top of both sections lies within the uppermost Shamsi group
(Figure 2.1E). Good agreement between the here suggested age of the Shamsi group, the
new age constraints for the Chu Group, and geologic mapping between the studied
sections, leads us to conclude that the Shamsi group was likely deposited throughout the

Miocene, between ca. 22 and 7 Ma in the Issyk-Kul basin.
2.6 TECTONIC IMPLICATIONS OF THE SYN-OROGENIC SEDIMENTARY RECORD

2.6.1 UPLIFT OF THE TERSKEY RANGE

Taken together, the age constraints from four different sedimentary sections yield a nearly
complete record of the Neogene to early Pleistocene depositional history of the southern
Issyk-Kul basin. These sediments accumulated in response to the exhumation and
successive erosion of the Terskey Range (Macaulay et al., 2016), thus the sedimentation
rate and lithologic characteristics of these units hold information concerning the uplift-
and climate-history of the area. The Shamsi group, deposited between 22.4 and 7.5 Ma,
consists dominantly of coarse-medium sized sandstone (Figure 2.7A) with relatively low
sedimentation rates of 4-11 cm ka™' (Figure 2.7B). A prominent increase in fine grained
magnetite (higher ARM and ARM/Sus, Figures 2.7C and 2.7E) and a decrease in
pigmentary hematite mark the transition from lower to upper Shamsi Group at ca. 12 Ma
and coincide with a grain size fining from coarse to medium sand (Figure 2.7A).
Assuming that the oldest sediments from the Jeti-Oguz section represent the base of the
Shamsi group, implies that syn-tectonic sedimentation in the Issyk-Kul basin, and
therefore uplift in the Terskey range, commenced by 22.4 Ma, which is compatible with
the estimated onset of deformation in the range at 26-20 Ma (Macaulay
et al., 2013, 2014). Relatively constant and low sedimentation rates throughout the
Shamsi group imply that erosion rates were comparatively low and did not change
significantly until 7.5-7.0 Ma. However, changes in magnetic mineralogy may indicate a
change in source material around 12 Ma. The timing of these changes generally coincides
with the onset of global cooling after the mid-Miocene climate optimum (Figure 2.7F);
consequently, a climatically driven change in erosion cannot be excluded. Exhumation
rates inferred from thermochronologic data (Figure 2.7G) point to a slight increase in
exhumation during the early to middle Miocene from <0.08 to <0.12 km Myr™ (Macaulay

et al., 2013), which is, however, not mirrored by an increase in sedimentation rate.

The transition from Shamsi to Chu-type deposits between 7.5 and 7.0 Ma is linked to a
fining in grain size from medium sand to dominantly fine sand and silt deposits and an
overall increase in sedimentation rates (Figures 2.7A-B). Up to three-fold higher

sedimentation rates of the Chu compared to the Shamsi group indicate an increase in
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erosion rate after 7 Ma. Thermochronologic data point to accelerated unroofing of the
Terskey range after 10 Ma with exhumation rates of 0.1-0.4 km Myr! and of >0.2 km
Myr! between 8 and 7 Ma (Figure 2.7G and 2.7F) (Macaulay et al., 2013). A good
agreement between the increase in exhumation and sedimentation rates suggests that the
stratigraphic boundary between the Shamsi and Chu groups at ca. 7 Ma marks the onset

of accelerated uplift of the Terskey range.

Based on local and temporal variations in lithology and sedimentation rates, the Chu
group can be subdivided into two distinctly different deposition stages. Stage 1, between
7 and 5 Ma, 1s characterized by comparatively high sedimentation rates (on average 23 cm
ka") in the central part of the basin (at Kaji Say) and low sedimentation rates (ca. 13 cm
ka') at Ak Terek further west. It comprises the lithologic units KS-1 and AT-1. Stage 2
between 5 and 3 Ma is characterized by a hiatus at Kaji Say, while sedimentation rates
nearly doubled at Ak Terek between 5 and 4 Ma (AT-2, Figure 2.7B) and the lithology
changed to more massive and uniform sandstone beds (Figure 2.3A). After ca. 4 Ma
sedimentation rates decreased again, and a more frequently changing lithology includes
sporadic carbonates and a gypsum layer that indicate still water deposition (AT-3), while
laminated limestones deposited after 3 Ma imply lacustrine deposition (KS-2). The hiatus
together with strongly folded strata (dip > 70°) of the lower Chu group at Kaji Say likely
reflect the onset of deformation and uplift within the foreland basin, which shifted the
local depocenter farther north. The concurrent changes in sedimentation rates, lithology
and magnetic mineralogy at Ak Terek (Figures 2.7C and 2.7E) may signal a change of
source material in the western side of the basin at ca. 4.5 Ma. The transition from Stage 1
to 2, between 4.5 and 5.0 Ma, therefore, marks a prominent change in the deposition
dynamics in the Issyk-Kul basin. The associated northward propagation of the locus of
deformation at Kaji Say indicates that the formation of the Issyk-Kul Broken Foreland

initiated around 5 Ma.

Uplift of the mountain ranges to the north may have influenced the depositional dynamics
throughout the basin. Thermochronologic data suggest an onset of exhumation of the
northern Tian Shan (Zaili Range) between 29 and 15 Ma (De Grave et al., 2013).
However, paleocurrent and provenance data from the Kungey Range in the northern
Issyk-Kul basin attest that sediments from the Terskey Range in the south persisted until
ca. 7-4 Ma, suggesting that substantial uplift north of the lake commenced only after
7 Ma (Selander et al., 2012).
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2.6.2 UPLIFT OF THE KUNGEY RANGE AND FORMATION OF LAKE ISSYK-KUL

A shift in sediment provenance within the Chu Group exposed north of lake Issyk-Kul,
from the lower Terskey member to the upper Kungey member, marks the onset of
substantial uplift in the Kungey range (Selander et al., 2012). Although no precise age
constraints are available for the sediments in the northern part of the basin, our new age
constraints for the Chu group at Ak Terek and Kaji Say (7.0-2.8 Ma) likely apply to the
entire Issyk-Kul basin, yielding an average sedimentation rate of 14 cm ka™! for the up to
600 m thick Chu group in the northern basin. Assuming a constant sedimentation rate
dates the transition from the Terskey member (up to 200 m thickness) to the Kungey
member (up to 400 m thickness) to ca. 5.5 Ma. Consideration of the evidence for major
spatio-temporal shifts of depocenters during this time interval in the southern and in the
northern part of the Issyk-Kul basin points to a link between the change in deformation
style around 5 Ma in the southern basin and the shift from Terskey to Kungey-sourced
Chu deposits in the northern basin. We therefore propose that the unconformity at Kaji
Say and the doubling of sedimentation rates at Ak Terek at ca. 5 Ma coincide with the

initiation of substantial uplift in the Kungey range.

To further test this hypothesis, we dated the available stratigraphic columns of the
northern side of the Issyk-Kul basin (K1 and K2 in Figure 2.1A; Selander et al., 2012),
based on the depositional record of the southern basin, by assuming synchronous
transitions between equivalent stratigraphic groups (Figure 2.8). Based on the
stratigraphic thicknesses of ca. 500 m for the Shamsi and Sharpyl Dak groups and ca.
600 m for the Chu group reported by Selander et al. (2012) and assuming Shamsi, Chu,
and Sharpyl Dak were deposited between ca. 22-7, 7-3, and <3 Ma, respectively,
(Figure 2.7), we infer a progressive increase in average sedimentation rates over time
from <3 to <12 to >20 cm ka™!, respectively. Assuming further that the transition from
Terskey (10-200 m at K1; 600 m at K2) to Kungey-derived Chu group sediments (400 m
at K1, absent at K2) coincides with the transition from Stage 1 to Stage 2 in the southern
side of the basin at ca. 5 Ma, yields a sedimentation rate of ca. 25 cm ka™! for the Terskey
member at location K1 in the northwest and suggests an increase from <8 to ca. 20 cm

ka'! after 5 Ma at K2 in the central Kungey area (Figure 2.8).
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Figure 2.8. Depositional history of the Issyk-Kul basin with implications for mountain building and lake
formation. Sedimentation rates and depositional ages of four magnetostratigraphic sections located in the
southern side of the Issyk-Kul basin (Terskey area; JO, CK, KS, AT) and two stratigraphic sequences
from the northern part of the basin (Kungey areas K1 and K2). Sedimentation rates in the Terskey area
were based on the magnetostratigraphic age models of this study and average values were determined for
the whole Shamsi group and for the lithologic sub-units (see also Figure 2.3) of the Chu group. The
respective average sedimentation rates for the Kungey area were estimated based on stratigraphic
thicknesses reported by Selander et al. (2012) and the stratigraphic boundaries dated in the southern part
of the basin (black arrows). Site locations in inset (see also Figure 2.1). AT, Ak Terek; CK, Chon
Kyzylsuu; JO, Jeti Oguz; K1, Toru Aygir; K2, Cholpon Ata; KS, Kaji Say.

The proposed sedimentation rates compare well with the values determined in the
southern part of the basin (Figure 2.8). Comparing Kaji Say and K2 both located in the
central basin, more sediment was deposited at Kaji Say (up to 28 cm ka™!), in proximity
to the Terskey Range, than at K2 (<8 cm ka™!) between 7 and 5 Ma. However, comparing
Ak Terek and K1, in the western side of the basin, indicates that here sedimentation rates
were twice as high at the more distal location K1 (ca. 25 cm ka™') than at Ak Terek (ca.
13 cm ka™!) before 5 Ma. Together, this suggests that between 7 and 5 Ma in the western
part of the basin, deposition was located farther north from the Terskey range than in the
central part of the basin. This pattern may be applicable for the entire Miocene, as
indicated by the westward thickening of the Shamsi group in the northern side of the basin
(Selander et al., 2012) and an apparent eastward thickening of the Shamsi group on the
southern side (Figure 2.1B). Uplift of the Kungey range would shift the deposition of
Terskey sourced sediments southward to more proximal areas, which is consistent with
the observed doubling of sedimentation rates around 4.5 Ma at Ak Terek. This uplift event
may be associated with a change in the direction of compression from NW-SE to N-S
reported for the central Tian Shan around the Miocene-Pliocene transition (Buslov
et al., 2003).
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Mountain building north of the basin transformed the Issyk-Kul area from a foreland to
an intermountain basin, thereby facilitating the formation of a deep lake within it. Two
thin limestone layers at the top of the eastern transect at Kaji Say, corresponding to ca.
5 Ma according to Option 2, as well as sporadic calcareous horizons and a gypsum layer
deposited between 4 and 3 Ma at Ak Terek, may point to the expansion and retreat of an
early lake. Up to 50 m thick sequences of mostly calcareous lacustrine strata in the

western section at Kaji Say signify the existence of lake Issyk-Kul at 3 Ma.
2.7 CONCLUSIONS

New and reinterpreted magnetostratigraphic age constraints of continental sediments
from the Issyk-Kul basin yield a near-continuous stratigraphic record of the Mio- to early
Pleistocene, syn-tectonic depositional history in one of the largest sedimentary basins in

the central Tian Shan. From these, we draw the following main conclusions:

o The Shamsi group, which represents the basal syn-tectonic unit, was deposited
between 22.4 and 7.5 Ma. This unit is found in the southeastern and northwestern
parts of the basin, with maximum thicknesses of ca. 1,000 and 500 m,
respectively, implying average sedimentation rates of 8-9 cm ka™® and ca. 3 cm
kal, respectively. Slight fining in grain size and changes in magnetic mineralogy
after the middle Miocene (ca. 13 Ma) may reflect a gradual shift in sediment
source or transport conditions

e A major grain size fining between 7.5 and 7 Ma marks the stratigraphic boundary
between the Shamsi and Chu groups. Overall higher sedimentation rates after
7 Ma (11-28 cm ka™) indicate that erosion rates increased, linked to accelerated
uplift of the Terskey Range around this time. It is interesting to note the inverse
relationship between grain size and sedimentation rate across the Shamsi-Chu
transition, which may be related to longer sediment transport or increased
subsidence of the basin

e Spatio-temporal shifts in the deposition centers documented north and south of
lake Issyk-Kul indicate that the locus of deformation propagated from the Terskey
range into the basin around 5 Ma, forming the Issyk-Kul Broken Foreland. This
change in deformation style likely coincides with the initiation of uplift in the
Kungey range to the north, which led to the closure of the basin, a precondition
for the formation of lake Issyk-Kul. Lacustrine deposits dated at ca. 3 Ma
demonstrate that a substantial lake must have existed by that time
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o Equivalent stratigraphic boundaries around 7 and 3 Ma in nearby basins suggest
that the driving mechanisms that controlled sediment accumulation and the
lithology of the three main syn-tectonic units were regionally synchronized
throughout the central (Kyrgyz) Tian Shan
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3 NEOGENE ARIDIFICATION AND LAKE DEVELOPMENT
IN THE ISSYK-KUL BASIN, KYRGYZSTAN

Anna Kudriavtseva, Edward R. Sobel, Alexandru T. Codilean, Maud J.M. Meijers, Andreas
Mulch, Gregory D. Hoke, David Fink, Alexander V. Mikolaichuk, Réka-H. Fiilop, Klaus M.
Wilcken, & T. Gabriel Enge

ABSTRACT

Uplift of the Tian Shan range modified regional climate during Cenozoic aridification in
Central Asia. This study presents facies analyses and Neogene oxygen and carbon
isotopic records from magnetostratigraphically-dated terrestrial sedimentary sections on
the southern side of the intermontane Issyk-Kul basin in the Kyrgyz Tian Shan and
26A1/*°Be isochron burial ages from the southern and eastern sides of the basin. The 50
and 3*3C data show a positive ca. 2%o shift in values between ca. 8 and 7 Ma and a change
from a negative to a positive trend. This change is attributed to the upwind growth of the
Kyrgyz, Kungey and Trans Ili (Zaili) ranges, which diverted the westerlies, thereby
changing the Issyk-Kul basin from a windward to a leeward position, enhancing
aridification, and establishing the modern-day spring and summer precipitation regime
within the basin. Two 4 to 5 Ma Al/*°Be isochron burial ages constrain the onset of
Sharpyl Dak deposition on the eastern side of the basin; southward paleocurrent directions
there suggest the eastward growth of the Kungey range in the Pliocene. Increased
subsidence on the southern side of the basin and local tectonically-induced river system
reorganization led to the commencement of lake formation at ca. 5 Ma, followed by a ca.
2 Ma local depositional hiatus. The transition from sandstones of the Chu sedimentary
group to conglomerates of the Sharpyl Dak group, marking a change from fluvial-alluvial
deposits to a proximal alluvial fan, is dated at 2.6-2.8 Ma by 2°Al/*°Be isochron burial
dating on the southern side of the basin, driven either by tectonics or Northern
Hemisphere glaciation. This study concludes that the late Miocene - Pliocene northward
growth of Tian Shan significantly altered environmental conditions within the range,
preventing the moisture-bearing westerlies from reaching the intermontane Issyk-Kul
basin and promoting lake formation and expansion.

3.1 INTRODUCTION

Central Asia is the largest arid region in the Northern Hemisphere. Aridity there has
increased during the Cenozoic (e.g., Caves et al., 2016; Li et al., 2018; Fang et al., 2020;

Wasiljeff et al., 2022). A decrease in the moisture flux delivered by the northern mid-
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latitude westerlies, which transport moisture eastward across Eurasia, likely played a
major role in aridification (e.g., Caves et al., 2015). Decreased westerly moisture transport
resulted from Cenozoic global cooling (e.g., Miao et al., 2012; Bosboom et al., 2014a)
and Paratethys retreat (e.g., Ramstein et al., 1997, Bosboom et al., 2014b, 2017; Kaya et
al., 2019), while surface uplift of the Tibetan Plateau, Tian Shan and other mountain
ranges created topographic barriers to moisture input (e.g., Kent-Corson et al., 2009;
Caves et al., 2014; Liu et al., 2014; Sun et al., 2015; Chang et al., 2021).

The Issyk-Kul intermontane basin in the Kyrgyz Central Tian Shan (Figure 3.1) contains
a Neogene geological record that provides valuable information about the complex
interactions between tectonic deformation and Central Asian climate at global and
regional scales (e.g., Oberhénsli and Molnar, 2012; Macaulay et al., 2016). Nevertheless,
details of how and why this internally-drained basin formed remain unclear. Within the
Tian Shan range, changes in the magnitude of precipitation and the vegetation system can
reflect either globally- or locally-driven climatic changes or a combination of both. Local
and regional climate and landscape can be modified by tectonic surface uplift, which
influences the distribution of precipitation, river discharge, and erosion rates, while global
climatic changes alter overall moisture delivery to the region, vegetation, and the
characteristics of surface processes (e.g., Ramstein et al., 1997; Dupont-Nivet et al., 2007;
Rowley and Garzione, 2007; Chamberlain et al., 2012; Herbert et al., 2016). The spatial
and temporal distribution of paleoprecipitation proxy data, such as oxygen and carbon
isotopes, has been used to distinguish between the influence of tectonic and global
climatic factors (e.g., Miao et al., 2012; Caves Rugenstein and Chamberlain, 2018). Here
we investigate differences in timing of regional environmental change and corresponding
global climate change to identify the impact of changing relief and elevation of the
regional mountain belts.

Available paleoclimate records from northern Central Asia are relatively scarce compared
to data from the Chinese portion of East Asia; moisture, delivered by the westerlies, was
blocked from reaching the latter region as a result of the development of complex
topography (e.g., Dettman et al., 2003; Graham et al., 2005; Fan et al., 2007; Kent-Corson
et al., 2009; Hough et al., 2011; Zhuang et al., 2011; Li et al., 2016). The >2500-km-long
Tian Shan (also called the Tien Shan, i.e. the Heavenly mountains in Chinese) presently
forms a significant orographic barrier to the westerlies, which creates a distinctive
difference in seasonality of precipitation on its windward and leeward sides, as well as
within the range (e.g., Baldwin and Vecchi, 2016). Creation of an orographic barrier
occurred during the late Oligocene by growth of the Pamir and western Tian Shan (Wang
et al., 2020).
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Figure 3.1. (A) Topographic map of Central Asia based on SRTM90 digital elevation data showing major
ranges and sedimentary basins. Light blue arrows — westerly winds; dark blue arrows — Siberian High; pink
arrows — monsoons. (B) Topographic map of the Kyrgyz Central Tian Shan showing the main faults,
positions of the basement terranes, the north-flowing Chu river, country borders (dashed line), and the main
ranges with estimated ages for the onset of Cenozoic deformation: Kyrgyz Range (Bullen et al., 2001, 2003;
Sobel et al., 2006b); Terskey Range (Macaulay et al., 2013, 2014, 2016); Kungey and Trans Ili Ranges (de
Grave et al., 2013; De Pelsmaeker et al., 2015). (C) Topographic map of the study area and paleocurrent
directions measured in imbricated clasts and cross-bedded sandstones. Localities of this study: AT — Ak
Terek; KS — Kaji Say; J — Jergalan; TA — Toru Aygir; CA — Cholpon Ata. T — Terskey member of the Chu
group, K — Kungey member of the Chu group. Localities from Wack et al. (2014) and Macaulay et al.
(2016): CK — Chon Kyzylsu; JO — Jeti Oguz. Dashed line shows country borders.
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We present a study of the sedimentary record preserved in the Issyk-Kul basin, which is
located to the west and/or north of other published Cenozoic climatic records from this
region: Tajik basin, Ili basin, Junggar basin, Zaysan basin. (Figure 3.1A; Charreau et al.,
2012; Caves et al., 2014, 2017; Hellwig et al., 2018; Frisch et al., 2019a; Wang et al.,
2020; Prud’homme et al., 2021). The Issyk-Kul basin is connected to the Ketmensk basin
to the east and is situated between the Terskey, Kungey, Trans Ili (also called Zaili) and
the Kyrgyz ranges; these ranges are all part of the northern Tian Shan (Figure 3.1B). The
Issyk-Kul basin contains up to 4 km of Oligocene to Quaternary strata, which record the
sedimentary response to regional climate change and proximal tectonic processes. The
first magnetostratigraphic dating of the fossil-poor sedimentary deposits of the Chon
Kyzylsu and Jeti Oguz sections in the southeastern part of the Issyk-Kul basin (Wack et
al., 2014) shows early to middle Miocene ages of these deposits. Macaulay et al. (2016)
presented the first oxygen (510) and carbon (8'3C) stable isotope data for the dated
sections. Roud et al. (2021) presented late Miocene to early Pleistocene
magnetostratigraphic age models for two new sections (Kaji Say and Ak Terek) from the
southern flank of the Issyk-Kul basin and revised age models for Wack et al.’s (2014)
stratigraphically-older sections.

Here, we present facies analyses from five stratigraphic sections around lake Issyk-Kul
(Kaji Say, Ak Terek, Toru Aygir, Cholpon Ata, Jergalan; Figure 3.1C), Al/*°Be isochron
burial ages from three of them (Kaji Say, Ak Terek, Jergalan), and 8'80 and §*3C records
of pedogenic, fluvial, and lacustrine carbonates from the two late Miocene — early
Pleistocene sections (Kaji Say, Ak Terek) dated by Roud et al. (2021) using
magnetostratigraphy. Our 2°Al/*°Be isochron burial ages refine the age model for these
deposits and constrain when lake Issyk-Kul formed. We combine our data with published
records from stratigraphically-older nearby sections (Macaulay et al., 2016) to present
nearly complete Miocene-Pliocene 5180 and §*3C records and to study how the growth of
the adjacent mountain ranges influenced the environmental conditions in the Issyk-Kul
basin. Comparing our combined stable isotopic record from the Issyk-Kul basin with data
from across the region provides new insights into the role of the Tian Shan and its
interaction with the westerlies under a globally cooling climate in the late Neogene.
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3.2 GEOLOGICAL AND CLIMATIC SETTING

3.2.1 CENOZOIC REACTIVATION OF THE TIAN SHAN

The Cenozoic India — Asia collision led to the creation of the Tibetan Plateau and the
Pamir and tectonically reactivated the Tian Shan and Altai ranges to the north during the
late Oligocene — Miocene (Figure 3.1A; e.g., Molnar and Tapponnier, 1975;
Abdrakhmatov et al., 2002; Sobel et al., 2006a; Glorie et al., 2016). The Tian Shan is a
2500-km-long orogenic belt with present-day shortening rates of up to 20 mm.yr?
(Abdrakhmatov et al., 1996; Zubovich et al., 2010). The Central Kyrgyz Tian Shan and
the Chinese Central and Western Tian Shan are bounded by the Tarim basin to the south
and the Kazakh platform to the north. The Issyk-Kul basin is situated within the Northern
terrane of the Central Kyrgyz Tian Shan (Figure 3.1B).

The Northern, Middle and Southern Tian Shan terranes comprise the three major fault-
bounded Paleozoic terranes of the Central Kyrgyz Tian Shan (Figure 3.1B; Bakirov and
Maksumova, 2001; Biske and Seltmann, 2010). The Northern terrane is built of late
Ordovician to early Silurian granites, along with Precambrian metamorphic rocks and
early Paleozoic ophiolites, overlain by Ordovician sedimentary rocks (Bakirov and
Maksumova, 2001; Maksumova et al., 2001; Windley et al., 2007). The Middle Tian Shan
comprises Paleoproterozoic metamorphic rocks, overlain by Neoproterozoic and
Paleozoic clastic and volcanic rocks, as well as middle Devonian to early Permian marine
carbonate and clastic rocks (Biske, 1996; Bakirov and Maksumova, 2001; Maksumova et
al., 2001; Seltmann et al., 2011). The Southern Tian Shan consists of Silurian — lower
Permian ophiolites and sedimentary rocks of a Late Paleozoic collisional system with
early Permian granites (Biske, 1996; Maksumova et al., 2001; Seltmann et al., 2011).

Paleozoic deformation of the Tian Shan started in the late Carboniferous and the late
Permian - Triassic collision led to development of the Southern Tian Shan Suture and
large sinistral strike-slip faults, including the Nikolaev line, which separate the terranes
(Figure 3.1B; e.g., Bazhenov et al., 1999; Bazhenov and Mikolaichuk, 2004). Afterwards,
parts of the Tian Shan were reactivated during the Mesozoic and early Cenozoic (see
Figure 8 in Macaulay et al., 2014 for a detailed depiction).

The most recent deformation started in the late Oligocene after a period of tectonic
quiescence. Deformation during the Miocene led to the formation of a vast, east-west
trending mountain range (e.g., De Grave et al., 2013; Macaulay et al.,, 2013).
Thermochronological data show that the Terskey range on the south side of the Issyk-Kul
basin and the Trans Ili range on the north side of the basin started deforming in the late
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Oligocene — early Miocene (De Grave et al., 2013; De Pelsmaeker et al., 2015; Macaulay
etal., 2013, 2014, 2016). Deformation within the Terskey range propagated eastward and
reached the eastern side of the Issyk-Kul basin by the middle Miocene (Macaulay et al.,
2014). The onset of deformation in the Kungey range, separated from the Trans Ili range
by the Kemin-Chilik fault, also started in late Oligocene, as defined by thermochronology
(de Grave et al., 2013; De Pelsmaeker et al., 2015). However, paleocurrent data suggest
that the sediments from the Terskey range were deposited on the southern flank of the
Kungey range area until the late Miocene, with a late Miocene — early Pliocene estimated
age of initiation of significant deformation there (Selander et al.,, 2012).
Thermochronological data show that deformation of the Kyrgyz range, to the northwest
of the Issyk-Kul basin, initiated in the present center of the range during the late Miocene
and propagated eastward (Bullen et al., 2001, 2003; Sobel et al., 2006b).

3.2.2 PRECIPITATION IN THE TIAN SHAN

Today, the entire Tian Shan range forms a significant topographic barrier to westerly
winds and is responsible for the differences in seasonality of precipitation with
dominantly winter-spring precipitation on the windward (northwestern) side of the Tian
Shan and summer precipitation within the range itself and on its leeward (southeastern)
side (Baldwin and Vecchi, 2016). However, during the late Cretaceous, a low-relief and
low-elevation erosion surface extended over much of the Tian Shan region; therefore, the
orographic barrier postdates this time (e.g., Bullen et al., 2001, 2003; Sobel et al., 2006b;
Yang et al., 2014; Macaulay et al., 2014). The moisture supply in Central Asia has been
dominated by the westerlies since at least the Eocene (Caves et al., 2015; Licht et al.,
2016; Bougeois et al., 2018). The Tian Shan and Pamir have interacted with the westerlies
since the late Oligocene (Wang et al., 2020) and caused a reorganization of Central Asian
climate during the Neogene (e.g., Bougeois et al., 2018; Caves Rugenstein and
Chamberlain, 2018; Hellwig et al., 2018). Growth of the Terskey range formed a
topographic barrier during the Miocene, placing the Issyk-Kul basin area in a windward
position with respect to the path of the westerlies and local topography (Figure 3.1;
Macaulay et al., 2016). Formation of an orographic barrier typically requires relief of ca.
1300 - 2000 m (Bookhagen and Strecker, 2008; Bookhagen and Burbank, 2010).

Precipitation in the Tian Shan is seasonally influenced by interactions between the
westerlies and the Siberian High (e.g., Aizen et al., 1997; Zech, 2012; Schwarz et al.,
2017; Prud’homme et al., 2021). Moisture, delivered by the monsoon, never consistently
reached the Tian Shan and did not influence long-term climate within the range (Caves et
al., 2015). The westerlies bring moisture from the North Atlantic, the Mediterranean, and
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the Black Sea (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 low precipitation (Aizen et al., 2001; Ricketts et al., 2001).

3.2.3 DEVELOPMENT OF THE [SSYK-KUL BASIN

Today, the semi-arid Issyk-Kul basin is internally drained, hosting a large lake (ca. 180
km x ca. 60 km with a depth of 668 m). Issyk-Kul means warm lake in the Kyrgyz
language; however, to prevent confusion in this paper, we refer to the basin as Issyk-Kul
and to the lake as lake Issyk-Kul. During past lake highstands, the lake has been
periodically externally drained via the northward-flowing Chu river, which flows through
the Boom gorge (Figure 3.1B; e.g., Rosenwinkel et al., 2017; Gebhardt et al., 2017).
Maximum precipitation is recorded in spring and summer (Aizen et al., 2001). As
indicated by palynologic data, during the Cenozoic the basin underwent aridification and
forests were gradually replaced by steppe and desert elements (Grigina and Fortuna,
1981). Since the late Pleistocene, the vegetation is similar to modern flora (Grigina and
Fortuna, 1981; Fortuna et al., 2017). Subsurface sedimentological data from the eastern
side of the basin suggest that a local shallow lake existed in the Miocene and expanded
westward in the late Pliocene (Grigina and Fortuna, 1981; Voskresenskaya, 2013;
Voskresenskaya and Leflat, 2015). However, to date there are only sparse data with well-
established age constraints indicating when or how the lake first formed or when the
present climate was established.

The late Mesozoic - Cenozoic sedimentary deposits of the Issyk-Kul basin are divided
into four sedimentary groups: the Kokturpak, Shamsi, Chu and Sharpyl Dak groups
(Abdrakhmatov et al., 2001). The Kokturpak group is the oldest in the Issyk-Kul basin
with a late Cretaceous to Eocene age based on palynology (Fortuna et al., 1994) and
comprises paleosols, lacustrine and poorly-sorted low energy fluvial sedimentary rocks.
The unconformably overlying Shamsi group contains reddish conglomerates deposited in
a high energy regime; the deposits are coarser and better rounded than those in the
underlying group. Palynologic data implies an Oligocene — early Miocene age of the
group (Fortuna et al., 1994). The first magnetostratigraphic age models of the Shamsi
group suggest depositional ages of 22.8 to 13.3 Ma or 22.1 to 11.1 Ma in the Jeti Oguz
section and 26.0 to 16.2 Ma or 25.2 to 11.0 Ma in the Chon Kyzylsu section (Figure 3.1C;
Wack et al., 2014). More recent paleomagnetic results (Roud et al., 2021) from these two
sections allowed for a reevaluation of the age models. The revised magnetostratigraphic
age models from Roud et al. (2021) suggest a depositional age of 22.4 to 8.5 Ma in the
Jeti Oguz section and 17.3 to 7.5 Ma in the Chon Kyzylsu section. Deposits of the
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stratigraphically younger Chu group are finer-grained than the older Shamsi group. The
Chu group contains beige and yellowish fluvial sandstones and siltstones, as well as
conglomerates deposited by high energy river systems. The estimated age of the Chu
group in the Chu basin is late Miocene — early Pliocene; lithostratigraphic correlation
implies the same age range in the Issyk-Kul basin (Bullen et al., 2001; Omuraliev and
Omuralieva, 2004). The Sharpyl Dak group overlies the Chu group gradually or with an
unconformity and represents poorly sorted, very coarse conglomerates. Palynologic data
implies a late Pliocene — early Pleistocene age of the group (Grigina and Fortuna, 1975;
Fortuna et al., 1994). The first magnetostratigraphic age models for the Chu group and
Chu — Sharpyl Dak transition were proposed by Roud et al. (2021). In that study, the
depositional age of the Chu group in the Ak Terek section is interpreted to be 6.3 to 2.8
Ma. Two possible age models were proposed for the Chu — Sharpyl Dak deposits in the
Kaji Say section. The first one is 12.7 to 9.5 Ma. The second option implies a hiatus in
the middle of the section, with ages of 7.0 to 5.1 Ma for the lower part and 3.0 to 2.4 Ma
for the upper part.

3.3 MATERIALS AND METHODS

3.3.1 SEDIMENTOLOGICAL DESCRIPTIONS

Sedimentary sequences were described at five localities around lake Issyk-Kul during
field work in 2016 and 2017: Kaji Say and Ak Terek on the southern side, which were
previously dated by Roud et al., (2021) using magnetostratigraphy, Jergalan on the eastern
side, and Cholpon Ata and Toru Aygir on the northern side (Figure 3.1C). The work
included detailed descriptions of composition, bedding structures, paleocurrent
directions, conglomerate clast counts and facies interpretations. Paleocurrent directions
were defined by measuring the orientations of imbricated conglomerate clasts and cross-
bedding. Conglomerate clast counts were performed by identifying at least 100 clasts
within a 1 m? space in suitable areas of the sections.

3.3.2 26 AL /1OBE ISOCHRON BURIAL DATING

We use the technique of terrestrial cosmogenic nuclide isochron burial dating to
determine the age of the sedimentary sequences. Terrestrial cosmogenic nuclides are
isotopes produced in silicate minerals by the interactions of secondary cosmic rays with
the upper few meters of the Earth’s surface (Lal, 1991; Schaefer et al., 2022). Quartz is
the main target mineral from which the concentration of cosmogenic radionuclides °Al
and °Be are most routinely measured. Burial dating is based on the radioactive decay of
26l and 1°Be isotopes in rocks that are completely shielded from new production. The
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concentrations of 2°Al and °Be in a sample are proportional to the duration of exposure
(Granger and Muzikar, 2001). The 2°Al is produced faster than the 1°Be. Although the
exact 2Al/*°Be production ratio is still debated (see Corbett et al., 2017 and references
therein; Halsted et al., 2021), the consensus value, widely used in the literature, is 6.75:1
(Balco et al., 2008). Therefore, for consistency with other work, we use the latter in our
calculations here. The two isotopes decay at different rates according to their half-lives:
0.717 Myr for 2°Al (Norris et al., 1983) and 1.387 Myr for °Be (Korschinek et al., 2010;
Chmeleff et al., 2010). When sediments are buried and completely shielded from cosmic
radiation, there is no new isotope production and the initial °Al/*°Be ratio, which is equal
to the production ratio, decreases. Assuming that sediments were rapidly buried after
deposition and minimally re-exposed to new production prior to collection, the half-lives
of the two nuclides and their initial production rate ratio (above) can be used to calculate
the time of burial. The lower the ratio and concentrations, the longer the duration of burial.
This assumption is the basis for conventional burial dating that requires the measurement
of a single 26Al/*°Be ratio from a clast or an amalgamated sand sample in order to provide
a meaningful age (Granger and Muzikar, 2001).

In tectonically active areas like the Tian Shan, ideal burial conditions rarely occur.
Sediments may experience post-burial production that can alter the inferred burial age.
Post-burial nuclide production occurs if the overlying deposits are not thick enough
(approx. <30 m) — and therefore material is not completely shielded from incoming
cosmic radiation — or when sediments are brought close to the surface after the initial
deposition and burial due to erosion, river incision or other factors. Post-burial nuclide
production will increase nuclide concentrations and ratios and result in seemingly
younger burial ages. Also, the sediments are affected by a complex combination of
exposure and material mixing prior to burial which can lead to obtaining inherited
concentrations of nuclides (Codilean and Sadler, 2021). In settings where conventional
burial dating assumptions are violated, a relatively new method — isochron burial dating
— may be used to obtain a reliable burial age (Balco and Rovey, 2008; Erlanger et al.,
2012; Knudsen et al., 2020).

The isochron burial dating method does not require information about depth, exposure,
and post-burial nuclide production (Balco and Rovey, 2008). Rather, it requires a set of
quartz-bearing clasts from one depositional horizon that was sufficiently shielded such
that post-burial production is minimized (but not necessarily eliminated). Each clast in
the depositional horizon will record the same post-burial history but different pre-burial
exposure histories as the clasts likely originated from different source areas. The Al and
19Be concentrations form an isochron on a °Be-?°Al plot and the slope of this isochron
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will depend only on the burial age. The isochron slope reflects the deviation from the
26 Al/*%Be production rate, and will depend on the half-lives of the nuclide pair and on the
duration of decay. Therefore, the burial age (t,) may be calculated as shown by Balco and
Rovey (2008):

th = —In (Rm/Rinit) / (A26 — A10)

where R is the slope of the isochron; Rinit is the 2Al/*°Be production ratio; Azs and Ao
are the decay constants of Al and *°Be, respectively.

To confirm and improve the magnetostratigraphic age models from Roud et al. (2021),
we dated the Kaji Say and Ak Terek sections. We also attempted to date the sections on
the northern and eastern sides of the basin. We therefore collected a total of ten samples
(one sample is one isochron) of individual clasts and amalgamated sand (250 — 500 um
grain size) from four localities — the Kaji Say, Ak Terek, Jergalan and Cholpon Ata
sections (Figure 3.1C). Four samples were taken in the Kaji Say section: PET-L and PET-
U from the lowermost part of the section, PET-QTS-PIT from the Chu-Sharpyl Dak
transition, and PET-QTS-L from the uppermost Sharpyl Dak. Two samples were taken in
the Ak Terek section: AKT-U from the uppermost Chu and AKT-Q from the lower
Sharpyl Dak. Two samples were taken in the Jergalan section: JGL-2 from the Chu
deposits and JGL17 from the Chu-Sharpyl Dak transition. Two samples were taken in the
Cholpon Ata section: CA17-6 from the upper Chu part and CA17-1 from the lower
Sharpyl Dak.

At each of the ten sampled locations, we collected about ten clasts. Clasts were chosen
based on their size, lithology, and inferred amount of quartz present. Our aim was to
collect diverse, quartz-rich lithologies, in order to capture different pre-burial histories.
All collected clasts were approximately 10-12 cm in diameter. Smaller clasts would not
contain enough quartz and larger clasts could have been subject to self-shielding. The
clasts were collected from areas where modern production is minimized due to shielding.
Due to very low quartz yield in some of the clasts, only three to six clasts were analyzed
per isochron. At six of the sampled locations, in addition to the individual clasts, we also
collected an amalgamated sand sample as an independent test of the isochron and
assumptions about shielding and post-burial production (the 2Al-1°Be of the sand sample
should plot on the isochron defined by the individual clasts if assumptions are met).

The initial sample preparation (crushing and sieving) was done at the University of
Potsdam, Germany. Quartz was isolated and purified at the University of Wollongong,
Australia, following procedures described in Kohl and Nishiizumi (1992), using froth
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flotation to separate feldspars from quartz. Be and Al were separated at the University of
Wollongong following procedures described in von Blanckenburg et al. (1996) with the
modification that Al was separated from Be and Ti using pH sensitive precipitation before
Be cation exchange chromatography (Child et al., 2000). Samples were spiked with =300
ng of °Be from a low-level beryllium carrier solution added prior to complete HF
dissolution. °Be/°Be and 2°Al/?” Al ratios were measured using the 6MV SIRIUS facility
at the Australian Nuclear Science and Technology Organisation (ANSTO; Wilcken et al.,
2019; 2022). The native Al concentrations of the samples ranged from 47 to 490 ppm
(median = 96 ppm; average = 124 ppm) and were determined via ICP-OES with a
precision of 3-4% (Fujioka et al., 2015). 1°Be/°Be ratios were normalised to the KN-5-2
and KN-5-3 (Nishiizumi et al., 2007) standards and 2°Al/?’Al ratios were normalised to
the KN-4-2 (Nishiizumi, 2004) standard. Analytical uncertainties for the final 1°Be and
26A1 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 °Be and 2-3% for 2°Al standard reproducibility (depending on the
individual AMS measurement conditions), 1% uncertainty in the °Be carrier
concentration and 4% uncertainty in the ICP-OES Al measurements.

3.3.3 THIN SECTION PETROGRAPHY

Petrographic analysis was performed using a polarized light microscope on 27 sandstone
and lacustrine micrite thin sections from Kaji Say and 16 sandstone thin sections from Ak
Terek to evaluate the diagenetic and palustrine alteration of the sediment sequences.
Compaction and cementation of fluvial-alluvial samples as well as the amount of
recrystallization and pedogenic alteration of lacustrine micrite samples were evaluated.

3.3.4 STABLE ISOTOPE ANALYSIS

To reconstruct paleoenvironmental conditions, a total of 122 carbonate samples were
collected for stable isotope analysis: 53 samples from the Kaji Say section and 69 from
the Ak Terek section. The Kaji Say samples consist of pedogenic nodules (17 samples),
sparitic cement in sandstones (16 samples), micrite in lacustrine mudstone (10 samples),
and micrite in lacustrine marl and siltstone (10 samples). The majority of the Ak Terek
samples are pedogenic nodules (64 samples), with only 5 samples of sparitic cement in
sandstones.

Stable isotope values were measured at the Joint Goethe University— Senckenberg BiK-
F Stable Isotope Facility at Goethe University Frankfurt, Germany. The finest parts of the
samples were drilled, the powder was digested in orthophosphoric acid and analyzed
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using a Thermo MAT 253 mass spectrometer interfaced with a Thermo GasBench I1. The
analytical procedures follow Spdtl and Vennemann, (2003). Raw isotopic ratios were
calibrated against NBS 18, Merck and Carrara marble standards. All isotope values are
relative to the Pee Dee Belemnite (V-PDB). Analytical uncertainties are typically smaller
than 0.10 %o (5'80) and 0.07 %o (8:°C).

3.4 RESULTS

3.4.1 SEDIMENTARY SEQUENCES

3.4.1.1 Kaji Say section

The 700-m-thick Kaji Say section is located in the Tossor — Kaji Say area and comprises
the Chu and Sharpyl Dak groups (Figure 3.1C). Paleocurrent directions indicate
predominantly NW flow directions in the section. The Chu group deposits can be divided
into two depositional units (Figure 3.2). The lower unit is 450 m thick; it is formed of
alternating grey rounded conglomerates with clasts of mainly cobble and boulder size
(Figure 3.3A), red angular conglomerates with clasts of mainly gravel and cobble size
(Figure 3.3B), grey and red sandstones, and beige siltstones. The upper unit is 190 m thick
and comprises alternating red angular conglomerates with clasts of mainly gravel and
cobble size, beige pebbly sandstones, blue calcareous mudstones, white marls, calcareous
siltstones and marly sandstones (Figures 3.3C-E). The red and grey colors represent
different sedimentary lithologies. Red conglomerates are matrix supported and composed
of clasts of porphyry with quartz phenocrysts in a fine-grained groundmass. Grey
conglomerates are clast supported and consist predominantly of granite clasts. In order to
measure well-exposed outcrops, the Kaji Say section was divided into western and eastern
transects, situated in different valleys (Figure 3.4). Continuous beds can be followed
between the two transects; no more than 10 m of strata was omitted. Bedding dips indicate
the presence of a fold: ca. 10-25° (dip direction is ca. 350-355N) at the base of the section
(0-245 m), ca. 75° (ca. ON) at the top of the lower Chu unit (ca. 245-480 m), ca. 25-35°
(ca. 5-10N) in the upper Chu unit (ca. 480-640 m), and ca. 15° (ca. 5-10N) at the top of
the section (Figure 3.4).
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Figure 3.2. The Kaji Say stratigraphic section (location shown in Figure 3.1) with 26Al/°Be isochron burial
ages, rose diagrams of paleocurrent flow directions (black arrow shows the main vector) and stable isotopic
values plotted against the magnetostratigraphic age model of Roud et al. (2021). ShD is Sharpyl Dak. A-G
show stratigraphic positions of photos, represented in Figure 3.3.
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Figure 3.3. Characteristic field photos from the Kaji Say section. Stratigraphic positions are shown in
Figure 3.2; locations are shown in Figure 3.4. (A) Grey granitic conglomerates. Hammer for scale. (B)
Angular red gravel conglomerates. Hammer for scale. (C) Lacustrine sediments. Pen for scale is 15 cm
long. (D) Sandstones of the beach facies, which mark the beginning of lacustrine deposition. Hammer for
scale. (E) Interbedding of lacustrine (greenish-white) and alluvial (beige) deposits. Person for scale is 170
cm tall. (F) Growth strata. Person for scale is 170 cm tall. (G) Deposits of the Sharpyl Dak sedimentary
group. Car for scale is ca. 2 m high.

In the lower Chu unit, the red and grey conglomerates laterally and stratigraphically
change into sandstones and siltstones. Grey and red beds alternate and have sharp
boundaries. Mixed coarse grey and greyish-red sandstones with red gravel lenses occur
in the middle part of the section. Grey granitic channel lag conglomerates are generally
coarser than the red ones, and grey deposits are better sorted and better cemented.
Sandstones are crossbedded; siltstones are laminated and contain pedogenic calcrete
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nodules and lenses of poorly sorted pebbly and sandy gravel. In the upper Chu unit, white
marly sandstones are fine, well sorted and well cemented; beige sandstones are coarse
and contain lenses of red gravel. Blue calcareous mudstones contain rare ostracode shells
(see petrography section, below); calcareous siltstones contain rare pedogenic calcrete
nodules and display soft sediment deformation and slump folding directed towards the
lake. The beds in the upper Chu unit thicken to the northwest. The Chu — Sharpyl Dak
transition is gradational. Sharpyl Dak deposits are 60 m thick in the section; they consist
of 10-20-m-thick red conglomerate beds of angular gravel and cobble clasts with poorly
sorted matrix, as well as beige sandstones, white marls and white calcareous siltstones.
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Figure 3.4. Kaji Say section area (location shown in Figure 3.1). Sedimentary units are mapped using Bing
Maps satellite imagery and topography based on SRTM30 digital elevation data. A-G show locations of
the corresponding photos, represented in Figure 3.3. 1 — Eastern transect of the section showing shallow
dips in the stratigraphically older part and vertical dips in the stratigraphically younger part. This dip pattern
defines a fold; cross section shown in Roud et al. (2021). 2 — First lacustrine beds in the area. The
stratigraphically older lacustrine bed does not reach the measured section and is not included in the
description (Figure 3.2). The stratigraphically younger bed represents the first lacustrine beds included in
the description. 3 — Growth strata (photo shown in Figure 3.3F). 4 — Western transect of the section with
shallow dips. Stratigraphic units in the legend: Ni., — Late Miocene — early Pliocene; N2 — Pliocene; N2-Q
— Pliocene — Quaternary; Q — Quaternary.
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Clast counting was performed at 4 localities in the lower Chu unit: 85 m, 144 m, 320 m,
and 411 m. Grey conglomerates consist predominantly of white and red granite clasts
with a minor occurrence of volcanic rocks, shale, quartzite, pegmatitic quartz,
metamorphic sandstone, and sandstone clasts. Red angular conglomerates show the
prevalence of red porphyry clasts with quartz phenocrysts, and the presence of granite,
quartzite, pegmatitic quartz, volcanic, and metamorphic sandstone clasts. Clast
compositional data for this and the other four localities are shown in the Supplementary
Material.

3.4.1.2 Ak Terek section

The Ak Terek section is a 500-m-thick sequence of the Chu group, located in the
southwestern part of the basin (Figure 3.1C; see Supplementary Figure S3.1 for detailed
location of the section; detailed geological maps of the Ak Terek section area are available
in Roud et al., 2021 and Burgette et al., 2017). The deposits represent a series of
depositional cycles with normal gradation: grey conglomerates are interbedded with well
sorted sandstones, beige siltstones and mudstones (Figure 3.5). The top of the section
represents the uppermost Chu deposits close to the overlying coarse conglomerates of the
Sharpyl Dak group. Paleocurrent measurements indicate predominantly northeast flow
directions. Well rounded conglomerate clasts are of gravel and cobble size (Figure 3.6A).
Granite is the dominant source rock type in the lowermost part of the section.
Metamorphic sandstone, volcanic rocks and quartzite clasts are also found.

In the lowermost part of the section, mudstone beds contain layers of poorly developed
paleosols and slickensides, with a gradual upsection increase in paleosol nodule
abundance (Figure 3.6B). In the uppermost 80 m of the section, the thickness of fine
deposits and the amount of pedogenic nodules decrease. Two prominent 30-cm-thick
gypsum layers were found at 430-440 m of the section, while older deposits of the section
contain only rare thin lenses of gypsum.
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Figure 3.5. The Ak Terek stratigraphic section (location shown in Figure 3.1) with a 26Al/*°Be isochron

burial age, rose diagrams of paleocurrent flow directions (black arrow shows the main vector) and stable
isotopic values plotted against the magnetostratigraphic age model of Roud et al. (2021). ShD is Sharpyl
Dak. A-B show stratigraphic positions of photos, represented in Figure 3.6.
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Figure 3.6. Characteristic field photos from the Ak Terek (A-B), Toru Aygir (C) and Cholpon Ata (D)
sections. Stratigraphic positions of A-B are shown in Figure 3.5; geographical locations of A-B are shown
in Supplementary Figure S3.1. Stratigraphic position of C is shown in Supplementary Figure S3.3.
Stratigraphic position of D is shown in Supplementary Figure S3.4. (A) Conglomerates in the Ak Terek
section. Hammer for scale. (B) Floodplain deposits with paleosol horizons in the Ak Terek section. Hammer
for scale. (C) Conglomerate channels in the Toru Aygir section. Pen for scale is 15 cm long. (D)
Conglomerate channels and floodplain deposits in the Cholpon Ata section.

3.4.1.3 Jergalan section

The Jergalan section is located in the eastern part of the Issyk-Kul basin (Figure 3.1C).
We could not describe the sedimentary sequence in detail because of the steep relief and
poor exposure due to numerous landslides. The sequence crops out in two cliffs (Figure
3.7A). The lower part of the section in cliff 1 represents mostly sandstones and fine-
grained material. The amount and thickness of conglomerates gradually increase
upsection. The conglomerates are massive, matrix supported, and interbedded with thin
sandstone beds. Conglomerates were deposited in channel structures incising into finer
beds. The beds dip gently to the west. We estimated the most probable position of the
Chu — Sharpy! Dak transition prior to sampling for 2Al/*°Be isochron burial dating. The
contact between lower fine-grained sedimentary rocks and upper conglomerates in cliff 2
is visually similar to the Chu — Sharpyl Dak transition in the Kaji Say section and might
also represent the beginning of the Sharpyl Dak conglomerate accumulation (Figure
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3.7D). Sharp contacts are exposed in the uppermost parts of both ca. 200 m high cliff
walls (Figures 3.7B-C). The gently dipping beds are truncated by almost flat-lying
boulder-bearing conglomerates. These conglomerates cut down into the underlying units.
Clast count and paleocurrent measurements were performed at the position of sample
JGL17 at the base of the gently-dipping conglomerates above the lower part of the section.
Conglomerates are mainly composed of clastic sedimentary rocks, as well as clasts of
granites, volcanic rocks, quartzite and quartz. Paleocurrent measurements suggest south-
directed transport.

B2 Microsoft Bing

“Cliff 2

42°39'45"N

42°39'30"N

78°57'30"E 78°58'00"E

Cliff 1

Channel
; Upper part -

coarser

Lower part -
finer

Cliff 2

Figure 3.7. Satellite imagery and field photos of the Jergalan section (location shown in Figure 3.1). (A)
Bing Maps image of the section showing the two cliffs and positions of the Al/*°Be isochron burial dating
samples. Lower (finer) part of the section outcrops in cliff 1; cliff 2 represents the transition between the
lower and upper (coarser) parts of the section. Dashed lines show bedding and correlation of beds between
the two cliffs. Red arrows show the view directions of the corresponding photos B-D. (B) Uppermost part
of the section with angular unconformity and a channel structure on top of the cliff 2. (C) Angular
unconformity and a channel structure on top of the cliff 1. (D) Gradational transition between the lower
(finer) and upper (coarser) parts. Dashed line shows the estimated beginning of the Sharpyl Dak group
deposition.

3.4.1.4 Toru Aygir section

The 24-m-thick Toru Aygir section is situated in the northwestern side of the basin

(Figure 3.1C; detailed geological map of the Toru Aygir area is shown in Supplementary
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Figure S3.2). The lower part consists of brown fine and coarse sandstones, with interbeds
of granitic pebbles and gravel and thin lenses of siltstones. The upper part consists of a
series of normally-graded conglomerates deposited in channel structures and well-sorted
sandstones (Figure 3.6C; stratigraphic log is shown in Supplementary Figure S3.3). The
conglomerates and sandstones gradually change into one another along strike.
Paleocurrent measurements show predominantly south-directed transport (Figure 3.1C
and Supplementary Figure S3.3). The most abundant rock type among the conglomerate
clasts is subvolcanic rocks with plagioclase phenocrysts. Clasts of granites, mafic igneous
rocks, and volcanic rocks are also found.

3.4.1.5 Cholpon Ata section

The 20-m-thick Cholpon Ata section is situated on the northern side of the basin (Figure
3.1C; detailed geological map of the Cholpon Ata area is shown in Supplementary Figure
S3.2). It consists of rounded conglomerates, siltstones, and beige well-sorted crossbedded
fine to coarse sandstones with lenses of granitic pebbles and cobbles (Figure 3.6D;
stratigraphic log is shown in Supplementary Figure S3.4). Interbeds of well-cemented and
well-sorted sandstones appear every ca. 1.5 meter. Thickness of conglomerate beds varies
along the section from 20 cm to 1.5 m. Paleocurrent directions show predominantly
southward flow directions (Figure 3.1C and Supplementary Figure S3.4). Granites are
dominant among conglomerate clasts besides clasts of phyllite, volcanic rocks and clastic
sedimentary rocks.

3.4.2 26 AL/1OBE ISOCHRON BURIAL DATING

Five of the ten collected samples yielded usable results (Figure 3.8). The %Al and °Be
concentrations of the other samples do not form an isochron — either due to the low
number of datapoints (e.g., PET-L and PET-U) or due to burial ages exceeding the useful
time range of the 2°Al - 1°Be isotope pair (e.g., CA17-1 and CA17-6) — and so burial ages
could not be calculated with confidence for these samples. In the Kaji Say section, the
Chu — Sharpyl Dak 2°Al/*°Be-isochron-inferred transition age is 2.75 + 0.15 Ma (sample
PET-QTS-PIT; Figure 3.8E) and the top of the section in the Sharpyl Dak deposits is 2.08
+ 0.14 Ma (sample PET-QTS-L; Figure 3.8D). In the Ak Terek section, the upper Chu
deposits close to the overlying Sharpyl Dak provide an age of 2.71 + 0.37 Ma (sample
AKT-U; Figure 3.8C). In the Jergalan section, sample JGL17 yielded an age of 4.26 +
0.44 Ma for the presumable Chu — Sharpyl Dak transition (Figure 3.8H). In the case of
JGL-2, the obtained °Al concentrations were statistically indistinguishable from the
procedural blank. Given that no 2’Al carrier solution was added to the JGL-2 samples
during processing, correcting for 26Al blank is not strictly necessary (see Wilcken et al.,
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2022 for more details). Using the raw (i.e., not blank-corrected) 2°Al, JGL-2 produces an
age of 4.76 + 0.82 Ma (Figure 3.812).
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Figure 3.8. Summary of cosmogenic Al/*°Be isochron burial dating results. (A) Compilation of isochrons
(solid red lines) with data points excluded for clarity. Plots (B-C) — Ak Terek; (D-G) — Kaji Say; (H-12) —
Jergalan; (J-K) — Cholpon Ata. (B-K) Raw cosmogenic %Al and °Be concentrations are shown as yellow
1-sigma error ellipses and linearised concentrations are shown as grey 1-sigma error ellipses. Solid red lines
are the error-weighted best fit to the data, and dashed red lines are 1-sigma error bounds. Ages are in Myr.
Solid black lines in all plots represent theoretical isochrons for constant production (i.e., no burial) assuming
an 2°Al/*°Be production rate ratio of 6.75. Amalgamated sand samples are not included in the plots. (11)
shows 2°Al concentrations at JGL-2 corrected for procedural blank (blue dashed line) and (12) shows results
without blank correction applied to the Z6Al data (see text for more details).
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3.4.3 PETROGRAPHIC STUDY OF THIN SECTIONS

Thin sections of fluvial-alluvial sandstones from the Kaji Say and Ak Terek sections show
mechanical compaction of sandstones, which resulted in point to concavo-convex
contacts, as well as ductile deformation of detrital mica (Figures 3.9A-B). Detrital
feldspar grains are partially corroded by calcite cement. The Ak Terek and Kaji Say
sandstone samples are predominantly arkose and cemented by calcite, which consists
mostly of sparitic blocky cement (Figure 3.9A). Poikilotopic calcite cement is found in
samples of fluvial-alluvial sandstones of the Ak Terek section and the lower Chu unit of
the Kaji Say section (Figure 3.9B). Sandstones from the upper Chu unit of the Kaji Say
section are not compacted; they contain primary carbonate micrite and microsparite
cement, as well as patchy sparitic cement (Figure 3.9C). Lacustrine samples are composed
of primary dense micrite and microsparite (Figure 3.9D). Some lacustrine samples
contain ostracode shells, desiccation cracks, and pores with alveolar textures filled with
sparitic cement (Figures 3.9D-E).

Figure 3.9. Characteristic microphotographs of thin sections from the Kaji Say and Ak Terek sequences
under XPL representing early diagenetic and palustrine alteration. (A) Sandstones from the fluvial-alluvial
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facies, characteristic of the Kaji Say and Ak Terek sections, with sparitic blocky calcite cement (red arrows)
and mechanical compaction (dark blue arrows). (B) Sandstones from the fluvial-alluvial facies,
characteristic of the Kaji Say and Ak Terek sections, with poikilotopic calcite cement (green arrows) and
mechanical compaction (dark blue arrows). (C) Sandstones from the beach facies (Kaji Say) with primary
micrite (light blue arrows) and sparitic calcite cement (red arrows). (D) Lacustrine micrite (Kaji Say) with
planar cracks (yellow arrow). (E) Lacustrine micrite (Kaji Say) with an ostracode shell (white arrow) and
pores with pedogenic alveolar texture (pink arrows) filled with sparitic calcite cement.

3.4.4 OXYGEN AND CARBON ISOTOPE RATIOS

5180 values of Kaji Say samples (Figure 3.2) range from -11.5%o to -7.3%o (PDB), with
an average value of -9.6 = 1.1%o (1c); 8*3C values range from -7.1%o to 0.3%o (PDB),
with an average value of -4.1 = 1.9%o (10). Samples of pedogenic nodules were taken
throughout the whole section, with average values of 0 = -9.7 + 0.8%o and 5'3C = -4.5
+ 0.8%o0. Samples of carbonate cement in fluvial sandstones were taken from the lower
Chu unit, with average values of 80 = -10.4 + 0.9%o and 5*3C = -6.1 + 0.5%o. Samples
of lacustrine marl, siltstone, and mudstone were taken from the upper Chu unit, with
average values of 5180 = -8.8 £ 0.9%o and §*3C = -2.1 £ 1.2%o.

580 values of Ak Terek samples (Figure 3.5) range from -11.5%o to -8.4%o0 (PDB), with
an average value of -10.1 £ 0.6%o (15); 8*3C values range from -7.6%o to -4.2%o0 (PDB),
with an average value of -6.1 + 0.9%o (10).

Both 580 and §*3C values from the Kaji Say gradually increase upsection, whereas Ak
Terek values show no trend, but have a higher variability.

The stable isotope data are provided in the Supplementary Material (Table S3.1).

3.5 DISCUSSION

3.5.1 DEPOSITIONAL AGE AND ENVIRONMENT

3.5.1.1 Kaji Say

Two magnetostratigraphic age models have been published for the Kaji Say section (Roud
et al., 2021). The first option features continuous sedimentation between 12.7 Ma and
9.5 Ma, with an average sedimentation rate of 25 cm ka™ and the Chu — Sharpyl Dak
transition at ca. 10 Ma. The second, preferred option assumes a 2 Ma hiatus in the middle
of the section with ages of 7.0—5.1 Ma for the lower part and 3.0-2.4 Ma for the upper
part, and average sedimentation rates of 23 and 30 cm ka™, respectively. The Chu —
Sharpyl Dak transition for the second option is at 2.8—2.6 Ma. The new 2°Al/*°Be isochron
burial ages we obtained from the upper part of the section show that this transition at ca.
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640 m in the section is 2.75 + 0.15 Ma (sample PET-QTS-PIT, Figure 3.8E), and the
Sharpyl Dak sample at the top of the section is 2.08 + 0.14 Ma (sample PET-QTS-L,
Figure 3.8D). The two sample localities are shown in Figure 3.2 and Figure 3.4. Although
the isochron burial dating did not work in the lowermost part of the section (samples PET-
L and PET-U, Figure 3.8F and Figure 3.8G, respectively; see Figure 3.4 for position), our
two 2Al/*Be isochron burial ages allow for the elimination of the first
magnetostratigraphic age model option and stipulate that the age of the Kaji Say section
is late Miocene — early Pleistocene (Figure 3.2).

Predominantly northwest paleocurrent flow directions indicate that the sediments were
sourced from the Terskey range. The lower Chu unit represents a fluvial-alluvial system
with overbank deposits, reflecting a braided river system with different source areas
within the Terskey range. Rounded well-sorted grey conglomerate clasts (Figure 3.3A)
originated from the widespread granites of the Terskey range. Angular unsorted matrix-
supported red gravel conglomerates (Figure 3.3B) were presumably delivered from the
Taldysui subvolcanic complex, located at the front of the Terskey range around the Kaji
Say area. This interpretation is based on the geological map of Kyrgyzstan (scale
1:500000, VSEGEI, 2008). The Taldysui subvolcanic complex does not crop out
upstream of our other studied sedimentary sections and they do not contain such clasts.

The characteristics of the red gravel conglomerates indicate that they are debris flow
deposits, which represent an alluvial fan with deposits derived from a proximal source
area. The grey granitic conglomerates and sandstones were deposited in channel
structures and represent the bedload of a braided river with prolonged flows that allowed
sorting and normally-graded deposition. Conglomerates and well-sorted sandstones mark
pulses of high-energy flows. Siltstones represent floodplain deposits that accumulated
from sheet flows during strong floods. Pedogenic alteration of the fine sediments is weak,
represented by immature horizons of small calcrete nodules. Their presence indicates
changes in the depositional environment with periods of decreased deposition between
pulses of conglomerate accumulation (Alonso-Zarza, 2003; Breecker et al., 2009).

The depositional environment changed significantly in the upper Chu unit, which
represents a lacustrine environment with a beach, a distal fan delta, and periodic rapid
intense debris flow deposits of predominantly red angular conglomerates. Lacustrine
calcareous mudstones, calcareous siltstones and marls (Figure 3.3C) were deposited in a
shallow lake with low sedimentation rates and decreased clastic input. These are the
oldest reported lacustrine deposits in the Issyk-Kul basin above the modern lake level.
The occurrence of pedogenic nodules in the lacustrine carbonates and pedogenetic
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alteration of the lacustrine mudstone, observed in thin sections (see section 5.2.1), point
to repeated lowering of the lake level and exposure of the deposits during dry periods
with very slow sedimentation (Alonso-Zarza, 2003; Breecker et al., 2009). The
occurrence of thin sandstone lenses within lacustrine marls indicates distal fan delta
deposition at the lake margin. The coarse debris flow deposits show that intensified
terrigenous input propagated into the lake. Within the measured section, the first beach
facies sandstone bed occurs at 450 m, followed by a 5-cm-thick lacustrine calcareous
mudstone bed (Figure 3.3D). Our field observations indicate that lacustrine deposits first
appear stratigraphically earlier, ca. 200 m to the west of the measured section and laterally
change into fluvial-alluvial deposits eastward (Figure 3.4). Overall, there were periodic
shifts between slow sedimentation in a lacustrine/palustrine system and rapid
sedimentation in an active alluvial system (Figure 3.3E). The gradational Chu - Sharpyl
Dak transition marks an increase in frequency and thickness of the conglomerate beds,
while lacustrine beds became thinner. The overlying Sharpyl Dak conglomerates
represent a large series of debris flow deposits in a proximal alluvial fan that progressively
filled the basin and shifted the lake margin northward (Figure 3.3G).

3.5.1.2 Ak Terek

The straightforward correlation of the polarity pattern retrieved from the Chu group
deposits with the geomagnetic polarity time scale indicates that the Chu group was
deposited between 6.3 and 2.8 Ma with an average sedimentation rate of 13 cm ka*; there
is a short interval with a sedimentation rate of 21 cm ka™ at ca. 5 Ma (Roud et al., 2021).
This age model places the Chu — Sharpyl Dak transition at 2.8 Ma (Figure 3.5). Our
26A1/*°Be isochron burial age for the uppermost Chu is 2.71 + 0.37 Ma (sample AKT-U,
Figure 3.8C; see Figure 3.5 and Supplementary Figure S3.1 for position of the sample),
consistent with the magnetostratigraphic age constraints. The sample from the Sharpyl
Dak deposits did not yield reliable results (sample AKT-Q, Figure 3.8B). However, these
two dating methods provide highly-consistent results; thus, we can conclude that the Ak
Terek section was deposited during the late Miocene — Pliocene.

The Ak Terek section is interpreted to represent the deposits of a meandering river system.
The rounded and well-sorted conglomerates and sandstones are mostly granitic and
originate from the granites of the Terskey range, as indicated by the predominantly
northeast paleocurrent flow directions. The conglomerates were deposited in large
channels; together with well-sorted grey sandstones, they comprise the river bed load
(Figure 3.6A). Sandy siltstones and massive mudstones represent a floodplain with
episodical fluvial input during flood stages. Repeated alternations between fluvial and
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floodplain deposits suggest a distal fluvial system with a migrating channel on a
floodplain. Pedogenesis occurred in fine-grained deposits throughout the section with
thin, immature, rare horizons of small calcrete nodules in the lower part of the section and
a gradual upsection increase in their size and abundance (Figure 3.6B). Calcrete nodule
horizons and gypsum layers in the upper part of the section suggest alternation of stronger
rainfall and prolonged dry periods (Breecker et al., 2009) with very low sedimentation
rates (Alonso-Zarza et al., 1992). The upsection increase in nodule abundance between
ca. 6 and ca. 3.5 Ma reflects a Pliocene increase in water availability and seasonality. A
decrease in the pedogenic nodule abundance and decreasing thickness of floodplain
deposits after ca. 3.5 Ma suggest shortening of periods of slow deposition and soil
formation and likely more frequent conglomerate deposition due to an increase in tectonic
activity or glaciation in the Terskey range.

3.5.1.3 Jergalan

The sequence records a proximal high energy braided river system gradually transforming
into a proximal alluvial fan. Conglomerates in the uppermost parts of the two cliffs
represent the fill of a coarse-grained braided river above an angular unconformity
(Figures 3.7B-C). Both channel structures probably represent Quaternary deposition. We
interpret the Chu — Sharpyl Dak transition to be represented by the gradational contact
between finer and coarser gently-dipping deposits; therefore, Sharpyl Dak deposition
started when the conglomerates started to prevail. The results from sample JGL17, taken
from the bottom of the upper (coarser) part (Figure 3.7A), suggest that the age of the Chu
— Sharpyl Dak transition occurs at 4.26 + 0.44 Ma (Figure 3.8H). The stratigraphically
older JGL-2 sample yields an 2°Al/*°Be isochron burial age of 4.76 + 0.82 Ma when 2°Al
concentrations are not blank-corrected (Figure 3.812). The above results roughly constrain
the Chu - Sharpyl Dak transition in Jergalan to be not older than 5 Ma; i.e. early Pliocene.
This age is notably older than at Kaji Say and Ak Terek, where the transition occurred at
2.8-2.6 Ma. The paleocurrent analysis suggests that the Chu - Sharpyl Dak transition unit
was fed by sediments from the Kungey range. Hence, we suggest that exhumation of the
eastern Kungey range began at ca. 5 Ma.

3.5.1.4 Toru Aygir and Cholpon Ata

The Toru Aygir and Cholpon Ata sequences represent deposits from a meandering fluvial
system. A series of channels in the Toru Aygir section with subrounded conglomerates
and well-sorted sandstones represent deposition in a high energy flow from the bedload
of a river (Figure 3.6C). In the Cholpon Ata section, large channels filled with rounded
conglomerates and sandstones are interbedded with siltstones and represent the coarse
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bedload of a migrating channel on a floodplain (Figure 3.6D). A detailed description of
both sections and geological maps of the area are presented in Selander et al. (2012). The
Toru Aygir area is also described in details in Bowman et al. (2004).

Both sequences belong to the Chu group. Selander et al. (2012) described two members
of the Chu group on the southern flank of the Kungey range — the stratigraphically older
Terskey member with northward-flowing paleocurrent indicators, sourced from the
Terskey range, and the stratigraphically younger Kungey member with southward-
flowing indicators, sourced from the Kungey range. The Terskey member is mapped
throughout the range front, while the Kungey member is exposed only in the eastern part
of the Kungey range (Supplementary Figure S3.2). The initiation of Kungey range growth
is estimated to be between 7-4 Ma (Selander et al., 2012). The Toru Aygir section is
located in the western Kungey range and the Chu deposits there belong to the Terskey
member (Supplementary Figure S3.2), although our measurements of mainly southward
paleocurrent directions contradict data from Selander et al. (2012) (Figure 3.1C and
Supplementary Figure S3.3). The Cholpon Ata section is situated in the eastern Kungey
range and exhibits both members (Supplementary Figure S3.2), although our
measurements of mostly southward paleocurrent directions in both the stratigraphically
older (Terskey member) and stratigraphically younger (Kungey member) parts of the
section also contradict data from Selander et al. (2012) (Figure 3.1C and Supplementary
Figure S3.4). This suggests that the Terskey member of the Cholpon Ata and Toru Aygir
sections includes deposits sourced mainly from the Kungey range, in contrast with data
from Selander et al. (2012), which show a distinctive prevalence of northward-directed
paleocurrents in the Terskey member.

3.5.2 DIAGENETIC CHARACTERISTICS

3.5.2.1 Thin section inspection

Sparitic and poikilotopic calcite cement and mechanical compaction in fluvial-alluvial
sandstone samples (Figures 3.9A-B) suggest that the Ak Terek section and the lower Chu
unit of Kaji Say underwent early stages of diagenesis (Worden et al., 2018). Higher
temperatures associated with diagenesis may lead to crystal growth within the calcite
cements (Worden and Burley, 2003). Therefore, the Ak Terek section and the lower Chu
unit of Kaji Say might have undergone a higher degree of recrystallization than
sandstones from the beach facies, alluvial and lacustrine deposits with microsparitic
cement and micrite of the upper Chu unit of the Kaji Say section (Figure 3.9C).
Nevertheless, some of the samples with poikilotopic cement only have point contacts
between grains, which may mean that cementation occurred at an early stage of alteration
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without substantial burial and compaction. Lacustrine carbonate of the upper Chu unit of
the Kaji Say section consists of primary micrite and microsparite and exhibits evidence
of palustrine alteration during dry periods without significant burial, such as desiccation
cracks and pores with alveolar textures and pore-filling sparitic calcite cement (Figures
3.9D-E; Alonso-Zarza et al., 2010). Microsparite infills porosity in primary lacustrine
micrite and can result from primary cementation in a subaerial environment or during
pedogenesis (Freytet and Verrecchia, 2002).

3.5.2.2 Evaluation of the diagenetic overprint in the stable isotopic record

5180 values of carbonate depend on the 880 values of the fluid from which carbonate
precipitated and on the carbonate formation temperature. As such, carbonate formation
and recrystallization under elevated temperatures, as well as the presence of basinal fluids
during burial diagenesis, can affect the primary §'®0 values of authigenic carbonate
minerals. Higher temperature resetting of 520 values during burial and diagenesis
typically results in low 8'80 values (e.g. Methner et al., 2016; Quade et al., 2020) due to
the temperature-dependance of water-calcite fractionation (e.g. Swart et al., 2015 and
references therein). The 520 values of the Kaji Say and Ak Terek sections do not yield
suspiciously low 880 values that would be associated with deep (higher temperature)
burial diagenesis. One could hypothesize that the increasing 520 and §'°C values with
stratigraphy in the Kaji Say section could be burial related, i.e. lower values at the base
of the section might reflect a higher level of diagenetic overprint due to higher
temperatures. Unlike the Kaji Say samples, those from Ak Terek do not show such a
trend; however, the data scatter along the Ak Terek record could reflect alteration in
connection with dissolution and reprecipitation of calcite at different temperatures related
to different burial depths (Sanyal et al., 2005). Distinctively more positive *C values of
lacustrine calcareous mudstone samples suggest that the primary lacustrine isotopic signal
was not significantly affected by diagenetic and pedogenetic alteration (Alonso-Zarza,
2003).

We suggest that cementation and pedogenetic alteration happened under similar near-
surface meteoric conditions and we argue that the similarity of '0 and §*3C values of
sandstone cement, pedogenic and lacustrine carbonates in the Kaji Say section suggests
similar post-depositional environments in the stratigraphically older and younger parts of
the Kaji Say section. At the same time, as the values in the Kaji Say and Ak Terek sections
overlap (Figure 3.10), we conclude that the rocks of the Ak Terek and Kaji Say sections
reflect similar post-depositional conditions of early diagenesis. Early diagenesis
corresponds to near-surface and shallow burial conditions under the influence of the
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depositional environment when sediments are buried to less than 2 km and temperatures
below 70 °C (Worden and Burley, 2003). Early diagenesis does not alter oxygen isotopic
values when occurring at near surface temperatures (Garzione et al., 2004; Sanyal et al.,
2005), such as would be expected in the relatively thin stratigraphic sequences that we
have studied. Moreover, our stable isotope values overlap with the values from other
northern Central Asian sections (Figure 3.11), the rocks of which were reported to be
unaffected by burial diagenesis. As the sedimentary sequences in Central Asia have
different thicknesses but show similar 880 and §!3C values, burial diagenesis does not
appear to have played a major role (Caves Rugenstein and Chamberlain, 2018). We
therefore conclude that our sections did not experience late diagenesis and that our
isotopic results reflect primary values.

3.5.3 STABLE ISOTOPE ANALYSIS

3.5.3.1 Stable isotope-based paleoenvironmental reconstructions from continental
carbonates

5180 and 8°C values of terrestrial carbonates may record information on paleoclimate,
paleoaltimetry, vegetation types, lake water characteristics and diagenesis, provided that
carbonate precipitation occurs in equilibrium with soil or lake water (e.g., Cerling, 1984;
Talbot, 1990; Cerling et al., 1997; Poage and Chamberlain, 2001; Garzione et al., 2004;
Levin et al., 2006; Quade et al., 2011).

5180 values of pedogenic and lacustrine/palustrine carbonate reflect the temperature of
carbonate formation and the 580 values of soil water or lake water, respectively. In the
absence of reconstructed carbonate formation temperatures, we interpret the pedogenic
carbonate §'80 values in terms of changes in 580 values of local precipitation (Cerling
and Quade, 1993). We interpret the lacustrine and palustrine carbonate 520 values to
reflect average precipitation §'80 values within the catchment area (Talbot, 1990). 5180
may be modified by the impact of lake level and evaporation dynamics. For example, the
preferential release of %0 from lake water during evaporation leads to increased 580
values in response to enhanced evaporation.
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Figure 3.10. 6§80 and 6*°C data from the Issyk-Kul basin plotted against the age model. Kaji Say and Ak
Terek data plotted against the original age model of Roud et al. (2021). Using the revised age for the hiatus
proposed in this manuscript would shift the lacustrine mudstones plotted at 5 Ma to 3 Ma. Jeti Oguz and
Chon Kyzylsu data are from Macaulay et al. (2016), replotted using the age model of Roud et al. (2021).

Mountain growth leads to orographically-induced rainout, which preferentially removes
80 from water vapor and results in a systematic decrease of 580 values with elevation
on the windward side and low 8*20 values in the lee (e.g., Chamberlain and Poage, 2000;
Rowley and Garzione, 2007; Quade et al., 2011; Chamberlain et al., 2012; Mulch, 2016).
Therefore, 5180 values of pedogenic and lacustrine carbonates may provide a proxy for
the 5180 of meteoric water, and thus paleoelevation of carbonate formation.

Moreover, an increase in pedogenic carbonate 6*80 can point to increased evaporation or
a shift in seasonality of precipitation to a warmer season. Aridity of Central Asia leads to
an increase in soil and lake water evaporation, resulting in moisture recycling and high
and relatively steady &'®0 values (Caves Rugenstein and Chamberlain, 2018).
Furthermore, topographic growth of the Tian Shan created a seasonality pattern of winter-
spring precipitation on the windward (northwestern) side and summer precipitation within

the range and on the leeward (southeastern) side (Baldwin and Vecchi, 2016). Dry winter
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conditions due to weak westerlies and a dominant Siberian High lead to orographic
rainout of the westerly moisture on the windward side in winter, but prevalence of
cyclonic activity at high elevations in the summer leads to rainfall at high elevations
(Bershaw and Lechler, 2019). This effect results in low 580 values of winter precipitation
on the windward side and high and steady 330 values of summer precipitation within the
range and in the lee (Wang et al., 2016; Bershaw and Lechler, 2019).

Tajik basin Issyk Kul basin Ili basin Zaysan basin Junggar basin

M Wang et al. This study and Prud’homme et al. 2021 Caves et al. Charreau et al.
2020 Macaulay et al. 2016 and Frisch et al. 2019 2017 2012
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Figure 3.11. New and published & 80 and & 3C data from the basins on the northern (windward) side of
the Tian Shan, Altai and Pamir, plotted against age. New data from the Issyk-Kul basin plotted against the
original age model of Roud et al. (2021). All data except Ili basin are smoothed using a 6-point moving
mean, data from the Ili basin are smoothed using a 30-point moving mean. Ili basin data from Hellwig et
al. (2018) are not included due to a lack of age constraints. 1-8 show main events, reflected in the stable
isotopic records (interpretations are taken from the corresponding articles): (1-2) — windward positions of
the Tajik (Wang et al., 2020) and Issyk-Kul (this study and Macaulay et al., 2016) basins due to growing
Tian Shan and Pamir; (3) — global climatic changes in the Ili basin caused by orbital forcing (Frisch et al.,
2019), which are not reflected in time-equivalent records from other basins; (4) — change from a windward
to leeward position of the Issyk-Kul basin due to northward growth of Tian Shan (this study); (5) —
aridification in the Issyk-Kul basin after Kyrgyz, Kungey and Trans Ili ranges blocked the westerly moisture
from reaching the basin (this study); (6) — aridification in Central Asia, caused by interactions between the
westerlies and the Siberian High (Prud’homme et al., 2021); (7) — windward position of the Zaysan basin
due to growing Altai (Caves et al., 2017); (8) — two records from the Junggar basin are controlled by
hypsometry of the drainage basins and do not reflect climatic or tectonic changes (Charreau et al., 2012).

The §'3C values of pedogenic carbonates are primarily driven by the carbon isotopic
composition of vegetation and ultimately reflect the relative importance of atmospheric

and soil-respired CO> during their formation (Cerling, 1984; Cerling and Quade; 1993).
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Reduced precipitation theoretically leads to lower soil respiration rates and subsequently
to a decrease in the soil carbonate formation depth and a higher contribution of
atmospheric CO2. Overall, a decrease in precipitation therefore typically results in more
positive *C values of pedogenic carbonates (e.g., Caves et al., 2016). Differences in
fractionation of !C in Cs and C4 plants during photosynthesis lead to ca. 14 per mil
lower 8%C values in Cs plants. However, we neglect this effect because of scarce
abundance of C4 vegetation in Central Asia (e.g., Caves Rugenstein and Chamberlain,
2018).

Variations in lake carbonate 8°C values generally reflect changes in biogenic
productivity (e.g., Li and Ku, 1997). Because organic matter preferentially takes up the
light carbon isotope (*C), increased biogenic productivity leads to a relative increase of
13C in dissolved CO2, which is incorporated in carbonate during precipitation. Therefore,
increased biogenic productivity in a lake leads to an increase in 8'3C in lacustrine
carbonate. Hydrologically closed basins have no surface outlet and hence most water exits
the basin through evaporation. 5*C and §'®0 generally display a covariance in closed
basins. This is typically the result of temperature changes during carbonate formation,
which governs biogenic productivity as well as evaporation (e.g. Li and Ku, 1997).

3.5.3.2 Published stable isotopic records from the windward basins of the Tian Shan and
Altai

By combining new stable isotope data from the Kaji Say and Ak Terek sections and
published data from the Jeti Oguz and Chon Kyzylsu sections (Macaulay et al., 2016)
with the age models for the four sections (Roud et al., 2021), we have compiled a
continuous oxygen and carbon stable isotopic record that covers the time interval from
the early Miocene to the early Pleistocene (Figure 3.10).

Other studied windward basins in the Tian Shan and Altai include the Ili basin (Hellwig
et al., 2018; Frisch et al., 2019a; Prud’homme et al., 2021), Tajik basin (Wang et al.,
2020), Junggar basin (Charreau et al., 2012), and Zaysan basin (Caves et al., 2017)
(Figure 3.11). In the sedimentary section in the Tajik basin (1800-m-thick, 41-23.3 Ma),
mudstones and carbonate cement in sandstones were analyzed. The 30 record shows a
change toward wetter conditions after ca. 25 Ma when the basin setting shifted to a
windward position due to the establishment of the Pamir and Tian Shan orographic barrier
(Wang et al., 2020). The Kendyrlisai Valley section in the Ili basin is ca. 166-m-thick and
is of late Oligocene to early Miocene ages. Starting from ca. 23.3 Ma, the sedimentary
sequence records the establishment of a fluvial system, while the 580 and §'3C values of
pedogenic carbonates increase and reflect increasing aridity and pronounced seasonality
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(Hellwig et al., 2018). The Aktau section in the Ili basin (371-m-thick, 15.6-10.6 Ma)
provides a sedimentary record with pedogenic and lacustrine carbonates with features of
early diagenesis and shows an overall increase in water availability, whereas the 580 and
813C values reflect changes in the depositional environment due to global climatic
changes caused by orbital forcing (Frisch et al., 2019a). The §'80 and §'C values of
sampled pedogenic carbonates of the Charyn Canyon section in the Ili basin (ca. 80-m-
thick, 4.5-0.5 Ma) reflect long-term aridification in Central Asia, caused by the interplay
between the westerlies and the Siberian High (Prud’homme et al., 2021). In the Kuitun
He (1800 m, ca. 10-4.5 Ma) and Jingou He (4500 m, ca. 26-8 Ma) sections in the Junggar
basin, lacustrine and paleosol carbonates were analyzed, as well as carbonate cement from
fluvial deposits. The §'80 values of the two records are interpreted to be controlled by
hypsometry of the drainage basin (Charreau et al., 2012). In the Zaysan basin section (188
m, 11.5-5 Ma), pedogenic carbonates were sampled and the late Miocene decrease in 80
values is interpreted to reflect the establishment of the spring and fall precipitation due to
the downwind topographic growth of the Altai (Caves et al., 2017).

3.5.3.3 Climatic conditions from 23 to 8 Ma

580 and §*3C records from the Jeti Oguz and Chon Kyzylsu sections suggest rather stable
long-term climatic conditions between 23 and 8 Ma. One may observe a subtle negative
trend upsection from ca. -3 to -5%o to ca. -7 to -8%o in §*3C values and from ca. -9 to -
11%o to ca. -12 to -14%o in 5'80 values (Figure 3.10), which may reflect the establishment
of windward conditions at higher elevations within the basin and a progressively higher
degree of orographic rainout since the early Miocene due to topographic growth of the
Terskey range downwind (Figure 3.12A). The sampled rocks in the Jeti Oguz and Chon
Kyzylsu sections are thin overbank deposits with a weak pedogenic overprint; therefore,
river run-off water delivered to the river overbank during floodings possibly may have
had an impact on stable isotopic values. An increase in catchment area’s elevation would
cause delivery of water from higher elevations within the Terskey range with lower 580
values that would result in lower 880 values of the carbonates. Concurrently, wetter
conditions would increase soil respiration rates and/or decrease hydraulic stress on the Cs
vegetation and lower §3C values (Macaulay et al., 2016). Therefore, this suggests that
topographic growth of the Terskey range played the primary role in the decrease of %0
and 823C values between 23 and 8 Ma.
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Figure 3.12. A schematic representation depicting the Neogene development of the Issyk-Kul basin. (A)
Windward position of the Issyk-Kul basin due to growing Terskey range. Sediments from the Terskey range
reach the low-elevated Kungey range area. (B) Sufficient surface uplift of the Kyrgyz, Kungey and Trans
Ili ranges prevent the westerlies from reaching the Issyk-Kul basin. Issyk-Kul basin became leeward. (C)
Beginning of lake formation in the Kaji Say area and commencement of Sharpyl Dak deposition in Jergalan
due to tectonic activity. Sharpyl Dak sediments in Jergalan are sourced from the Kungey range. (D) Lake
expansion and commencement of Sharpyl Dak deposition in the Kaji Say and Ak Terek areas.

A similar subtle decreasing trend in 80 values from the Tajik basin between ca. 25 and
ca. 23.3 Ma, suggests the primary role of the growing topography in both Tajik and Issyk-
Kul basins (Figure 3.11). At the same time, the late Oligocene — early Miocene stable
isotopic records from the 1li basin show increasing trends of 0 from ca. -11 to ca. -7%o
and 813C from ca. -9 to ca. -5%o (Hellwig et al, 2018; these data are not included in Figure
3.10 due to a lack of age constraints). The time-equivalent part of the Junggar basin 580
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and 8*3C records shows no trend with 580 values of ca. -10%o and §*3C values of ca. -
8%o (Figure 3.11). Not only the 5180 values, but also the §!3C values from the Issyk-Kul
and Ili basins show opposing trends. Whereas the Issyk-Kul stable isotopic values reflect
the topographic growth of the Terskey range, the results from the Ili basin are interpreted
to reflect increased evaporation and aridification in Central Asia (Hellwig et al., 2018),
and the Junggar record reflects the hypsometry of the drainage basin (Charreau et al.,
2012). Even though higher water availability was detected in the Ili basin by the
establishment of a fluvial system at ca. 23 Ma (Hellwig et al., 2018), and in the Junggar
basin by the presence of lacustrine deposits in the late Oligocene (Charreau et al., 2012),
the stable isotopic records from these two basins do not unequivocally point to locally
wetter conditions. The slight negative 5'80 and &!3C trends in the early Miocene deposits
of the Issyk-Kul basin suggest wetter conditions that are mainly controlled by local
topographic, rather than regional or global climatic factors.

The middle Miocene Issyk-Kul and Ili stable isotope records show drastically different
values and trends (Figure 3.11). This can be explained by the difference in data resolution
and the sampled sediment facies. The Ili basin represents lacustrine and distal alluvial
facies and has 821 measurements spread over ca. 5 Ma (371 m; Frisch et al., 2019a),
whereas the Jeti Oguz and Chon Kyzylsu records include 53 samples, which were taken
from overbank pedogenic horizons and spread over ca. 15 Ma. The low-resolution Issyk-
Kul record of isotopic values obtained from pedogenic carbonate is therefore mostly
driven by long-term climatic conditions. In contrast, the Ili sedimentary succession
reflects global climatic and orbital changes (Voigt et al., 2017; Frisch et al., 2019b), and
the 1li stable isotopic record is reported to be primarily controlled by the changes in the
depositional environment (Frisch et al., 2019a). Therefore, these two records cannot be
directly compared. The Issyk-Kul, Zaysan and Junggar stable isotopic records of
pedogenic carbonates suggest comparable and relatively unchanged paleoenvironments
up to ca. 8 Ma with no significant influence of either climatic changes or mountain growth
in the middle Miocene (Figure 3.11).

3.5.3.4 Positive shift in 6180 and 6'3C values between 8 and 7 Ma

Between 8 and 7 Ma we observe a distinctive ca. 2%o positive shift of §'80 and §°C
values within the Issyk-Kul basin (Figure 3.10). The shift occurs during a ca. 0.6 Ma gap
in the combined Issyk-Kul basin record and occurs between the records from the Jeti
Oguz and Chon Kyzylsu sections and the records from the Kaji Say and Ak Terek
sections.
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There are several possible mechanisms that could induce a ca. 2%o shift in §*80 and §3C
values at 8-7 Ma. 1) Given that the ca. 0.6 Ma stratigraphic gap coincides with a change
in sampling localities, the decrease in §*80 values may result from spatial environmental
changes within the basin (Figure 3.1C). 2) An orographically-induced change from a
windward to a leeward position of the basin by changes in atmospheric circulation and
topography to the northwest, blocking of moisture-bearing westerlies, and an increase in
evaporation and aridification. 3) Global cooling and retreat of the Parathetys, the proximal
moisture source for Central Asia, to the west, which reduced the amount of water vapor
in the atmosphere and enhanced aridification during Miocene times (e.g., Ramstein et al.,
1997; Zachos et al., 2001; Miao et al., 2012).

Differences in the geographic positions and depositional environments between the
sections within the Issyk-Kul basin likely did not play a role in creating the observed
change in 5180 and §*3C values. The amount of moisture and precipitation, as well as the
isotopic composition of rainfall and mean annual temperature were likely the same within
the basin. Even though the Kaji Say section is situated ca. 70 km west from the Jeti Oguz
and Chon Kyzylsu sections, it is also ca. 50 km east from the Ak Terek section, and the
5180 and 8°C values at Kaji Say and Ak Terek overlap. Also, the Jeti Oguz and Chon
Kyzylsu sections belong to the Shamsi sedimentary group, which consists of coarser-
grained deposits than the Chu group of the Kaji Say and Ak Terek sections. However,
there was no isotopic shift or change of trend in the coarse-grained alluvial deposits of
the upper Chu and Sharpyl Dak groups compared to the finer-grained lower Chu deposits
in the Kaji Say section. The match of the timing of the Shamsi—Chu transition and the
shift in stable isotopic values mark a significant tectonic event that could have reorganized
local climate and fluvial systems.We consider the intensification of basin-wide
evaporation and aridification through changes in topography as the most plausible
explanation for this observed shift. Contemporaneous stable isotope data from the Zaysan
(Caves et al., 2017) and Junggar (Charreau et al., 2012) basins do not show a similar shift
in 580 and &C values or changes in the trends in the late Miocene (Figure 3.11).
Therefore, we conclude that the positive shift had a local, rather than a regional or global
driver, and that global cooling and Paratethys retreat were unlikely to have caused the
isotopic shift in the Issyk-Kul record.

Low temperature thermochronological data show that the onset of deformation in the
Terskey, Trans Ili, and Kungey ranges occurred during the late Oligocene — early Miocene
(Macaulay et al., 2013, 2014, De Grave et al., 2013, De Pelsmaeker et al., 2015), with a
second pulse of exhumation during the middle-late Miocene (Macaulay et al., 2014).
Paleocurrent data from the Kungey range (Selander et al., 2012) indicate that sediments
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from the southerly Terskey range were deposited in the Kungey area during the middle
Miocene, implying that the Kungey range was relatively low-lying at that time; thus,
Selander et al. (2012) proposed that substantial uplift of the Kungey happened during the
second pulse of exhumation between 7 and 4 Ma. Thermochronological data from the
Kyrgyz range, northwest of the Issyk-Kul basin, indicate that range uplift prograded
eastward from 11 to 7 Ma (Bullen et al., 2001, 2003, Sobel et al., 2006b).

We therefore interpret the ca. 2%o shift in 530 and §*3C values between 8 and 7 Ma to be
caused by sufficient surface uplift (ca. 1300 — 2000 m, Bookhagen and Strecker, 2008;
Bookhagen and Burbank, 2010) of the Kyrgyz range, as well as the growth of the Trans
Ili and Kungey ranges. The isotopic shift therefore reflects a change from a more
windward to a more leeward position of the Issyk-Kul basin (Figures 3.12A-B). Prior to
surface uplift of the aforementioned ranges, the Issyk-Kul basin received moisture by the
westerlies coming mainly from the NW. The formation of a rain shadow would lead to a
decrease in &80 values in the basin due to orographically-induced rainout on the
windward sides of the Kyrgyz, Trans Ili and Kungey ranges. However, the ca. 2%o shift
and the switch of the stable isotopic trend from increasingly negative values between ca.
23 and 8 Ma to increasingly positive 'O values and relatively steady 5*°C values rather
reflect an increase in aridity and evaporation as a result of surface uplift after ca. 8-7 Ma.
Moreover, the change from a windward to a leeward position might have caused a change
in the seasonality of precipitation due to interactions of the moisture-bearing air masses
with high topography. At present, the Issyk-Kul basin is characterized by a spring and
summer precipitation regime with higher 50 values of summer precipitation than winter
precipitation (Baldwin and Vecchi, 2016; Macaulay et al., 2016; Wang et al., 2016). We
suggest that the simultaneous establishment of a rain shadow, which would lower the
5180 values, and an associated increase in aridity and change in the seasonality of
precipitation, which would lead to an increase in the §'80 values, led to a combined ca.
2%o positive shift in the 580 record.

3.5.3.5 Climatic conditions from 7 to 2.5 Ma

Between 7 and 5 Ma, a subtle upsection trend towards more positive 5§80 and §**C values
can be observed in Kaji Say. In Ak Terek, 6*80 and §*3C values are more variable and
lack a trend, which can reflect natural scatter of isotopic values and indicate a steady
fluvial environment with no noticeable climatic changes. A meandering river, situated
farther from the range front, has more diverse water sources and a larger drainage area
than a proximal braided river near the range front. This results in the accumulation of
runoff water with variable isotopic signals on a floodplain and, subsequently, in higher
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variability of §'80 values in the water of a meandering rather than a braided river (Kent-
Corson et al., 2009). Sediments in the two studied sections primarily record the isotopic
signal of runoff river water, because, as mentioned above, in the I1ssyk-Kul basin summer
rainout occurs at high elevations (Bershaw and Lechler, 2019), which is supported by
palynology (Fortuna, 2016). Therefore, between 7 and 5 Ma the difference in Kaji Say
and Ak Terek stable isotopic records may reflect a small difference between a more
proximal position with respect to the Terskey range front of a braided river in Kaji Say
and a more distal position of a meandering river at Ak Terek. The proximal position of
the Kaji Say section with a smaller drainage area could result in higher sensitivity of
pedogenic carbonates to changes in water isotopic composition and lead to the creation
of the observed trend. Nevertheless, between 6.3 and 5 Ma the §*20 and §'3C values from
the two sections overlap, suggesting a similar fluvial environment across the basin.

In the lower Chu unit of the Kaji Say section (fluvial-alluvial, 0 - 450 m; Figure 3.2), §*0
and 8*3C values of sandstone cement and pedogenic carbonates are comparable (average
values: 8*Ocement = -10.4 £ 0.9%o and 5'®Opedogenic = -10.2 = 0.4%o0; 6*3Ceement = -6.1 =
0.5%o and 8*3Chpedogenic = -4.7 £ 0.8%o), suggesting that both types of carbonate formed in
similar near-surface conditions from meteoric water. In the upper Chu and the Sharpyl
Dak units (alluvial and lacustrine, 450 — 700 m; Figure 3.2), lacustrine 8'80 values are
comparable to the pedogenic carbonate 520 values, and sustain the trend towards more
positive values without abrupt changes (average values: 5®Oiacustrine = -8.8 + 0.9%o and
818 Opedogenic = -8.9 £ 0.6%o). This suggests that pedogenic and lacustrine carbonates reflect
similar conditions and that the lake did not experience significant evaporation, which
would increase the §'80 and §*3C values. The lacustrine samples from the Kaji Say section
show a relatively weak correlation between the 180 and §'3C values, with r = 0.49. Poor
correlation with r < 0.7 (Talbot, 1990) suggests a hydrologically open lake system with
relatively short water residence time and 880 values reflecting the isotopic composition
of rainfall and inflowing river water (Talbot, 1990; Leng and Marshall, 2004). In contrast,
the isotopic composition of lacustrine carbonates in closed lakes is mainly controlled by
the hydrological balance and evaporation, so that the §'0 and §'*C values of lake water
reflect lake level changes, showing variable and high 80 values and a strong covariance
between 580 and §!3C (Li and Ku, 1997; Leng and Marshall, 2004). The upper Chu and
Sharpyl Dak units have more positive lacustrine mudstone §'3C values (average value:
813 Clacustrine mudstone = -1.4 £ 1.0%o0), while lacustrine marls and siltstones samples yield
513C values between those from pedogenic carbonates and lacustrine mudstones (average
values: 8'3Clacustrine marl and sitistone = -2.9 £ 0.9%o0 and 83Cpedogenic = -4.3 £ 0.9%o). The
distinctively more positive lacustrine mudstone $°C values likely represent higher

biogenic activity within the lake.
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Between 7 and 5 Ma, a subtle trend towards positive 580 values can be observed in the
combined Issyk-Kul record when the data from the Kaji Say and Ak Terek sections are
merged (Figure 3.10). This is in agreement with gradual aridification in the basin, which
was primarily caused by the growth of the Kyrgyz, Kungey and Trans Ili ranges upwind
and was also suggested by the spore and pollen data (Grigina and Fortuna, 1981).
Avridification across Central Asia was enhanced since ca. 8-7 Ma (Jia et al., 2020), and
global cooling intensified between ca. 7 and ca. 5.4 Ma (Herbert et al., 2016). Therefore,
primarily orographically-induced aridification in the Issyk-Kul basin might have been
sustained and amplified by global factors. During this period, the §*80 and §!3C data are
comparable in the Issyk-Kul and Junggar basins and reflect similar climatic conditions
(Figure 3.11). The ca. 2%o difference in 5'80 values of the two records from the Junggar
basin is interpreted to be caused by differences in elevation of the catchment area
(Charreau et al., 2012), which might also be the case for the ca. 2%o difference between
the Issyk-Kul and Junggar records. The ca. 4%o lower 520 values from the Zaysan basin
compared to Issyk-Kul can be explained by the windward position of the Zaysan basin,
while the Issyk-Kul basin maintained a leeward position starting from ca. 8 Ma (Figure
3.11). Growth of the Altai, downwind from the Zaysan basin, led to changes in the
interactions of the cyclones and topography, and, subsequently, in the seasonality of
precipitation, resulting in a decrease in §*20 values (Caves et al., 2017).

From 4.5 to 2.5 Ma the stable isotopic values from the Issyk-Kul basin are comparable to
the values from the nearby Ili basin (Figure 3.11). The Ili basin record is interpreted to be
primarily controlled by global climatic changes and to reflect relatively warm and wet
conditions between ca. 4.5-3.3 Ma with the dominance of the westerlies and aridification
between ca. 3.3-2 Ma due to a southward shift of the westerlies and the prevalence of dry
air masses from the Siberian High (Prud’homme et al., 2021). The similarity in records
from the two basins indicates that the primarily orographically-induced aridification in
the Issyk-Kul basin has been enhanced by these changes in the moisture source at that
time.

We conclude that the stable isotopic record from the Issyk-Kul basin reflects a relatively
steady environment of a leeward basin with a possible influence of global climatic
changes from ca. 7 to ca. 2 Ma. Similarity in records from the northern side of the Tian
Shan (Issyk-Kul, 1li, and Junggar basins) may indicate that during this time the character
of interactions between the Tian Shan and the westerlies was relatively steady and similar
along the range.
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3.5.4 PLIOCENE HIATUS AND LAKE FORMATION IN THE KAJI SAY AREA

3.5.4.1 Three episodes of deformation

Deciphering the relative importance of climate and tectonics on the creation of lake Issyk-
Kul requires understanding the stratigraphic, climatic and tectonic records of the
formation of the Issyk-Kul basin. The most useful record for this purpose comes from the
Kaji Say area, where we see evidence of three deformation episodes.

The first deformation episode recorded in the section occurred at about 5 Ma. The braided
river system, which delivered grey granitic conglomerates, was succeeded by lacustrine
deposition. The decrease in fluvial clastic input allowed time for lacustrine carbonate mud
to precipitate during periods of lake highstands, and for pedogenic carbonate to form
during dry periods. We suggest that deformation close to the modern Terskey range front
was responsible for a change in drainage pattern; clastic material was apparently delivered
either to the east or west along strike. Lacustrine deposition with reduced clastic input in
a subsiding basin may reflect slower accumulation rates than in a fluvial system.
Lacustrine deposition periodically alternated with short and intensive debris flows, which
led to the deposition of poorly-sorted matrix-supported angular rocks from the Taldysui
subvolcanic complex, which is the nearest source area. These pulses could have been
caused by either an increase in local tectonic activity, by climatically-driven floods, or
the combination of the two factors.

Northwestern thickening of the beds in the upper Chu unit indicates the presence of
growth strata, which record the second episode of deformation (Figure 3.4). The growth
strata can be observed at ca. 480-640 m in the stratigraphic section (Figure 3.3F), i.e. after
the 2 Ma hiatus proposed by Roud, et al. (2021). There is no visible unconformity at the
base or within the growth strata and the bedding strike does not change; therefore, the
orientation of the stress field likely did not change at this time.

The third episode of deformation is represented by folding of the section. This fold is very
tight to overturned and only affects the stratigraphy between ca. 245-480 m in the
stratigraphic section, which is deeper in the section than the growth strata and located on
the eastern flank of this outcrop. The core of the fold is marked by vertically-dipping
strata. However, both the overlying growth strata, observed to the northwest, and the base
of the section, observed to the south-southeast, have much gentler dips (Figure 3.4). We
suggest that this stage of deformation is younger than 2 Ma, because there is no
unconformity within the section and because this folding would have prevented
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northward transportation of the coarse Sharpyl Dak sediments, which outcrop on the north
side of this fold.

3.5.4.2 Lake formation in the late Miocene

Lake formation started in the late Miocene in the southern part of the basin in the Kaji
Say area (Figure 3.12). There, individual lacustrine and beach beds transition into fluvial
sandstone beds eastward or grow thinner and disappear. Growth strata also thicken to the
west. This suggests that the deeper part of the basin was located westward along strike.
The first lacustrine and beach facies deposits observed in the area are stratigraphically
older than those recorded in the described Kaji Say section. They appear ca. 200 m to the
west and do not reach the measured section (Figure 3.4). Their stratigraphic position
roughly corresponds to 360-380 m in our studied section. Gradual lake progression and
northwest thickening of the growth strata suggest enhanced subsidence to the west of the
section during the late Miocene-Pliocene. This generally agrees with shallow seismic
reflection data from the lake basin that shows that in Holocene time, subsidence was
higher in the southern part of the lake basin than in the northern part (Gebhardt et al.,
2017). Eastward growth of the Terskey range in the middle — late Miocene (Macaulay et
al., 2014) and eastward spreading of the depositional area due to growth of the Kungey
range in the late Miocene (Selander et al., 2012) support the idea that higher subsidence
occurred in the southwestern part of the basin. However, the steady fluvial environment
in the Ak Terek section shows that the lake first formed locally in the Kaji Say area. We
conclude that enhanced subsidence in the Kaji Say area (and likely farther north, beneath
the modern lake) led to formation of a topographic depression in the late Miocene and
enabled formation of the lake on the southern side of the basin. Enhanced subsidence led
most likely simultaneously to an internally drained basin, i.e. a closed basin without a
surface outlet. Therefore, even though moisture delivery was reduced due to the creation
of an orographic barrier, moisture retention in the closed basin resulted in a lake phase.
Furthermore, sedimentological evidence of a local shallow lake presence in the early
Miocene — Pliocene was observed in the subsurface deposits obtained from the boreholes
on the eastern side of the basin (Grigina and Fortuna, 1981; Voskresenskaya, 2013;
Voskresenskaya and Leflat, 2015). However, this age constraint is based only on
lithostratigraphical correlation of the deposits to the Shamsi and Chu groups and,
therefore is imprecise.

3.5.4.3 Position of the hiatus

Roud et al. (2021) proposed a 2 Ma hiatus between ca. 5 and ca. 3 Ma based on the
interpretation of the magnetic polarity record (Figure 3.2). The hiatus may be detected by
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a short interval of one reversed and two transitional polarity samples within a long normal
polarity interval. The hiatus was placed at 475 m in the section within an alternation of
thin lacustrine mudstones, marls, and sandstones. The end of the hiatus roughly marks the
beginning of the growth strata formation. Here, we discuss the hiatus in terms of the
sedimentology and the depositional system. The position of the hiatus at 475 m within
the interbedded beach and lacustrine deposits might be caused by changes in fluvial input
and the disappearance of the braided river system in response to the first stage of
deformation in the area. However, deposition of thin, lacustrine and beach sandstone beds
implies rapid changes in the depositional environment, which may not be consistent with
a depositional hiatus. Moreover, pedogenic alteration in the lacustrine mudstone is weak,
indicating that dry periods with no sedimentation were relatively short (Alonso-Zarza,
2003). We suggest that the hiatus actually occurred slightly earlier, during deposition of
the first beach facies at 450 m in the section (a shift from lower Chu to upper Chu; Figure
3.2). We assume that the presence of the lake might not be recorded in local stratigraphy
if the lake margin and beach position did not change significantly over a period of time.
Reworking of material to sustain the beach would prevent rapid soil formation. Together
with the disappearance of the braided river system, this would create a gap in the
stratigraphic record. This 1.5-m-thick beach sandstone bed at 450 m in the section consists
of well reworked and sorted coarse quartz sandstone and is laterally continuous. Such
characteristics suggest a long-term and stable beach position without frequent lake
transgressions and represent a more plausible stratigraphic location for the hiatus. This
interpretation stipulates that the position of the hiatus is within the interval of normal
magnetic polarity. Assuming a continuous accumulation rate of ca. 23 cm kal, the 25 m
downward shift of the stratigraphic position would correspond to an increase of ca. 100
ka in the age of the hiatus, i.e. it would place the hiatus between 5.2 and 3.1 Ma rather
than between 5.1 and 3.0 Ma.

As mentioned above, the Kaji Say section consists of the western and eastern transects,
situated in different valleys (Figure 3.4). The reversed and transitional polarity samples,
which bound the interpreted hiatus, are situated at the base of the western transect. We
cannot exclude the possibility that the lacustrine deposits with slow accumulation rates
represent a condensed section and some magnetic reversals might have been missed
between the two transects. We note that lacustrine micritic carbonates were avoided while
collecting paleomagnetic samples as they would likely provide a biased and unreliable
magnetic record (Roud et al., 2021). The hiatus may also be misplaced due to general
differences in the sedimentation rates of fluvial-alluvial and lacustrine deposits. As we
discussed earlier, lacustrine deposits gradually change into fluvial-alluvial sandstones

eastward in the Kaji Say area and, therefore, the sedimentation rates also can change
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laterally. It may be that instead of one long hiatus, the lake experienced a series of shorter
hiatuses because of the shifts between the periods of slow lake sediment accumulation,
pedogenesis, and rapid debris flow deposition. The studied section may not represent a
complete magnetostratigraphic sequence or the polarity intervals may be of different
stratigraphic thickness due to increase in sedimentation rates from lacustrine to fluvial
environment. However, variations in alternation of lacustrine and fluvial-alluvial deposits
in the Kaji Say area can only affect the distribution of possible hiatus positions in the
middle of the section. A fluvial system of the lower part of the section represents a steady
depositional environment without changes along strike. Moreover, the robust correlation
of the magnetostratigraphic age model and 2°Al/*°Be data proves the 2.8-2.6 Ma age of
the Chu - Sharpyl Dak transition. Therefore, we consider the overall
magnetostratigraphic model to be reliable.

3.5.5 TECTONIC AND CLIMATIC DEVELOPMENT OF THE ISSYK-KUL BASIN IN THE LATE
MIOCENE - PLIOCENE

3.5.5.1 Diachronous deposition of the Sharpyl Dak group conglomerates

The hiatus in the Kaji Say section at ca. 5 Ma and disappearance of grey granitic
conglomerates possibly reflect tectonically-driven reorganization of the local river
system. Intensified tectonic activity in the early Pliocene is also indicated by a short
period of increased sedimentation rates in the Ak Terek section at 5 Ma (Roud et al.,
2021), and 4-5 Ma onset of Sharpyl Dak deposition at Jergalan. South-directed
paleocurrents at Jergalan suggest that Sharpyl Dak deposits were sourced from the
Kungey range. Deposition of the Sharpyl Dak group at Jergalan ca. 2 Ma earlier than in
the Kaji Say and Ak Terek sections could be driven tectonically because of the eastward
progradation of the Kungey range (Figure 3.12). Thermochronological data also show
that exhumation increased at 15-5 Ma in the Kyrgyz Tian Shan and that the Terskey range
also grew eastward, although lateral propagation was complicated as the deformation in
the Terskey range progressed out of sequence (Macaulay et al., 2014). The Xiyu group in
the Chinese Tian Shan, which is analogous to the Sharpyl Dak group in the Kyrgyz Tian
Shan, is reported to be deposited diachronously with the ages from 15 to 0.7 Ma across
Central Asia (e.g., Chen et al., 2002; Heermance et al., 2007). Xiyu deposits have a ca. 3
Ma age difference in the Junggar basin (Charreau et al., 2009). In the Junggar basin, the
late Miocene Xiyu-like deposits are related to tectonic activity, while deposition of the
younger Pliocene-Pleistocene conglomerates is believed to be induced by the onset of the
Northern Hemisphere glaciation (Zhao et al., 2021). Therefore, a ca. 2 Ma age difference
for the onset of Sharpyl Dak deposition within the Issyk-Kul basin is plausible. Intensive

Pliocene conglomerate deposition in the Jergalan area might have temporarily blocked
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westward-draining rivers, possibly permanently blocking a paleo-drainage connection
with the Ketmensk basin, causing sediment starvation in the I1ssyk-Kul basin and helping
the lake expand. Channels feeding the eastern submerged lake delta are visible now and
are associated with the modern rivers that flow westward into the lake (De Batist et al.,
2002).

3.5.5.2 Influence of global climatic changes on sedimentation and lake development in
the basin

The Pliocene was characterized by the meridional poleward shift of the westerlies,
responsible for changes in moisture delivery (Abell et al., 2021). This shift of the
westerlies at 5-3.3 Ma caused relatively high rainfall and fluvial activity in Northern
Central Asia, as detected in the windward Ili basin (Prud’homme et al., 2021). Although
our stable isotopic data does not show intensifying influence of the westerlies, the spore
and pollen data from the Issyk-Kul basin suggest wetter conditions in the early Pliocene
(Grigina and Fortuna, 1981). We suggest that despite the leeward position of the Issyk-
Kul basin, a relatively high level of precipitation and water availability might be marked
by expansion of a lake in the Kaji Say area and by the presence of a steady meandering
river at Ak Terek with increasing abundance of paleosols from ca. 6 to ca. 3.5 Ma.
Increased precipitation might also have enhanced tectonically-driven sedimentation in the
Jergalan area.

Late Pliocene expansion of the Northern Hemisphere ice sheets caused a southward shift
of the westerlies (Abell et al., 2021). The Siberian High reached the Tian Shan and
amplified aridification in Northern Central Asia (Prud’homme et al., 2021). Cooling,
aridification, increased aeolian sedimentation in the Ili basin since ca. 3.3 Ma and
increased erosion in the Junggar basin since ca. 3 Ma are interpreted to be triggered by
prevalence of cold and dry air masses of the strengthened Siberian High and connected
to the onset of Northern Hemisphere glaciation (Charreau et al., 2011; Prud’homme et
al., 2021). In the Tarim basin, southward-shifted westerlies enhanced aridification since
ca. 2.7 Ma (Fang et al., 2020), and a possible Northern Hemisphere glaciation impact was
detected in the Qaidam basin since ca. 3.3 Ma (Zhuang et al., 2011). In the Issyk-Kul
basin, increased sedimentation and continuing aridification might have been enhanced by
the Siberian High and Northern Hemisphere glaciation. Accumulation of the alluvial fan
debris flow deposits since ca. 3 Ma at Kaji Say, an increase in the abundance of
conglomerates at Ak Terek since ca. 3.5 Ma, as well as deposition of the Sharpyl Dak
conglomerates at Ak Terek and Kaji Say since ca. 2.7 Ma may reflect accumulation of
sediments derived from upstream glaciation, as well as tectonically-driven deposition.

The spore and pollen data suggest intensified aridification in the basin in the late Pliocene
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(Grigina and Fortuna, 1981). Increased evaporation due to aridification, as well as vast
conglomerate accumulation have affected the lake-level fluctuations and moved the lake
shore from the Kaji Say area towards the center of the basin (Figure 3.12D). Lake-level
variations of at least 400 m in Issyk-Kul during the Holocene are also connected to
changes in precipitation and evaporation due to interactions between the westerlies and
the Siberian High rather than tectonic activity (Gebhardt et al., 2017). Today, the Issyk-
Kul basin is an underfilled basin, with water depths of up to 668 m. The main sediment
input since middle Pleistocene is represented by a westward-propagating delta system at
the east end of the lake (De Batist et al., 2002; Gebhardt et al., 2017). We propose that
the onset of lacustrine deposition at ca. 5 Ma reflects the commencement of the
underfilled basin system. However, proof of this hypothesis will require stratigraphic
information taken from deep cores within the lake. A related question is whether basin-
wide accumulation rates remained constant but subsidence rates increased or that
accumulation rates were drastically reduced.

3.6 CONCLUSIONS

The most notable finding of our study of the Issyk-Kul basin is an environmental change
that is expressed by a shift of ca. 2%o in 6*30 and §*3C values at ca. 8-7 Ma and an
associated change from a negative to a positive stable isotopic trend. We suggest that the
upwind growth of the Kyrgyz, Kungey and Trans Ili (Zaili) ranges created an orographic
barrier that diverted westerly moisture sources at ca. 8-7 Ma, which changed the position
of the Issyk-Kul basin from windward to leeward, and led to the establishment of the
modern-day spring and summer precipitation regime. The associated creation of a rain
shadow led to enhanced aridification and evaporation, as expressed in 6§80 and §°C
values. During the late Miocene — Pliocene, the primarily orographically-induced
aridification in the Issyk-Kul basin has likely been strengthened by the periodic
dominance of dry air masses of the Siberian High during Northern Hemisphere
glaciations, when the moisture-bearing westerlies shifted southward.

The transition from the Chu sedimentary group, which consist of fluvial-alluvial
sandstones and conglomerates, to massive alluvial conglomerates of the Sharpyl Dak
group marks the change from a fluvial-alluvial system to a proximal alluvial fan. Our
26 A1/1°Be isochron burial data suggests a 5-4 Ma age for the transition between the Chu
and Sharpyl Dak sedimentary groups in the eastern part of the basin in the Jergalan area;
south-directed paleocurrents there suggest the growth of the eastern Kungey range at 5-4
Ma. Also, Al/*°Be isochron burial dating confirms the previously proposed 2.6-2.8 Ma
age of the transition between the Chu and Sharpyl Dak sedimentary groups on the
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southern side of the Issyk-Kul basin (Roud et al., 2021). Initiation of the Sharpyl Dak
conglomerates’ deposition at 2.6-2.8 Ma on the southern side of the basin could have been
induced tectonically or by the North Hemisphere glaciation, while older late Pliocene
Sharpyl Dak deposition in the Jergalan area is related to intensified tectonic activity.

We propose the formation of an internally drained lake Issyk-Kul at ca. 5 Ma on the
southern side of the basin due to enhanced subsidence and reorganization of the river
systems in the Kaji Say area. Initiation of lake formation coincides with the disappearance
of the braided river system and a 2 Ma hiatus in deposition. Changes in the fluvial network
and basin subsidence rates were likely induced by deformation of the Terskey range. We
suggest that the hiatus occurred because of fluctuations of the water level in a shallow
lake with dry periods of very slow sedimentation and a stable lake margin, so that the
beach facies deposits were regularly reworked without subsequent sediment
accumulation or pedogenesis. Aridification and conglomerate accumulation since the late
Pliocene have moved the lake shore towards the center of the basin.

78



4 IMPACT OF QUATERNARY GLACIATIONS ON
DENUDATION RATES IN THE KYRGYZ TIAN SHAN
INFERRED FROM COSMOGENIC °BE AND LOW-
TEMPERATURE THERMOCHRONOLOGY

Anna Kudriavtseva, Alexandru T. Codilean, Edward R. Sobel, Angela Landgraf, Réka-H. Fiilop,
Atyrgul Dzhumabaeva, Kanatbek Abdrakhmatov, Klaus M. Wilcken, Taylor Schildgen, David
Fink, Toshiyuki Fujioka, Swenja Rosenwinkel, Silke Merchel, & Georg Rugel

ABSTRACT

We explore the spatial and temporal variations in denudation rates in the Kyrgyz Tian
Shan using °Be-derived denudation rates from modern (n = 54) and buried sediment
dated to 2.0-2.7 Ma (n = 3), and long-term exhumation rates derived from published
apatite fission track (AFT) and apatite (U-Th-Sm)/He (AHe) thermochronology. Modern
19Be denudation rates are generally higher than the long-term AFT and AHe exhumation
rates across the studied area. 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 Kyrgyz Tian Shan, 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 glaciation at 2.7 Ma. Comparison with published data from
the wider Pamir—Tian Shan region show a spatial trend of decreasing modern denudation
rates from west to east, suggesting that deformation controls denudation in the Pamir and
Western Tian Shan, while further east, the denudational response of the landscape to
Quaternary glaciations becomes detectable. We find moderate correlations between
modern denudation rates and topographic metrics and weak correlation between
denudation rate and annual rainfall, highlighting complex linkages between tectonics,
climate, and surface processes that vary locally.

4.1 INTRODUCTION

The evolution of orogens depends on the balance between rock uplift and denudation,
which reflects complex interactions among tectonics, climate, and surface processes

(Molnar & England, 1990; Raymo & Ruddiman, 1992; Avouac & Burov, 1996;
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Montgomery & Brandon, 2002; Burbank et al., 2003; Whipple, 2009). However, these
factors are often interdependent, and their relative importance for denudation is mainly
controlled by regional and local conditions (Portenga & Bierman, 2011; Chen et al.,
2022b). On a global scale, denudation has been argued to either increase with the late
Cenozoic onset of Northern Hemisphere glaciations (Zhang et al., 2001; Molnar, 2004;
Herman et al., 2013, 2018; Herman & Champagnac, 2016, Norton & Schlunegger, 2017
Chen et al.,, 2022b), or remain steady (Willenbring & von Blackenburg, 2010;
Willenbring & Jerolmack, 2016). However, other studies argue that denudation rates are
too poorly resolved during the late Cenozoic to determine any global patterns (Schildgen
et al., 2018), but at least locally, they have been argued to be primarily controlled by
enhanced tectonic activity (Koppes & Montgomery, 2009; Hecht & Oguchi, 2017) or by
post-orogenic isostatic rebound of foreland basins (Bernard & Sinclair, 2022).

During the Cenozoic, Central Asia experienced extensive tectonic deformation associated
with uplift of the Tibetan Plateau, the Pamir mountains, the Tian Shan, and the Altai
mountains (Molnar & Tapponnier, 1975), as well as dramatic changes in climate
associated with the onset of Quaternary glacial-interglacial cycles (Caves et al., 2016;
Batbaatar et al., 2020). 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 (Caves Rugenstein & Chamberlain, 2018).

Studies on the Cenozoic denudation in the Pamir (Fuchs et al., 2015; Grin et al., 2018)
and the Eastern (Chinese) Tian Shan (Charreau et al., 2011, 2017, 2023; Liu et al., 2011;
Guerit et al., 2016; Puchol et al., 2017; Guan et al., 2022) shed light on spatio-temporal
variations in denudation throughout northern Central Asia, yet denudation within the
Kyrgyz part of the Tian Shan (Figure 4.1), 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;
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).

80



75°E 80°E
|

> KAZAKHSTAN
o ~

i

. .
| = Southern N
N TianShan Suture

I
80°E

| N

|

/ UZBEKISTAN ,7/\‘\)
y -

" i 1
R ? ?—E g::z::t:dvalleys 4 “Be (modern)
————— . W ¢) e (paleo)
Lakes O AFT
| = —

© AHe
© AFT & AHe

77777 Tectonic feature
International border

[110sh
[2] Jalal Abad
[3] Toktogul
[4] Kyrgyz Range
x ~  [5]Song Kul
¢ [6]Naryn

10]

¢ Af:w cj :FT' ABER ) Issvk Kl South
 AHe data
not induded inregions 181 1ssyk KulNorth

Figure 4.1. Topographic maps of the Tian Shan based on the 90-m SRTM DEM and distribution of
samples. (A) Positions of 1°Be, AFT, and AHe samples across the Kyrgyz Tian Shan. (B) Distribution of
19Be, AFT, and AHe samples by region within the Kyrgyz Tian Shan. (C) Position of the Kyrgyz Tian Shan
in Central Asia. Glacier and glaciated valley extents based on Stroeven et al. (2013).

Here we present °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, as well as '°Be-derived paleo-denudation rates from buried river
sediment dated to 2.0-2.7 Ma (n = 3) from the southern side of the Issyk-Kul basin (Figure
4.1A). We compare these data to long-term exhumation rates calculated from published
apatite fission track (AFT) and apatite (U-Th-Sm)/He (AHe) thermochronology data. 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 Kyrgyz Tian Shan and allow us to untangle the effects of tectonics and
climatic changes on denudation across the range.
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4.2 TECTONIC AND CLIMATIC SETTING

The Tian Shan is a 2500-km long intracontinental mountain belt, situated between the
Tarim and Tadjik 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 4.1C).

The Kyrgyz Tian Shan is composed of the Northern, Middle, and Southern terranes,
formed by accretion and collision during the Palaeozoic (e.g., Windley et al., 2007; Biske
& Seltmann, 2010). 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 4.1A) (Bazhenov & Mikolaichuk, 2004; Glorie et al., 2011; Alexeiev et
al., 2017). In the Mesozoic and early Cenozoic, the Tian Shan was periodically reactivated
in response to distal collisions (Hendrix et al., 1992; Jolivet et al., 2010; De Grave et al.,
2013), followed by a period of tectonic quiescence (Abdrakhmatov et al., 2001; Macaulay
etal., 2013).

The present topography of the Tian Shan is a result of crustal shortening triggered by the
most recent deformation due to the India-Asia collision (Molnar & Tapponier, 1975).
Cenozoic deformation in the Kyrgyz Tian Shan progressed out of sequence and associated
rock uplift rates vary along strike (Thompson et al., 2002; Glorie et al., 2011, Goode et
al., 2014; Macaulay et al., 2014; Bande et al., 2017b; Glorie & De Grave, 2016).
Deformation started in the late Oligocene at ca. 25 Ma, as indicated by thermochronology,
and remained tectonically confined to the major fault zones (Sobel et al., 2006a; Glorie
& De Grave, 2016). 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., Bullen et al., 2003;
Jolivet et al., 2010; Zubovich et al., 2010; Macaulay et al., 2014; Bande et al., 2017a; Li
et al., 2022; Wang et al., 2023). 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 (Wang et al., 2023).
Strike slip displacement of the Talas-Fergana Fault commenced at ca. 25 Ma and was
relatively rapid until ca. 13.5 Ma (Bande et al., 2017b). The Cenozoic shortening in the
Tian Shan decreases from south to north. The present-day shortening rate in the central
Tian Shan is ca. 20 mm yr, which is approximately half of the present-day India-Asia
convergence rate (Abdrakhmatov et al., 1996; Zubovich et al., 2010). Quaternary
shortening is distributed across the entire Tian Shan and rates are inferred to be similar to
modern shortening rates. However, seismicity seems to be concentrated along the
northern margin, including a significant series of five large-magnitudes earthquakes
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between AD 1885 and 1938 (M6.9 to >8) (e.g., Landgraf et al., 2016). The most rapid
Quaternary shortening documented in the Kyrgyz Tian Shan occurred in the Naryn basin
(Thompson et al., 2002).

Climate in Central Asia during the Cenozoic has been arid and mainly influenced by the
northern mid-latitude westerlies, 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 Parathethys retreat
(Ramstein et al., 1997; Miao et al., 2012), as well as the creation of an orographic barrier
due to surface uplift of the Tibetan Plateau and Tian Shan, and the indentation of the
Pamir (Kent-Corson et al., 2009; Caves Rugenstein & Chamberlain, 2018; Wang et al.,
2020). The Tian Shan has interacted with the westerlies since the late Oligocene (Wang
et al., 2020). In mid-Pliocene and Quaternary interglacial periods, precipitation increased
due to the northward migration of the westerlies, while Quaternary glacial periods were
drier due to the southward migration of the latter (Botsyun et al., 2022).

Modern precipitation in the Tian Shan is controlled by interactions between the westerlies
and the Siberian High (Aizen et al., 1997; Zech, 2012; Schwarz et al., 2017). The
westerlies bring moisture from the North Atlantic, the Mediterranean, and the Black Sea
(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 low
precipitation (Aizen et al., 2001; Ricketts et al., 2001). The Asian monsoon never
consistently reached the Tian Shan and does 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 is created because in winter a combination
of the prevalent Siberian High and weak westerlies leads 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 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.
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4.3 MATERIALS AND METHODS

4.3.1. COSMOGENIC 1'BE ANALYSIS

Cosmogenic °Be produced in quartz has proven to be the best suited technique for
studying the erosion of Earth’s continental topography over millennial timescales
(Schaefer et al., 2022). Indeed, 1°Be-based denudation rates have now been determined
in more than 4000 river basins — mostly from mountain landscapes — providing us with a
large inventory of denudation rate estimates (Codilean et al., 2018; 2022). The
concentration of 1°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).

4.3.1.1. Sampling

We collected 54 modern river sediment samples to calculate °Be-derived millennial-
scale basin-wide denudation rates (Figures 4.1A and Supplementary Figure S4.1,
Supplementary Table S4.1). Sampling was performed in locations across Kyrgyzstan
accessible by road with the purpose of covering the largest 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 um 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 1°Be-derived paleo-denudation rates and calculation of ages
using isochron burial dating (Figure 4.1A, Supplementary Table S4.2) are described in
Kudriavtseva et al. (2023). Our sample inventory includes one modern river sediment
sample (KYR-DRMSL) previously reported by Landgraf et al (2016).

4.3.1.2. Sample Preparation

Quartz was purified following procedures described in Kohl & Nishiizumi (1992) using
froth flotation to separate feldspars from quartz. For all samples except those labelled
‘DRMS’ in Supplementary Table S4.1, beryllium was separated at the University of
Wollongong following procedures described in Codilean et al. (2023). Samples were
spiked with =300 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 Supplementary Table S4.1 starting with ‘B”)
and using the 6MV SIRIUS accelerator (samples with cathode ID’s in Supplementary
Table S4.1 starting with ‘Be’ and ‘XBE’) at the Australian Nuclear Science and

Technology Organisation (ANSTO) (Fink & Smith, 2007; Wilcken et al., 2017, 2019,
84



2022), and were normalised to the KN-5-2 and KN-5-3 (Nishiizumi et al., 2007)
standards. Analytical uncertainties for the final 1°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% uncertainty in the
®Be carrier concentration. Samples labelled ‘DRMS’ were prepared and analysed at the
DREAMS facility at Helmholtz-Zentrum Dresden Rossendorf (Rugel et al., 2016).

4.3.1.3. Denudation rates from modern samples

Denudation rates were calculated using the open-source program CAIRN v.1 (Mudd et
al., 2016). 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). Topographic shielding was
calculated from the same DEM using the method of Codilean (2006) with A6 = 8° and
Ad = 5°. We also calculated denudation rates with production rates corrected for ice
shielding using present day glacier extent data from Stroeven et al. (2013). These along
with the uncorrected denudation rates calculated using CAIRN are listed in
Supplementary Table S4.1.

4.3.1.4. Paleo-denudation rates from buried samples

Paleo-denudation rates were calculated using three buried amalgamated sand samples
(250-500 um grain size) from south of lake Issyk-Kul (Figure 4.1A), 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 (Supplementary Figure S4.2) 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
Supplementary Table S4.2 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
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central value obtained by assuming complete and continuous burial (Supplementary
Table S4.2).

4.3.2. AFT AND AHE THERMOCHRONOLOGY

Thermochronology is used to reconstruct the timing of rocks cooling through a
temperature window during uplift, which allows estimation of the timing and pace of
exhumation (e.g., Reiners & Brandon, 2006). The age corresponds to the closure
temperature, and different closure temperatures result in different averaging timescales
of exhumation. The temperature windows for the AFT and AHe systems are 60—120°C
and 40-85°C, respectively, and the typical closure temperatures are 110°C and 70°C,
respectively (e.g., Reiners & Brandon, 2006).

To estimate long-term exhumation rates, we compile a set of published apatite fission-
track (AFT, n=296, Supplementary Table S4.3) and apatite (U-Th-Sm)/He (AHe, n=125,
Supplementary Table S4.4) ages from across Kyrgyzstan (Bullen et al., 2003; De Grave,
2003; Sobel et al., 2006b; Glorie et al., 2010, 2011; De Grave et al., 2011, 2012, 2013;
Macaulay et al., 2013, 2014; Bande et al., 2017a, 2017b; DePelsmaeker et al., 2015; Chu
et al., 2016; KéBner et al., 2017; Nachtergaele et al., 2018; Rolland et al., 2020). We
calculated one-dimensional, steady-state exhumation rates from the published AFT and
AHe ages using the age2exhume MATLAB code (van der Beek & Schildgen, 2023). The
parameters we used for both AFT and AHe systems are as follows: surface temperature
= 25°C; temperature lapse rate = 5°C km™; initial geotherm = 25°C km™; thermal
diffusivity = 30 km? Myr*; model thickness = 30 km. To calculate a smoothed version of
the DEM from which Ah values are derived (which enable corrections for local relief and
surface temperature), the 90-m resolution SRTM DEM was smoothed over a circular
radius equal to 70 pixels (6300 m) for the AHe system, and 105 pixels (9450 m) for the
AFT system. These distances are equivalent to assuming a closure depth (zc) of ca. 2 km
for the AHe system, and ca. 3 km for the AFT system, with a smoothing radius equal to
nt * zc (Willett and Brandon, 2013). The Ah values for each sample (modern elevation

minus smoothed DEM) are included in Supplementary Tables S4.3 and S4.4.

4.3.3. GEOMORPHIC, CLIMATIC, AND TECTONIC PARAMETERS

To explore potential environmental controls on °Be-derived denudation rates, we
calculate the average, median, and standard deviation of various geomorphic, tectonic,
and climatic metrics for each drainage basin. 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), local relief as the
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elevation range within a moving circular window with radii varying between 1 and 10
km, and we calculate the normalised channel steepness index (ksn) using the Topographic
Analysis Kit (TAK) for TopoToolbox MATLAB package (Forte & Whipple, 2019). As
metrics for climate, we use the bioclimatic variables available as part of the WorldClim
Global Climate database (Fick & Hijmans, 2017), and the global aridity index (Al) map
(Zomer et al., 2022), and as a metric for tectonism we use data from the Global Strain
Rate Model (Kremer et al.,, 2014). The extracted metrics are summarised in
Supplementary Table S4.5.

We also compare our inferred AFT and AHe exhumation rates to topographic gradient
and local relief. To achieve this we calculate the average, median, and standard deviation
of the two metrics for 90-m SRTM DEM grid cells falling within 5 km (Figures 4.2 and
4.3) and 10 km (Supplementary Figures S4.3 and S4.4) radii buffers created around each
AFT and AHe sample location. The areas defined by these buffers are similar to the areas
of the drainage basins for which we have °Be data, and so the topographic metrics
obtained for the different chronometers are comparable.
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Figure 4.2. °Be-derived modern and paleo-denudation rates, AFT and AHe exhumation rates, topographic
gradient, and local relief data distributed by region. Slope and local relief for °Be data is calculated as
average for drainage basins using 90-m SRTM DEM. Slope and local relief for AFT and AHe data is
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Figure 4.3. Modern °Be-derived denudation rates, AFT and AHe exhumation rates, topographic gradient,
and local relief data from across the Kyrgyz Tian Shan plotted together. See caption of Figure 4.2 for further
details.

4.3.4. 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 °Be dataset into eight regions (Figures 4.1B and Supplementary Figure S4.1,
Supplementary Table S4.5): 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. In each region we include AFT and AHe datapoints that are located
within or in the proximity of the drainage basins with 1°Be data and belong to the same
tectonic position (e.g., footwall/hanging wall).

4.4 RESULTS

The °Be concentrations of modern river sands range between 7.92 + 0.83 x 10° and
1,460.12 + 29.24 x 10® atoms g (Supplementary Table S4.1). Basin-wide denudation
rates calculated from these concentrations range between 17.3 and 2,780.4 mm kyr?, with
the mean value of 393.8 mm kyr* and median value of 179.6 mm kyr? (Supplementary
Table S4.1). Averaging times range between 34.8 and 0.2 kyr (Supplementary Tables
S4.1 and S4.5).
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The cosmogenic nuclide concentrations, ages, and paleo-denudation rates of buried
samples from the southern part of the 1ssyk-Kul basin are shown in Supplementary Table
S4.2. The 1°Be and Al concentrations (x 10° atoms g*) of the buried samples are as
follows: 30.80 + 1.01 and 57.34 + 6.56 (}°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), 33.0 + 3.5 (PET-QTS-L), and 18.7 + 1.8
(PET-QTS-PIT). Allowing 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 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 are summarised in
Supplementary Tables S4.3 and S4.4. For each AFT and AHe age we calculate three
exhumation rates: high — expressed as the age plus the uncertainty; middle — calculated
from the age; and low — expressed as the age minus the uncertainty. Inferred AFT
exhumation rates (middle values) range between 22.9 and 1,301.4 mm kyr?, and inferred
AHe exhumation rates (also middle values) range between 3.6 and 590.0 mm kyr?. The
compiled Kyrgyz AFT and AHe data excluded from the eight regions (see above) are still
used for calculation of the mean and median values for the entire datasets. Mean and
median AFT middle exhumation rates in the Kyrgyz Tian Shan are 212.0 and 96.0 mm
kyr?, respectively. Mean and median middle AHe exhumation rates in the Kyrgyz Tian
Shan are 94.1 and 39.4 mm kyr™, respectively.

We find moderate, but statistically significant, correlations between the log-transformed
1°Be-derived modern denudation rates and topographic gradient (R = 0.430; p-value <
0.01) and local relief (R = 0.428; p-value < 0.01) (Figure 4.4). We also find a weak
correlation between the log-transformed denudation rates and mean annual rainfall, albeit
this correlation is counterintuitively negative (R = -0.326; p-value < 0.05) (Figure 4.4).
We find weak correlations between the log-transformed denudation rates and mean basin
elevation and normalised channel steepness (Ksn), and no correlation between denudation
rate and strain rate. When looking at the data grouped into regions, the picture is more
complicated: albeit a moderate to strong correlation is observed between denudation rate
and topographic gradient in most regions, metrics such as mean annual rainfall, the
rainfall of the wettest month, and the aridity index are stronger predictors of °Be
denudation rate in some regions including the Terskey range, south of lake Issyk-Kul
(Figure 4.4).
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Figure 4.4. Correlation matrix displaying Pearson’s correlation coefficients for °Be-derived denudation
rates and different topographic, tectonic, and climatic metrics calculated for the Kyrgyz Tian Shan dataset.
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The mean and median values for the °Be-derived millennial-timescale denudation rates,
AFT-, and AHe-derived long-term exhumation rates for each of the eight regions are
summarised in Supplementary Table S4.6.

4.5 DISCUSSION

4.5.1. SPATIAL AND TEMPORAL CHANGES IN DENUDATION AND EXHUMATION RATES

The following are some general spatial and temporal trends that we can observe in our
data:

e The °Be-derived paleo-denudation rates obtained from material dated to 2.0-2.7 Ma
are lower than the °Be-derived denudation rates obtained from modern river
sediment (Figure 4.2).

e The °Be-derived denudation rates obtained from modern river sediment are
generally higher than the long-term AFT and AHe exhumation rates across the
studied area, except for the Kyrgyz range. On average, the highest °Be-derived
denudation rates are recorded in the Issyk-Kul South region (Figure 4.2).

e The Be-derived paleo-denudation rates obtained from material dated to 2.0-2.7 Ma
are comparable in magnitude with the long-term exhumation rates inferred from AFT
and AHe in the Issyk-Kul South region (Figure 4.2).

e Long term exhumation rates inferred from AHe ages are overall lower than those
obtained from AFT ages (Figure 4.3).

Sample AKT-U, in the south-western part of the Issyk-Kul basin, dated to 2.71 +0.37 Ma
(Kudriavtseva et al., 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™. Further 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 rate
ranges between 22.9 £2.5 - 94.1 £ 10.0 mm kyr? and 12.9 £ 1.2 — 53.8 £ 5.1 mm kyr?,
respectively, 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) (Supplementary
Tables S4.1 and S4.2). 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 Kyrgyz Tian Shan, denudation remained relatively
steady until an increase in the Quaternary, after ca. 2 Ma. Ganti et al. (2016) suggested
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that in glaciated areas — such as our study area — there is a time-dependent bias of higher
denudation rates towards 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 towards
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 exhumation
rates. However, the difference between our modern denudation rates and the 1°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 being an artefact of differing averaging timescales.

Exhumation of the Kyrgyz range commenced at 11-7 Ma and propagated eastward
(Bullen et al., 2001, 2003; Sobel et al., 2006b). Before that time, this area was a basin
filled with ca. 2 km of young, relatively poorly consolidated sediments and so the elevated
AFT exhumation rates recorded for the Kyrgyz range represent rapid exhumation of these
poorly consolidated sediments in the beginning of the range growth (Bullen et al., 2003;
Sobel et al., 2006b). °Be-derived modern denudation rates in the Kyrgyz range are
similar to those recorded in other regions (Supplementary Table S4.1; Figure 4.2),
suggesting a deceleration of denudation after removal of the poorly consolidated
sediments and a subsequent adjustment of denudation rates here to the glacial conditions
across the Kyrgyz Tian Shan.

Both AFT and AHe thermochronological systems average exhumation rates over the
timescale of millions of years, but the difference in their closure temperatures and closure
depths denotes a difference in averaging timescales, with AHe exhumation rates
averaging over a shorter timescale than AFT rates (Reiners et al., 2005; Reiners &
Brandon, 2006). Our calculated AFT and AHe exhumation rates are comparable, but
slightly lower AHe than AFT rates imply slightly decelerating exhumation despite
intensification of deformation in the Kyrgyz Tian Shan in the late Miocene (Macaulay et
al., 2014; Glorie & De Grave, 2016; Wang et al., 2023). Notwithstanding the above,
incorrect AHe ages are more frequently too old rather than too young, as the most
prevalent problem with the AHe method is the under detection of U- or Th-rich inclusions
(e.g., Farley, 2002). Although every effort is made in the individual studies to remove
incorrect aliquot ages, it is possible that some of the reported ages compiled here are too
old and hence our calculated AHe exhumation rates may be too low. For this reason, we
do not place a strong emphasis on the slight difference between the AFT and AHe
exhumation rates reported here.
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Northern Hemisphere glaciations initiated in the Pliocene (Westerhold et al., 2020) and
intensified after 2.7 Ma (Ruggieri et al., 2009; Hayashi et al., 2020), but our 2.0-2.7 Ma
19Be-derived paleo-denudation rates from the southern side of the Issyk-Kul basin do not
seem to reflect these global climatic changes. Furthermore, thermochronological data
suggest that the Terskey range (situated on the southern side of the Issyk-Kul basin;
Figure 4.1A) formed in the Miocene and did not experience strong deformation and
exhumation afterwards (Macaulay et al., 2014). The strongest glacial erosional response
is predicted by numerical modelling to occur in regions with large glaciations, moderate
rock uplift (0.3—1 mm per year) and wet climate, whereas in arid conditions 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 had a primary role in increasing millennial-scale denudation rates in
the Kyrgyz Tian Shan and particularly in the Terskey range. We discuss these trends in
more detail next.

4.5.2. IMPLICATIONS OF THE ONSET OF PLIO-PLEISTOCENE GLACIATION IN THE KYRGYZ
TIAN SHAN

The similarity in magnitudes between the 2.0-2.7 Ma °Be-derived paleo-denudation
rates and the long-term AFT and AHe exhumation rates implies a relatively steady
denudation through the Miocene, Pliocene, and early Pleistocene. The three samples used
to determine our °Be-derived paleo-denudation rates were collected from sandstone
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; Chen et al., 2002; Heermance et al.,
2007). Deposition of the Sharpyl Dak and Xiyu conglomerates is diachronous across the
Tian Shan, varying from mid-Miocene to Pleistocene (Chen et al., 2002; Heermance et
al., 2007; Charreau et al., 2009; 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, commencement of the deposition
of the Sharpyl Dak conglomerates was synchronous with the global intensification of
Northern Hemisphere glaciation at 2.7 Ma (Ruggieri et al., 2009; Hayashi et al., 2020).
Nevertheless, despite the transition from fine-grained to conglomerate deposition, our
data do not indicate an acceleration of denudation at 2.7 Ma.
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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). Absence of
a denudational response to the Plio-Pleistocene onset of glaciation inferred from our data
may indicate that significant glaciation in the Kyrgyz Tian Shan only initiated after 2 Ma,
or that the onset of the Kyrgyz Tian Shan glaciation did occur simultaneously with that
of the global Northern Hemisphere glaciations but did not cause a detectable increase in
denudation rates. Deciding on which of the two explanations is more likely is confounded
by the fact that the onset of glaciation in the Tian Shan is poorly constrained, 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 also
possible that the °Be-derived paleo-denudation rates reported here are not representative
of the entire Kyrgyz Tian Shan and rather reflect local conditions of the Terskey range
(Figure 4.1A). 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 glaciation. However, this conclusion is
based only on data from a single drainage basin. Conversely, Puchol et al. (2017) report
1°Be-derived paleo-denudation rates from four localities in the Eastern (Chinese) Tian
Shan that indicate that denudation continuously increased since 9 Ma and remained
relatively steady since 4 Ma (i.e., since before the onset of glaciation). Additionally,
Puchol et al. (2017) also 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 suggest
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 also 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 denudation rates.

4.5.3. THE IMPACT OF QUATERNARY GLACIATION ON DENUDATION RATES

Glaciers advanced and retreated during the late Pleistocene (Marine Isotope Stages [MIS]
6-2) and extended beyond individual valleys, but the only well-constrained regional
glacial expansion occurred during MIS 2 (29-14 ka; Lisiecki & Raymo, 2005), with
glaciers restricted to valleys due to aridity (Blomdin et al., 2016 and references therein).
The largest glacial cover developed in the eastern part of the Kyrgyz Tian Shan (Blomdin
et al., 2016). Alpine glacial cover impacts cosmogenic °Be abundances via two
mechanisms: (1) excavation of material from depth, and (2) shielding of bedrock from
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cosmic radiation. Both mechanisms result in a decrease in °Be concentration in the
sediment mix exiting a glaciated drainage basin and consequently an overestimation of
19Be-derived denudation rates (Granger & Schaller, 2014; Schaefer et al., 2022). Our
19Be-derived modern denudation rates are consistent with a global compilation of °Be-
derived denudation rates, which shows a detectable increase in denudation in the mid-
latitude glaciated regions, driven by Quaternary glaciations (Codilean et al., 2018; 2022;
Chen et al., 2022b). Glacial erosion enhances sedimentation, which lasts longer than the
period of glaciation, resulting in an increased erosional signal during interglacial periods
as well (Ganti et al., 2016). Moreover, extensive glaciation could lead to a change in the
locus of deformation in the ranges of the Kyrgyz Tian Shan, which could also result in
acceleration of erosion (e.g., Berger et al., 2008).

Relatively high °Be-derived denudation rates in the Issyk-Kul South region suggest
increased denudation of the northern flank of the Terskey range compared to other
sampled ranges in the Kyrgyz Tian Shan. The reason for these elevated rates, however, is
unclear. This region receives a low amount of precipitation (Supplementary Table S4.5),
and exhumation in the Terskey range did not increase after 5 Ma (Macaulay et al., 2014).
At the present time, the northern peripheral ranges of the Tian Shan, including the Terskey
range, experience severe glacier shrinkage (Kutuzov & Shahgedanova, 2009; Sorg et al.,
2012). The Terskey range receives the majority of precipitation in summer, when rainout
occurs at high elevations (Bershaw & Lechler, 2019), so that the streams probably bring
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-
Shayestech et al., 2013 and references therein). Additionally, correlation between the
denudation rates and precipitation (Figure 4.4) indicates that river runoff might be
amplified by summer rainout despite the generally low amount of precipitation.
Therefore, relatively high '°Be-derived denudation rates in our study area can reflect
either an increase in denudation due to higher runoff or admixing of previously shielded
sediments with lower °Be concentration, or a combination of both.

Comparison of our Be data with published data from the Western Tian Shan and
Northern Pamir (Grin et al., 2018) as well as Eastern (Chinese) Tian Shan (Charreau et
al., 2023) illustrates a spatial west to east trend of decreasing average '°Be-derived
modern denudation rates (Figure 4.5). In the Northern Pamir and Western Tian Shan,
19Be-derived basin-wide denudation rates (n=20) range from 180.0 to 2700.0 mm kyr?,
with an average of 1400.0 mm kyr! (Grin et al., 2018), significantly higher than the
average of our °Be-derived denudation rates from across the Kyrgyz Tian Shan (i.e.
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393.8 mm kyrt). Furthermore, our denudation rates are comparable but slightly higher
than those in the Eastern (Chinese) Tian Shan, where °Be-derived basin-wide denudation
rates (n=34) range from 20.0 to 530.0 mm kyr, averaging at 200.0 mm kyr™in the north
and 110.0 mm kyr? in the south (Charreau et al., 2023). Denudation rates remained
elevated but steady over million-year timescales in the Western Tian Shan and Northern
Pamir, as suggested by the similarities in magnitude between short-term (river load),
millennial-scale  (*°Be) and long-term  (10° years;  thermochronology)
denudation/exhumation rates (Grin et al., 2018). Conversely, in the Eastern (Chinese)
Tian Shan, denudation stayed relatively steady since at least the Pleistocene (Charreau et
al., 2011; 2017; 2023). Therefore, high rates of exhumation and denudation in the Pamir
and Western Tian Shan are most likely mainly controlled by strong deformation caused
by the indentation of the Pamir (Figure 4.5C; Wang et al., 2023), and might also be
sustained by higher amount of precipitation because the Pamir acts as a topographic
barrier to the westerlies (Figure 4.6; Carrapa et al., 2014; Wang et al., 2020; Richter et
al., 2022).
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Figure 4.5. Modern 1°Be-derived denudation rates, topographic gradient, and strain rate from Pamir (Grin
et al., 2018), Kyrgyz Tian Shan (this study), and Eastern (Chinese) Tian Shan (Charreau et al., 2023).

Taken together, the available data suggest that strong tectonic activity and higher
precipitation rates exert a pronounced control on denudation in the 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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Figure 4.6. Correlation matrix displaying Pearson’s correlation coefficients for °Be-derived denudation
rates and different topographic, tectonic, and climatic metrics calculated for data from Pamir (Grin et al.,
2018), Kyrgyz Tian Shan (this study), and Eastern (Chinese) Tian Shan (Charreau et al., 2023). The grey
values represent the correlation coefficient for the entire dataset when all data are considered together. The
coloured values are the correlation coefficients for the three separate datasets.

4.5.4. CORRELATIONS BETWEEN 19BE-DERIVED DENUDATION RATES AND

TOPOGRAPHIC, TECTONIC, AND CLIMATIC METRICS

When considering the complete Kyrgyz dataset, our analyses found only moderate
correlation between log-transformed !°Be-derived modern denudation rates and
topographic metrics such as gradient and local relief (R = 0.430 and R = 0.428,
respectively, significant at p-value < 0.01; Figure 4.4). The lack of a strong correlation
between denudation rate and topography is not unusual, considering the complex
interplay between surface processes and tectonic and climatic controls (Portenga &
Bierman, 2011; Dosseto & Schaller, 2016; Chen et al., 2022b), and is consistent with
similar findings by Grin et al. (2018) and Charreau et al. (2023) in the Western Tian Shan
and Northern Pamir and the Eastern (Chinese) Tian Shan, respectively — both studies
reported weak correlations between °Be denudation rate and topography. Furthermore,
our analysis found no correlation between denudation rates in the Kyrgyz Tian Shan and
strain rate (expressed as the second invariant of the model strain rate field; Kreemer et

al., 2014) and only weak correlations with annual rainfall and the aridity index.
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Interestingly, but not surprisingly, however, when considering the entire available dataset
(i.e., including the Pamir, the Western Tian Shan, and the Chinese Tian Shan), we find a
statistically significant moderate correlation between the log-transformed °Be
denudation rate and strain rate (R = 0.545, p-value < 0.001; Figure 4.6), and we also find
a weak but statistically significant correlation between the log-transformed °Be
denudation rate and the aridity index (R = 0.328, p-value < 0.001). The above, again,
likely reflects both strong deformation and high precipitation rates in the Pamir.

1°Be-derived denudation rates in the Terskey range, south of lake Issyk-Kul (Figures 4.1
and 4.4), show a statistically significant strong correlation with annual rainfall (R =0.782,
p-value < 0.05), the aridity index (R = 0.811, p-value < 0.05), and precipitation of the
wettest month (R = 0.885, p-value < 0.01). However, this region, with the exception of
the easternmost drainage basin (sample KYR16-04), receives a relatively small amount
of precipitation compared to the other regions (Supplementary Table S4.5), and the
correlations with annual rainfall and the aridity index break down when this basin is
excluded. The exclusion of KYR16-04 is justified by the large number of documented
landslides in close vicinity to the sampling point (Pittore et al., 2018). Landslides in
Kyrgyzstan are strongly correlated with rainfall and snowmelt (Wang et al., 2021). Unlike
other drainage basins in the Terskey range, KYR16-04 has high values of both strain rate
and annual precipitation which can cause active landsliding responsible for an over-
estimated °Be denudation rate that may bias the correlation (e.g., Niemi et al., 2005).
Correlation with precipitation of the wettest month remains statistically significant when
the basin KYR16-04 is excluded. This might indicate that in the Terskey range summer
rainout is intense enough to increase river runoff and control denudation, unlike in other
parts of the Kyrgyz Tian Shan.

To summarise, the lack of strong correlation at the mountain range scale, and the
variability in dominant predictors between regions is not surprising and might be
explained by the large spatial spread of our 1°Be dataset and the influence of local factors.

4.6 CONCLUSIONS

Our study reports °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 1°Be-derived paleo-denudation rates 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
long-term exhumation rates, calculated from published apatite fission track (AFT) and
apatite (U-Th-Sm)/He (AHe) thermochronology data, and explore the spatial and

temporal variations in denudation rates in the Kyrgyz Tian Shan as well as relationships
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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 the long-term AFT and AHe exhumation rates across
the studied area, except for the Kyrgyz range. Here, 1°Be-derived modern denudation rates
are lower than long-term exhumation rates likely because of rapid exhumation and
removal of soft sediments in the beginning of the range growth. On average, the highest
19Be-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 with the long-term exhumation rates inferred from AFT and AHe. The high
19Be-derived denudation rates on the southern side of the Issyk-Kul basin compared to
other sampled regions in the Kyrgyz Tian Shan suggests 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 propose 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
increased due to glacial-interglacial cycles in the Quaternary, but this occurred after the
onset and intensification of the Northern Hemisphere glaciation 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 is limited in size and areal extent and so might not be representative
of the entire Kyrgyz Tian Shan, and that other parts of the range 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, suggesting that deformation caused by
the indentation of the Pamir controls denudation in the Pamir and Western Tian Shan,
while further east, precipitation and tectonically driven denudation decrease and the
denudational response of the landscape to Quaternary glaciations becomes detectable.

Our analysis found moderate correlations between °Be-derived modern denudation rates
and topographic metrics (i.e., topographic gradient and local relief) and weak correlation

between denudation rates and annual rainfall. When considering the entire available
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dataset (i.e., including the Pamir, the Western Tian Shan, and the Chinese Tian Shan),
correlations between °Be denudation rate and topographic metrics improve slightly, and
we also find a statistically significant moderate correlation between the °Be denudation
rate and strain rate, and a weak but statistically significant correlation between °Be
denudation rate and the aridity index. At the local scale the picture is more complicated:
albeit a moderate to strong correlation is observed between denudation rate and
topographic gradient in most of the eight regions, metrics such as annual rainfall, the
rainfall of the wettest month, and the aridity index 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 between tectonics, climate, and surface
processes, that may lead to the dominant controls on denudation varying locally.

100



S DISCUSSION AND CONCLUSIONS

Cenozoic uplift of the Tian Shan, Pamir, and the Tibetan plateau created topographic
barriers while upwind, the Paratethys retreated; these occurred simultaneously with
global cooling (Ramstein et al., 1997; Miao et al., 2012; Bosboom et al., 2017; Caves
Rugenstein & Chamberlain, 2018; Kaya et al., 2019). Together, these changes eventually
resulted in a decrease of the westerly moisture supply to Central Asia, subsequent
aridification in the region (Miao et al., 2012), and creation of a unique environment within
the Tian Shan with a strong difference in precipitation on the windward and leeward sides
of the range (Baldwin & Vecchi, 2016; Caves Rugenstein & Chamberlain, 2018; Bershaw
and Lechler, 2019). The Issyk-Kul basin lies within the Tian Shan range, surrounded by
the Terskey range to the south, the Kungey and Trains Ili (Zaili) ranges to the north, and
the Kyrgyz range to the west. Extracting information from the late Cenozoic sedimentary
sequences exposed on the south side of the basin allows us to reconstruct the progression
of local and regional changes.

5.1 TIMING OF CENOZOIC SEDIMENTARY ACCUMULATION IN THE ISSYK-KUL BASIN

The Issyk-Kul basin contains deposits divided into four sedimentary groups: the
Kokturpak, Shamsi, Chu and Sharpyl Dak (Abdrakhmatov et al., 2001); our work better
constrains the ages of three of these units. The oldest Kokturpak group has a late
Cretaceous to Eocene age based on palynology (Fortuna et al., 1994). The overlying
coarse deposits of the Shamsi group were first dated using magnetostratigraphy by Wack
et al. (2014) in the Chon Kyzylsu and Jeti Oguz sections in the southeastern part of the
basin. These authors suggest depositional ages of 22.8 to 13.3 Ma or 22.1to 11.1 Ma in
the Jeti Oguz section and 26.0 to 16.2 Ma or 25.2 to 11.0 Ma in the Chon Kyzylsu section.
Poor magnetic recording of the Shamsi group deposits resulted in ambiguously defined
polarity intervals and inconclusive age constraints (Wack et al., 2014). We re-evaluated
the magnetostratigraphic data from these two sections and discuss the results in chapter
2. For the Chon Kyzylsu section, we re-correlated the polarity sequence considering all
inconclusive horizons as unknown polarities and suggest bounding ages of 17.3 and
7.5 Ma. We also re-correlated the polarity sequence from the Jeti Oguz section to 22.4 to
8.5 Ma based on the tie-point between the Jeti Oguz and Chon Kyzylsu sections. This tie-
point represents a change in magnetic properties observed in both sections (Wack et al.,
2014).

The stratigraphically younger, fine-grained deposits of the Chu group and overlying
conglomerates of the Sharpyl Dak group measured in the Ak Terek and Kaji Say sections
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are the main object of our study. In chapter 2 we propose the first magnetostratigraphic
age models for the Chu group and Chu — Sharpyl Dak transition. The depositional age of
the Chu group in the Ak Terek section is interpreted to be 6.3 to 2.8 Ma. However,
magnetostratigraphy alone was insufficient for providing one robust age model for the
Kaji Say section, as shown in chapter 2. Therefore, we propose two possible age models
for the Chu — Sharpyl Dak deposits there. The first age model shows continuous
sedimentation from 12.7 to 9.5 Ma and suggests that the Chu deposits of the Kaji Say
section accumulated synchronously with the Shamsi group deposits from the Jeti Oguz
and Chon Kyzylsu sections. The second proposed age model is 7.0 to 5.1 Ma and 3.0 to
2.4 Ma with a depositional hiatus in the middle of the section. 26Al/*°Be isochron burial
dating of the upper part of the Kaji Say section, discussed in chapter 3, resolved the
ambiguity in timing of deposition and let us choose the second option (7.0 to 2.4 Ma with
a depositional hiatus from 5.1 to 3.0 Ma). Combining our new magnetostratigraphic age
models from the Ak Terek and Kaji Say sections with 26Al/*°Be isochron burial ages from
the same sections, we provide a late Miocene — Pliocene age for the Chu group deposits
and place the Chu — Sharpyl Dak transition on the southern side of the basin at 2.6-2.8
Ma. However, the 26AI1/*°Be isochron burial age, measured from the Jergalan section,
suggests a 5 to 4 Ma age for the Chu — Sharpyl Dak transition in the eastern side of the
basin. This shows that the commencement of the Sharpyl Dak conglomerate deposition
occurred diachronously in the Issyk-Kul basin, which is consistent with the diachronous
deposition of the analogous Xiyu group conglomerates in the Chinese Tian Shan (e.g.,
Chen et al., 2002; Heermance et al., 2007; Charreau et al., 2009).

5.2 DEPOSITIONAL ENVIRONMENT ON THE SOUTHERN SIDE OF THE ISSYK-KUL BASIN
IN THE LATE MIOCENE - EARLY PLEISTOCENE

The sedimentary sequence which outcrops at the Ak Terek section in the southwestern
part of the basin suggests continuous fluvial deposition in the late Miocene. Rare still
water deposition after 4 Ma is indicated by the presence of a gypsum layer. The
conglomerates are sourced from the widespread granites of the Terskey range, to the
south. Further east, the Kaji Say sedimentary section includes grey rounded granite
conglomerates, typical for material sourced from the Terskey range, and red angular
gravel conglomerates, sourced from the Taldysui subvolcanic complex, situated locally
and proximally to the Kaji Say section.

As shown in chapter 2, a change in depositional environment from the coarse-grained
Shamsi group to the fine-grained Chu group at ca. 7 Ma is marked by an increase in
sedimentation rates on the southern and on the northwestern sides of the 1ssyk-Kul basin.
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Near the Terskey range, sedimentation rates are faster at Kaji Say than at Ak Terek. At
ca. 5 Ma, sedimentation rates increase in the northeastern part of the basin in the Kungey
range area, and a short but intensive pulse of increased sedimentation occurred in Ak
Terek. These changes in sedimentation rates are consistent with a pulse of exhumation in
the Terskey range at 15-5 Ma (Macaulay et al., 2014). Concurrently, a depositional hiatus
commenced at Kaji Say due to tectonically-induced river system reorganization.

Tectonically-driven reorganization of the river system recorded in the Kaji Say section at
5 Ma led to the disappearance of grey granitic conglomerates, while enhanced subsidence
in the area resulted in commencement of lacustrine deposition and lake formation. We
suggest that the hiatus occurred at this time due to changes in fluvial input in response to
local deformation in the area. Alternatively, the hiatus might occur during deposition of
the stratigraphically older beach facies due to a stable lake margin and reworking of the
material. This second option implies that the hiatus is ca. 100 ka older than proposed by
our magnetostratigraphic model. After termination of the depositional hiatus at ca. 3 Ma,
local deformation in the Kaji Say area intensified. This is shown by higher sedimentation
rates in Kaji Say than before the hiatus and formation of growth strata. Northwest
thickening of the growth strata supports the idea of enhanced subsidence in the Kaji Say
area in the late Miocene — Pliocene, which enabled lake formation. Furthermore, local
deformation led to folding in the middle part of the section which is upstream of the
youngest outcropping flat-lying Sharpyl Dak conglomerates, dated as 2.08 + 0.14 Myr
old according to the 28Al/*°Be isochron burial dating. Deformation must postdate
conglomerate deposition, as the fold isolated the youngest conglomerates from the source
area.

5.3 EASTWARD GROWTH OF THE KUNGEY RANGE IN THE LATE MIOCENE

Our paleocurrent measurements, discussed in chapter 3, show predominantly southward
paleocurrent directions of the Chu deposits sourced from the Kungey range. Therefore,
our data suggest that the deposits in the northern part of the basin are mainly sourced from
the growing Kungey range. If the stratigraphic boundary between the Shamsi and Chu
groups adjacent to the Kungey range is 8-7 Ma, as in the Terskey range, then our data
show that substantial uplift in the Kungey range commenced by this time. Conversely,
Selander et al. (2012) presented mainly northward paleocurrent directions from the Chu
deposits from the western Kungey, and both northward (stratigraphically older) and
southward (stratigraphically younger) directions from the Chu deposits from the eastern
Kungey. This led to a conclusion that in the middle Miocene the Kungey range was flat,
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sediments were sourced from the Terskey range, and initial uplift of the Kungey range
commenced between 7 and 4 Ma (Selander et al., 2012).

However, eastward spreading of the depositional area in the Kungey range (Selander et
al., 2012) and eastward increase in sedimentation rates adjacent to the Kungey range,
shown in chapter 2, both suggest gradual eastward growth of the Kungey range in the late
Miocene. Moreover, our southward paleocurrent directions measured in the Chu —
Sharpyl Dak transitional deposits from the Jergalan section, dated to 5-4 Ma by 2°Al/*°Be
isochron burial dating, suggest that surface uplift and exhumation of the easternmost
Kungey range led to Sharpyl Dak deposition in the easternmost part of the Issyk-Kul
basin at ca. 5 Ma, potentially leading to termination of a paleo-drainage connection with
eastern basins and causing sediment starvation in the Issyk-Kul basin.

5.4 NEOGENE EVOLUTION OF CLIMATIC CONDITIONS IN THE ISSYK-KUL BASIN

Deformation and surface uplift of the Kyrgyz Tian Shan progressed generally from south
to north (e.g., Macaulay et al., 2014; Li et al., 2022). Distribution of precipitation
throughout the Kyrgyz Tian Shan shows increased rainout on the windward (northern)
side (Baldwin & Vecchi, 2016; Caves Rugenstein & Chamberlain, 2018; Bershaw and
Lechler, 2019), and surface uplift of the southern Tian Shan and Pamir resulted in
desertification of the Tarin basin at ca. 12 Ma (Richter et al., 2022). Previous study of the
Shamsi group deposits from the Jeti Oguz and Chon Kyzylsu sections using stable §'80
and §*3C isotopes suggests a windward position of the Issyk-Kul basin and increased
rainout in the early and middle Miocene (Macaulay et al., 2016). This interpretation is
based on the inconclusive age models from Wack et al. (2014). Our new age models for
these sections combined with stable 530 and §*3C isotopic records from Macaulay et al.
(2016) support the idea that a growing Terskey range created windward and relatively
wet conditions in the basin between 23 and 8 Ma, and prevented the moisture-bearing
westerlies from penetrating farther into Central Asia.

Based on the §'80 and §'°C data presented in chapter 3, we show that substantial
aridification in the Issyk-Kul basin started at 8-7 Ma. This environmental change is
represented by a ca. 2%o shift in 680 and §'*C values and a change in the trend. There
were no significant global climatic changes at this time and, furthermore, the 520 and
813C values from the neighboring Ili basin reflect global climatic changes and do not show
similar changes in stable isotopic values (Hellwig et al., 2018; Frisch et al., 2019a;
Prud’homme et al., 2021). Therefore, this local environmental change was most likely
caused by creation of a local topographic barrier due to tectonic activity.

Thermochronology data show that surface uplift of the Kyrgyz range, situated north-west
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of the Issyk-Kul basin, started at 11-7 Ma and advanced eastward (Bullen et al., 2001,
2003; Sobel et al., 2006b). Additionally, surface uplift of the northern Trans Ili and
Kungey ranges commenced in the late Oligocene — early Miocene, as also defined by
thermochronology (De Grave et al., 2013; De Pelsmaeker et al., 2015), but paleocurrent
data show that the Chu group sediments deposited on the south side of the Kungey range
area are sourced from the Tersky range and significant deformation in the Kungey range
started in the late Miocene — early Pliocene (Selander et al., 2012). Therefore, surface
uplift of the Kyrgyz, Trans Ili, and Kungey ranges created a topographic barrier, changing
the position of the Issyk-Kul basin from a windward to a leeward position. During the
Pliocene, aridification in the Issyk-Kul basin might have been sustained by global climatic
changes when the moisture-bearing westerlies migrated southward and dry air masses of
the Siberian High were dominant in Northern Central Asia. This is suggested by similarity
of our 20 and §*3C records with data from the contemporaneous Ili basin (Prud’homme
et al., 2021).

5.5 DENUDATIONAL RESPONSE TO QUATERNARY CLIMATIC CHANGES IN THE
KYRGYZ TIAN SHAN

One might expect that an increase in the rock uplift rate of the Terskey range would cause
an increase in the exhumation rate. In turn, this should lead to an increase in the
sedimentation rate, such as that observed at ca. 7 Ma. Subsequently, there is a transition
from fine-grained fluvial-alluvial deposits of the Chu group to proximal alluvial fan
conglomerates of the Sharpyl Dak group. The Chu — Sharpyl Dak transition occurred at
2.6-2.8 Ma on the southern side of the Issyk-Kul basin according to 2°Al/*°Be isochron
burial dating, which is synchronous with the intensification of the Northern Hemisphere
glaciation (Ruggieri et al., 2009; Hayashi et al., 2020). Additionally, an increase in
sedimentation rates in the Kaji Say section occurs at ca. 3 Ma and marks a change in the
depositional environment. However, in chapter 4 we show that our °Be-derived paleo-
denudation rates from 2.0-2.7 Ma from the Kaji Say and Ak Terek sections are as low as
long-term AFT- and AHe-derived exhumation rates from the adjacent Terskey range and
do not reflect the changes recorded in the stratigraphic section. Therefore, our results,
presented in chapter 4, suggest that tectonic activity in the late Miocene — Pliocene, river
system reorganization, and the Plio-Pleistocene global climatic changes did not cause a
detectable increase in denudation rates in the Terskey range.

Across the Kyrgyz Tian Shan, millennial-timescale °Be-derived denudation rates are
higher on average than the long-term AFT- and AHe-derived exhumation rates are, except
in the Kyrgyz range. We discuss these data in chapter 4. We suggest that the aridity has
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dampened and delayed the denudational response in the Kyrgyz Tian Shan (Herman et
al., 2018; Jepson et al., 2021), and that only significant glaciation and cooling occurring
during the Quaternary glacial-interglacial cycles had a primary role in increasing
millennial-timescale denudation rates in the Kyrgyz Tian Shan. Moreover, a global
compilation of °Be-derived denudation rates also shows that Quaternary glaciations
caused a detectable increase in denudation in the mid-latitude glaciated regions (Codilean
et al., 2018; 2022; Chen et al., 2022).

In the Kyrgyz range, unlike in other regions of the Kyrgyz Tian Shan, long-term
thermochronology-derived exhumation rates are higher than millennial-timescale °Be-
derived denudation rates. In chapter 4, we suggest that this is caused by rapid exhumation
of young poorly consolidated sediments, which covered this area before commencement
of surface uplift at 11-7 Ma (Bullen et al., 2001, 2003; Sobel et al., 2006b). Afterwards,
denudation rates adjusted to the glacial conditions and showed similar average values as
in other regions of the Kyrgyz Tian Shan.

The millennial-timescale denudation rates are notably higher on the southern side of the
Issyk-Kul basin, reflecting more rapid denudation of the northern slope of the Terskey
range compared to other areas in the Kyrgyz Tian Shan. We suggest that this is triggered
by higher runoff and/or admixing of previously shielded sediments with lower °Be
concentration due to particularly severe glacier shrinkage in the northern side of the
Terskey range (Unger-Shayestech et al., 2013 and references therein). This can
potentially lead to faster modification of the Terskey range topography and affect lake
level.

Our new data presented in chapter 4 allow us elaborate on the spatial distribution of
millennial-timescale denudation rates across the Tian Shan when combining with
published data from the Western Tian Shan and Northern Pamir (Grin et al., 2018) and
Eastern (Chinese) Tian Shan (Charreau et al., 2023). A spatial west to east trend of
decreasing average '°Be-derived denudation rates. In the Western Tian Shan and Northern
Pamir, millennial-timescale °Be-derived denudation rates are of a similar magnitude as
long-term thermochronology-derived exhumation rates (Grin et al., 2018). We suggest
that in this area denudation is mainly controlled by strong deformation caused by the
indentation of the Pamir (Wang et al., 2023), while further east in the Kyrgyz Tian Shan
the denudational response of the landscape to Quaternary glaciations becomes detectable.
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5.6 FACTORS CONTROLLING MODERN 1°BE-DERIVED DENUDATION RATES

In chapter 4, we show that in the Kyrgyz Tian Shan, correlations between °Be-derived
modern denudation rates and topographic metrics (i.e., topographic gradient and local
relief) are moderate, while correlations between °Be denudation rates and annual rainfall
are weak. However, the correlation between °Be denudation rates and precipitation
during the wettest month is strong in the Terskey range. This area receives the majority
of precipitation in summer (Bershaw & Lechler, 2019). Therefore, we suggest that
summer rainout in the Terskey range might be strong enough to increase runoff and affect
denudation. Moreover, moderate correlation exists between '°Be denudation rates and
strain rate in the entire Tian Shan (Northern Pamir and Western Tian Shan, Grin et al.,
2018; our study, and the Chinese Tian Shan, Charreau et al., 2023). This illustrates the
complex interplay between tectonics, climate, and surface processes at a local and
regional scales.

5.7 CONCLUSIONS AND FUTURE RESEARCH

Untangling interactions between climate, tectonics, and surface processes in the Tian
Shan during the Cenozoic is the overall goal of my study. This research contributes to our
knowledge of such interactions by providing a comprehensive study of the processes
which controlled the development of the Issyk-Kul basin and denudation rates in the
Kyrgyz Tian Shan. In this thesis, | showed how climatic conditions changed in the Issyk-
Kul basin in relation to the uplift of individual mountain ranges of the Kyrgyz Tian Shan
and Cenozoic global cooling. These changes within the Kyrgyz Tian Shan contributed to
modification of Central Asian climate during the Cenozoic. Also, | described the
processes which led to the formation of lake Issyk-Kul and subsequent expansion in the
late Miocene — Pliocene, when the general climatic trend was towards aridification.
Finally, I showed what controls and affects denudation and exhumation in the Kyrgyz
Tian Shan on different timescales and in different climatic conditions and showed how
modern Central Asian climate affects surface processes in the individual mountain ranges
of the Kyrgyz Tian Shan.

The most significant outcomes of this study are as follows:

e Despite the generally windward position of the Kyrgyz Tian Shan in the northwestern
part of Central Asia and immediate interactions with the moisture-bearing westerly
wind, climatic conditions within the range, particularly in the Issyk-Kul basin, change
drastically at 8-7 Ma with uplift of the northernmost Kyrgyz and Kungey ranges.
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e Commencement of lake formation occurred in the Kaji Say area due to local tectonic
activity and consequent enhancement of subsidence and reorganization of the river
system in the central part of the Terskey range at ca. 5 Ma. Later during the Pliocene,
eastward growth of the Kungey range possibly blocked westward-draining rivers,
which had formerly connected the Issyk-Kul basin with eastern basins, leading to
sediment starvation and lake expansion.

¢ Denudational response of the landscape to Quaternary glaciations in the Terskey range
is delayed due to aridity of the region and becomes detectable only in the late
Quaternary when cooling and glaciation was substantial.

e Currently, denudation of the northern slope of the Terskey range is more rapid than
denudation of other ranges of the Kyrgyz Tian Shan due to intensive glacier reduction,
summer rainout, and consequent increase in runoff. Therefore, the topography of the
Terskey range might be modified faster in the future.

In this work, we were not able to unequivocally answer the question of the presence and
precise position of the depositional hiatus in the Kaji Say stratigraphical section. Solving
this is necessary to better understand the processes and timing of the beginning of lake
formation. To answer this, it is necessary to obtain precise ages for the basal and/or middle
parts of the section. Our work, described in chapter 3, showed that finding suitable
samples for 26Al1/*°Be isochron burial dating at the bottom of the section is problematic.
Therefore, more field work in the Kaji Say area is necessary to find suitable deposits
which can be reliably correlated to our studied section. Additionally, it will be useful to
do more field work to describe stratigraphical and geographical positions of lacustrine
deposits in the Kaji Say area but beyond the studied stratigraphical section to see how
exactly the initial lake developed.

This study also could not provide ages for the Chu — Sharpyl Dak transition on the south
flank of the Kungey range, and our 2°Al/*°Be isochron burial ages for the easternmost
Jergalan section are ambiguous. Knowing precise ages of the Chu — Sharpyl Dak
transition in these areas will be useful to better reconstruct the eastward growth of the
Kungey range and to understand the processes of basin development and lake expansion.
Studying and dating the sedimentary deposits in the western and eastern parts of the basin
might also help answer the question of when exactly the basin was isolated from the
neighboring basins and became internally drained. Obtaining this information is
necessary to understand how sediment accumulation in the basin controls the existence
of this lake. However, these tasks will require extensive field work and a careful selection

of outcrops and samples for dating.
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Apart from that, a question remains whether the Plio-Pleistocene onset of glaciation
enhanced denudation in other parts of the Kyrgyz Tian Shan besides the sampled Terskey
range. This information will broaden our understanding of whether individual ranges
respond to global climatic changes or if these processes are relatively uniform across the
Tian Shan. This task, however, will require extensive work selecting and dating existing
Chu — Sharpyl Dak transitional deposits in other Tian Shan basins.
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SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Supplementary figures S2.1 and S2.2 show additional examples of the natural remanent
magnetization (NRM) demagnetization behavior from representative samples, complementing
Figure 2.4. Dataset S2.1 lists all interpreted paleomagnetic directions shown in Figure 2.5. Data
produced during this study are available in the open-access online database Zenodo

(https://doi.org/10.5281/zenodo.4548968).

Figure S2.1 Comparison of normalized magnetization decay curves of thermally and AF
demagnetized sample pairs of the same sites (horizons) from the Ak Terek and Kaji Say (c and

d) sections
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Figure S2.2 Representative Zijderveld plots with normalized magnetization decay curves
(M/Mnax) from a) the Ak Terek and b) the Kaji Say sections. Alternating field and thermal
demagnetization experiments are shown in black and red, respectively. Italic names in the upper
right corners indicate sample ID; numbers inside the decay plots indicate the maximum magnetic
moments of the samples. The four sample pairs on the right, separated by a dashed line, stem from
the same horizons.
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Dataset S2.1 Interpreted paleomagnetic directions used for the magnetostratigraphy. Given are
the section name, sample ID, demagnetization method, number of interpreted demagnetization
steps, declination and inclination in geographic and stratigraphic coordinates, stratigraphic
height and VGP latitude.

Section: AT, Ak-Terek (42.2°N, 76.7°E), KS, Kaji-Say (42.2°N, 77.3°E)
Method: Demagnetization method

n: number of interpreted demagnetization steps

Dg: Declination (deg) in geographic coordinates (in-situ)

Ig: Inclination (deg) in geographic coordinates (in-situ)

Ds: Declination (deg) in stratigraphic coordinates (tilt-corrected)
Is: Inclination (deg) in stratigraphic coordinates (tilt-corrected)
Height: Stratigraphic height (m)

VGP.Lat: Virtual geomagnetic pole latitude (deg)

Section  Sample_Id Method n Dg Ig Ds Is Strike Dip  Height
VGP.Lat
AT A001 AF 12 2934 41.8 309.8 35.6 285 21 15 42.3
AT A002 AF 12 145 58.4 14.7 37.4 285 21 15 65.4
AT A007.4 AF 5 143 -63 163.3 -47.1 285 21 5.9 -70.6
AT A007 AF 10 179.5 -68.7 186.6 -48.1 285 21 6.2 -75.9
AT A007.9 AF 5 155.1 -29.1 160 -12.4 285 21 8.9 -49.9
AT A009.5 AF 8 3254 70 3494 52.9 285 21 10.15 779
AT A012 AF 13 356.8 69.7 5.2 50.2 285 20 15.8 78
AT A013 AF 12 350.7 61.3 359.5 42.4 285 20 17.1 72.3
AT A015 AF 11 7.1 46.7 8.9 26.8 285 20 18.8 60.9
AT A017 AF 9 339.8 39.1 346.2 22.1 285 20 21.3 57
AT A018 AF 10 3318 65.1 349.3 48.4 285 20 21.3 74.5
AT A020 AF 9 344.6 67.6 357.5 50.1 285 19 24 78.5
AT A021 AF 11 359.9 69.5 6.7 50.8 285 19 30.5 78.1
AT A022 AF 12 344 57.4 353.7 40.3 285 19 30.5 70
AT A023 AF 8 339 42.3 346 26.2 285 19 33.9 59.1
AT A027 AF 11 324.9 74.2 351.4 58.5 285 19 36.8 82.8
AT A028 AF 9 36.5 68 27.3 49.7 285 19 36.8 65.3
AT A029 AF 8 340.2 73.1 357.4 56.7 285 18 40.1 84.7
AT A031 AF 10 3473 60.2 356.4 43.6 285 18 40.6 73
AT A033 AF 9 341.6 62.3 353.3 46.2 285 18 42.2 74.4
AT A034 AF 8 349.3 25.5 351.6 9.1 285 18 42.2 51.6
AT A035 AF 8 350.9 60.7 358.9 43.8 285 18 43.7 73.4
AT A037 AF 8 352.3 61.1 360 44 285 18 45.6 73.6
AT A039 AF 4 156.4 -56.5 167.7 -41.2 285 18 47.3 -68.8
AT A040 AF 4 77 -69 127.2 -70.1 285 18 47.3 -53.8
AT A041 AF 8 118.4 -78.9 166.6 -66.9 285 18 50 -78.2
AT A044 AF 10 141 -72.9 167.6 -58.8 285 18 52.3 -80.3
AT A045 AF 4 132.3 -75.5 166.4 -62.3 285 18 54.45 -80
AT A047 AF 11 145.3 -71.8 168.2 -58.2 285 17 55.65 -80.4
AT A049 AF 10 120.3 -74.8 159 -645 285 17 57.25 -74.4
AT A051 AF 9 146.4 -69.4 167 -55.8 285 17 59.45  -78.4
AT A051.9 AF 11 7.5 56.8 9.6 39.9 285 17 59.45 68.9
AT A053 AF 8 15.1 54.6 15.1 37.6 285 17 6195 65.4
AT A054 AF 8 12.1 55.2 12.9 38.2 285 17 61.95 66.6
AT A053.2 AF 3 190.9 -65.5 1924 -485 285 17 6197 -73.8
AT A055 AF 10 148 -60.5 163 -47.2 285 17 63.75  -70.5
AT A057 AF 9 163.2 -64.7 174.8 -49.3 285 17 65.05 -77.3
AT A059 AF 9 155 -64.2 169.3 -49.8 285 17 68 -75.6
AT A061 AF 4 198 -46.7 197.3 -29.7 285 17 69.25 -59.8
AT A064 AF 10 143.3 -78.3 173.6 -64.1 285 17 70.75  -84.1
AT A065 AF 10 160.4 -73.2 177.1 -57.8 285 17 72.35 -85.6
AT ATO066a thermal 11 148 -67.1 166.5 -535 285 17 7235 -76.6
AT A067 AF 11 138.7 -73.9 165.8 -61.8 285 16 73.15 -795
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2.7
23.2
158.7
174.5
255.2
183.7
187.2
155.8
70.8
162
181.4
2423
184.3
189.2
209.4
185.8
213
186
174.6
186.9
25.6
10
170.6
186.1
183.9
163.4
172
82.9
148.9
149.6
154.8
155.1
209.1
182.4
223.6
170.4
188.2
190.4
139.1
151.8
346.6
21.7

47.4
-49.8
-48
-47.1
-42.3
-315
-66.6
-69.4
-34
53.7
51
40.3

50.9
36.4
63.2
41.3
32.5

50.2
56.6
243
-14.4
-26.4
-235
-43.8
-45.1
-68.2
-72.7
-75.4
-49.2
-65.3
-24.6
-39.5
-39.9
-31.2
-59.1
-69.9
-56.6
-45.1
5.9
-22.2
-47.6
-23.6
-26.3
-45.7
-45.6
-83.5
-58.9
-44
-59.4
-63.8
-54.1
-40.6
-70
-71.6
-29.3
-335
-38.1
-45.5
69.4
19.2

274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276

152.3
160.3
171.4
172.5
180.7
183.2
189.5
189.5
190.6
196.1
196.1
199.2
201.7
207.85
211.35
214.45
218.8
222.85
225.25
231.85
237.65
251.05
256.05
256.2
257.8
259.85
264.4
278.2
285.3
2879
2914
300
310
310
311.8
314.05
3214
3214
323.7
326.2
329.8
329.8
338
338
341
344.7
348.1
348.1
352.1
352.1
364
364
368.2
374.2
380.2
382.9
395
395
403.5
403.5
407.5
411.6

75.5
=17
-73.1
-715.4
-72.3
-64.4
-73.9
-11.7
-49

79.3
69.4
61.7
78.5
54.7
69.3
42.3
65.5
55.3
7.7
84.6
54.3
-50.4
-61.4
-19.1
-73.2
-713.4
-71.1
-26.2
-67
-77.8
-46.7
-60.5
-68.8
-58.7
-64.2
-65.1
-1
-83.5
=735
44.6
355
-74.6
-59.7
-61.5
-69.8
-73.6
-39.3
-66.5
-60.2
-71
-71.8
-66.1
-70.9
-59.1
-74.5
-62.6
-64.6
-50.1
-62.5
75.9
49.6



5188
S189
S190
S191
S192
S196
S197
S198
S199
S201
5203
5205
S207
S209
S209.1
S211
S215
S216
S217
S218
S230
S231
5232
5233
5235
5236
S237
5238
S239
S240
S241
S242
S243
S244
S245
S246
5249
S251
5254
5255
5257
5259
S261
5263
5265
S267
5269
S271
S274
S275
S279
5281
5284
5285
5287
5289
ST290
S291
S294
S296
S299

thermal
AF
AF
AF
AF

243.9

147.8

76.9
-64.3
-25.2
-55.3
-55.3
-18.2
-32.4
-18.6
717
67.9
57.3
73.6
74.1
45.8
44.3

59.7
78.8
62.6
78.9
66.7
85.3
83.9
70.3
36.6
81.5
65.5
76.7
61.9
60.7
62.6
713
86.9
78.3
65.5
67.4
79.6
713
61.7
65.7
72.9
713

71.9
58.3
65.3

73.2
72.2
62.8
75.1
76.5
-81.8
-73.2
-72.3
-62.1
-15.7
-69.7
-11.7

-22.7
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-58.8
-64.5
-47.4
-59.8
-59.6
-61.7

-10

276
276
276
276
276
276
276

276
276
276
276
276
276
276
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
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277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277
277

4116
4143
4143
416.1
416.1
4233
426.5
426.5
429.4
433.3
448.8
451

454.2
463.7
463.7
465.2
482.4
482.4
497.6
497.6
516.2
518

518

519.7
521.6
521.6
527.5
527.5
531.9
531.9
534.3
534.3
536.3
536.3
537.3
537.3
545.3
548.6
545.3
548.6
555

560.6
565.6
573.8
578.8
581.6
584.4
589.6
593.7
596.5
604.5
607.5
613.4
619.1
623.6
629.1
629.1
632.1
635.6
638.7
658.1

59.7
-71.9
-42.2
-52.8
-62.1
-43.9
-71.2
-37.7
60.3
69.6
77.6
65.7
48.7
74.4

-67.4
62.9
75.5
62.3
72.3
50.6
78.2
79.4
56.9

82.8
63.4
75.9
54.9
64.1
65.3
71.3
86.5
7.7
67.2
67.3
77.3
71.5
62.9
69.9
77.2
73.6
50.4
76.3
54.9
70.2
53.8
83.9
76.2
67.6
68.8
85.4
-74.1
-80.5
-63.3
-73
-87.4

-86.2
-84.4
-44.6



SUPPLEMENTARY MATERIAL FOR CHAPTER 3
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Figure S3.1. Ak Terek section area (location shown in Figure 3.1 in the main text of Chapter 3).
Sedimentary units are mapped after Roud et al. (2021) and Burgette et al. (2017) on topography
based on SRTM30 digital elevation data. A-B show locations of the corresponding section photos,
represented in Fig. 6 in the main text. Stratigraphic units in the legend: Ni., — Late Miocene —
Pliocene; N2-Q — Pliocene — Quaternary; Q — Quaternary.
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Figure S3.2. Kungey range area (modified from Selander et al., 2012). (A) Geological map of
the Kungey range area and positions of the Toru Aygir (B) and Cholpon Ata (C) sections areas.
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Figure S3.3. The Toru Aygir stratigraphic section (location shown in Supplementary Figure 3.2
and in Figure 3.1 in the main text of Chapter 3) with rose diagrams of paleocurrent flow directions.
(6C) shows stratigraphic position of the section photo 3.6C, represented in Figure 3.6 in the main
text of Chapter 3.
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Figure S3.4. The Cholpon Ata stratigraphic section (location shown in Supplementary Figure 3.2
and in Figure 3.1 in the main text of Chapter 3) with rose diagrams of paleocurrent flow directions
of the Terskey and Kungey members (see section 3.5.1.4 in Chapter 3 for detailed description).
6D shows stratigraphic position of the section photo 3.6D, represented in Figure 3.6 in the main
text of Chapter 3.
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Table S3.1 Stable isotope data

sample ID Stratigraphic Age (Ma) 6180, %o | 613C, %o Material Group/Unit Carbonate
position (m) (PDB) (PDB) content (%)
Kaji Say section (42°09'50"N, 77°18'30"E)
5108 663 2,501 -8,18 -3,42 pedogenic nodule Sharpyl Dak 23,3
S109 641 2,581 -7,27 -3,16 lacustrine mudstone Sharpyl Dak 102,4
S106 625,5 2,625 -7,68 0,31 lacustrine mudstone Upper Chu 43,8
S105 621,5 2,636 -8,21 -0,31 lacustrine mudstone Upper Chu 37,3
5102 614,5 2,656 -7,98 -5,86 pedogenic nodule Upper Chu 76,4
269 614 2,658 -7,88 -1,93 lacustrine mudstone Upper Chu 1,6
S101 608,5 2,673 -8,01 -1,25 lacustrine mudstone Upper Chu 57,1
S100 574 2,769 -8,99 -3,562 pedogenic nodule Upper Chu 37,3
245 570 2,780 -9,13 -2,13 lacustrine marl and siltstone Upper Chu 5,6
243 567 2,788 -10,11 -4,69 lacustrine marl and siltstone Upper Chu 0,9
16543 565 2,794 -9,52 -4,96 pedogenic nodule Upper Chu 57,3
241 563 2,800 -9,63 -2,49 lacustrine marl and siltstone Upper Chu 7,5
237 560 2,808 -8,66 -2,44 lacustrine marl and siltstone Upper Chu 40,0
16541 553 2,828 -9,65 -4,31 pedogenic nodule Upper Chu 54,6
235 552,5 2,829 -9,54 -3,46 lacustrine marl and siltstone Upper Chu 19,8
233 550 2,836 -7,89 -1,26 lacustrine mudstone Upper Chu 8,4
231 549 2,839 -8,98 -2,24 lacustrine marl and siltstone Upper Chu 12,3
229 547 2,845 -10,81 -2,16 lacustrine marl and siltstone Upper Chu 51
16540 545 2,850 -9,06 -3,46 pedogenic nodule Upper Chu 41,7
227 544 2,853 -9,15 -3,58 lacustrine marl and siltstone Upper Chu 26,6
16539 542 2,858 -9,38 -3,29 lacustrine marl and siltstone Upper Chu 51,5
221 538 2,869 -9,14 -4,42 pedogenic nodule Upper Chu 19,7
219 532 2,886 -8,91 -2,07 lacustrine marl and siltstone Upper Chu 5,2
16S36 480 3,032 -8,97 -1,58 lacustrine mudstone Upper Chu 37,1
16S34 473 5,100 -8,82 -0,96 lacustrine mudstone Upper Chu 61,2
209 472,5 5,102 -9,38 -1,64 lacustrine mudstone Upper Chu 3,6
16S33 472 5,104 -8,66 -2,00 lacustrine mudstone Upper Chu 74,7
16S32 456 5,176 -8,79 -5,09 sandstone cement Upper Chu 72,4
16S30 454,5 5,183 -9,44 -5,37 sandstone cement Upper Chu 73,8
16S29 430 5,292 -8,96 -6,09 sandstone cement Lower Chu 29,9
16S27 400 5,423 -10,79 -3,94 pedogenic nodule Lower Chu 39,2
16S25 396 5,440 -9,85 -3,45 pedogenic nodule Lower Chu 32,4
16S24 392 5,457 -10,26 -4,25 pedogenic nodule Lower Chu 31,4
16S23 389 5,470 -10,53 -5,38 pedogenic nodule Lower Chu 28,7
16S26 375 5,531 -9,18 -6,15 sandstone cement Lower Chu 28,9
16S22 367 5,566 -9,50 -5,76 pedogenic nodule Lower Chu 41,3
16S21 350 5,640 -10,48 -4,07 pedogenic nodule Lower Chu 39,3
16S18 270 5,989 -9,82 -5,97 sandstone cement Lower Chu 42,9
16516 220 6,187 -9,71 -4,30 pedogenic nodule Lower Chu 41,8
16S15 177 6,366 -11,23 -6,32 sandstone cement Lower Chu 35,3
16S14 134 6,529 -10,26 -5,89 sandstone cement Lower Chu 87,5
16S13 130 6,543 -11,13 -6,22 sandstone cement Lower Chu 92,0
16S12 105 6,630 -10,16 -5,88 pedogenic nodule Lower Chu 36,2
16S10 85,5 6,698 -11,16 -6,71 sandstone cement Lower Chu 92,6
16S09 85 6,700 -10,84 -6,26 sandstone cement Lower Chu 104,4
16S08 84 6,703 -11,51 -7,07 sandstone cement Lower Chu 91,6
S110 74,5 6,736 -11,46 -6,79 sandstone cement Lower Chu 95,7
16S07 68,5 6,758 -10,73 -5,72 sandstone cement Lower Chu 37,2
16S06 43 6,851 -10,35 -4,90 pedogenic nodule Lower Chu 37,2
16504 30 6,898 -10,82 -4,73 pedogenic nodule Lower Chu 42,2
16502 21,5 6,929 -11,12 -5,98 sandstone cement Lower Chu 51,5
16S03 18 6,942 -11,07 -6,20 sandstone cement Lower Chu 51,8
16501 8 6,978 -10,32 -5,52 sandstone cement Lower Chu 41,5
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Ak Terek section (42°14'N, 76°41'40"E)

Al44
A143
A139
A138
A137
Al136
A135
Al134
A133
A131
A130
A129
A128
A127
Al126
A125
A123
A122
A121
A120
Al119
Al118
Al17
Al16
A115
All4
Al113
Alll
A109
A108
A107
A106
A104
A103
A102
A150
A151
A152
A154
A153
A155
A156
A157
A158
A159
A160
Al163
Al61
Al64
A165
Al166
A168
Al67
16A10
A169
Al170
16A09
Al171
16A08
Al172
A173
Al74
Al175
Al176
AL77
A178
Al79
16A01
A181

471
452
427
406
401
397
387
383
382
373
370
361
351
347
340
334

325
317
315
314
312
297
294
288
286
285
259
244
237
224
214
213
211
210
192
185
178
174
173
169
167
161
159
152
151
149
148
148
147
137
133
131
129
128
126
95

91

87

83

81

79

76

71

69

60

42

2,992
3,16
3,379
3,548
3,588
3,623
3,603
3,721
3,728
3,791
3,812
3,872
3,942
3,97
4,019
4,061
4,11
4,124
4,18
4,1915
4,196
4,205
4,2728
4,2864
4,316
4,326
4,331
4,467
4,534
4,562
4,615
4,669
4,675
4,687
4,693
4,81
4,87
4,93
4,964
4,972
5,007
5,023
5,072
5,088
5,145
5,153
5,169
5,177
5,177
5,185
5,269
5,303
5,32
5,337
5,345
5,362
5,622
5,656
5,69
5,724
5,741
5,758
5,783
5,825
5,842
5,918
6,06
6,262
6,272

110,11 -7,46
-10,76  -4,34
-10,46  -4,15
9,34 -7,10
9,81 -6,39
9,56 6,57
9,62 -6,03
41009  -6,67
41001  -651
-10,87  -6,53
-10,86  -6,59
-1038  -4,73
-1033  -6,18
410,06  -548
-10,48  -4,86
9,73 -7,58
9,50 -6,69
9,75 6,65
9,81 6,43
-1008 5,75
9,83 -6,46
9,93 6,77
-10,04  -583
9,77 -6,64
-10,06  -6,06
41093  -6,79
-1006  -6,10
-10,11  -4,96
9,63 -5,65
111,33 -4,67
9,75 -4,40
410,10  -6,15
-1028  -5,90
41023  -631
9,86 6,14
9,54 6,82
-10,04  -6,32
9,45 -7,52
-8,39 7,07
9,53 7,26
9,92 6,07
-1036 6,07
-9,80 6,37
41055  -6,75
-10,18 7,41
9,36 -6,93
41030  -6,77
9,05 7,16
410,22 -6,48
411,49 -5,04
1034  -6,46
410,53  -7,18
410,17 -6,68
1024  -478
41020  -7,26
9,74 -6,83
9,74 -5,48
410,79  -6,48
410,10 -4,70
-10,66  -5,54
9,05 -5,85
9,45 6,07
-1021 5,68
41053  -6,04
-1068  -5,28
110,73 -7,22
-10,04  -5,93
-10,82  -4,19
111,23 -4.64

sandstone cement
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
sandstone cement
pedogenic nodule
pedogenic nodule
sandstone cement
pedogenic nodule
sandstone cement
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
pedogenic nodule
sandstone cement
pedogenic nodule

Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu
Chu

54,5
41,9
37,2
48,2
36,1
35,6
58,9
43,2
45,6
40,2
38,8
37,2
44,6
32,2
21,1
43,8
48,4
36,0
55,7
42,9
55,2
473
33,0
47,8
25,7
37,9
35,6
23,5
45,5
17,6
36,8
56,2
42,3
50,9
39,3
52,7
53,8
52,0
54,7
40,0
65,2
31,0
62,4
50,6
48,0
46,2
18,5
46,0
42,5
28,7
48,1
43,6
41,1
39,5
50,0
50,6
35,6
47,2
23,2
62,5
29,3
38,7
36,3
31,6
26,6
45,8
33,8
33,1
26,9
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Jeti Oguz section (Data are from Macaulay et al., 2016. Age model is from Roud et al., 2021)

JTP82
JTP81
JTP80
JTP79
JTP78
ITP77
JTP75
JTP74
JTP68
JTP67
JTP62
JTP57
JTP56
JTP55
JTP54
JTP52
JTP51
JTP50

990
972
941
916
885
834
760
730
569
544
449
245
224
186
144
58
37
2

8,500

8,771

9,164

9,481

9,873

10,507
11,427
11,800
14,482
14,988
16,964
19,398
19,599
19,963
20,510
21,698
21,966
22,400

-13,8
-13,5
-13,0
-14,1
-13,7
12,1
-14,2
12,7
-15,3
-12,5
-12,5
-11,4
-12,3
12,5
-13,4
-10,4
9,3
9,0

73
7,2
-8,2
71
-7,0
-6,6
7,2
-6,0
-6,0
6,6
-6,5
-6,0
7,2
-5,9
-5,1
-5,0
-3,0
-5,8

pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic

Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi
Shamsi

Chon Kyzylsu section (Data are from Macaulay et al., 2016. Age model is from Roud et al., 2021)

CKP41
CKP35
CKP34
CKP33
CKP32
CKP31
CKP30
CKP29
CKP28
CKP27
CKP26
CKP25
CKP24
CKP23
CKP22
CKP21
CKP20
CKP19
CKP18
CKP17
CKP15
CKP14
CKP13
CKP12
CKP11
CKP10
CKPO9
CKPO8
CKPO6
CKPO7
CKPO5
CKPO4
CKPO3
CKPO2
CKPO1

947
916
855
806
769
744
707
703
657
628
613
584
557
521
468
440
427
414
385
375
346
331
325
316
293
254
233
214
171
159
128
96
36
18
8

7,63

7,95

8,54

9,05

9,42

9,66

10,04
10,09
10,57
10,87
11,03
11,35
11,65
12,05
12,63
12,94
13,08
13,22
13,54
13,65
13,97
14,13
14,19
14,29
14,54
14,94
15,13
15,30
15,70
15,81
16,12
16,48
17,37
17,58
17,70

11,7
-11,5
12,5
-13,7
12,7
-12,6
-12,5
12,8
-13,5
11,3
-11
-12,5
-11,2
-13
-11,1
12,7
12,4
12,4
11,8
-12,9
-12,8
-12,7
12,6
12,2
-13
-13
-13,4
11,8
-12,4
-12,3
11,6
12,7
-11,9
-11,6
-10,8

-7,2
-8,2
-8,2
-6,5
-6,8
-6,2
-8,2
-8,3
-8,2
-7,8
-7
-6,1
-5,4
-8,6
-7,9
-7,2
-6,6
-6,3
-6,7
-6,9
-6,4
-6,1
-5,4
-6,8
-6,8
-9,4
-7,7
-8,1
-6,7
-6
-5,7
-7,5
-4,3
-4,4
-4,8

pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
pedogenic
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Supplementary paleocurrent and clast count data

Kaji Say
Paleocurrent data
Rose . . | Bedding (dip |Cross-beds Imbricates
. . |Stratigraphic| . . - . L .
diagram in position (m) direction and |(dip direction |(dip direction
Fig.3.2 dip angle) |and dip angle)|and dip angle)
345 35
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35543
20 33319 >35
1540
033
345 30
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Lower Chu 72 35521 ? 2(8)
0-100 m
350 30
31040
32540
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260 35
33542
305 28
95 34521 31528
290 25
31533
12535
9520
190 40
11028
8055
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11043
75 40
105 23
Lower Chu 130 50
100-200 m 144 34521 150 18
13525
100 40
13520
11520
160 25
60 35
3040
9035
75 30
35560
15 85
1075
Lower Chu 265 1564 1585
200-300 m 087
052
280 >72
15 64 567
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Kaji Say

Paleocurrent data

Rose
diagram in
Fig.3.2

Stratigraphic
position (m)

Bedding (dip
direction and
dip angle)

Cross-beds
(dip direction
and dip angle)

Imbricates
(dip direction
and dip angle)

Upper Chu

457

1072

520

719

570

5035

632

1016

35575
65 36
2538
33560
33528
3522
95 25
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1530

65 45
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1050
3535
17530
190 30
22555
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7530
12050
80 55
5045
7040
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7520
190 40
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Sharpyl
Dak
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31520
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32535
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10545
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65 50

21035
17545
12542
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19535
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Kaji Say

Clast count
Stratigraphic Number
.. Type of rock
position (m) of clasts
Red granite 35
Volcanic rocks 20
Metamorphic sandstone 19
85 White granite 14
Shale 10
Quartz 3
Sandstone 3
Quartzite 2
Red granite 69
White granite 14
144 Volcanic rocl‘<s 14
Metamorphic sandstone 13
Quartzite 1
Quartz 1
Red porphyry with quartz phenocrysts 70
Red granite 23
White granite 4
320 Volcanic rocks 5
Sandstone 3
Quartzite 2
Quartz 2
White granite 55
Red granite 27
411 Red porphyry with quartz phenocrysts 8
Volcanic rocks 7
Metamorphic sandstone 5
Quartzite 1
Ak Terek
Clast count
Stra.ti.graphic Type of rock Number
position (m) of clasts
White granite 41
Red granite 28
Metamorphic
sandstones 22
3 Volcanic rocks 10
Quartzite 2
Sandstone
Quartz
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Ak Terek

Paleocurrent data

Rose . . | Bedding (dip |Cross-beds Imbricates (dip
. . Stratigraphic | |~ N N
diagram in position (m) direction and |(dip direction |direction and
Fig.3.5 dip angle) |and dip angle) |dip angle)
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34530
23525
31510
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28540
24520
22542
245 50
27525
28043
28043
25555
23020
3060
40 2520 3530
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34510 350 28
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40 15 1535
7030
45 40
5530
Chu200-3001 54 560 34030
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7535
1545
42 32
1525
33025
10 20
2535
150 35
1028
35520
Chu300-4001 505 359 58 33520
m 33020
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11525
34030
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45 32
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305 22
95 30
Chu400-5001 454 500 58 350 40
m 300 25
285 25
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Jergalan

Paleocurrent data

Position

Bedding (dip
direction and
dip angle)

Cross-beds
(dip
direction
and dip
angle)

Imbricates
(dip direction
and dip
angle)

Position of the
JGL17 sample
42°39'53.28"N
78°57'59.35"E

33010

2542
3035
530

3555
550

2550
3555
3552
4537
2050
3541
1055
1548
5548
40 35
2530
5055
40 55
3048
1035

Jergalan

Clast count

Position

Type of rock

Number
of clasts

sample

Position of
the JGL17

42°39'53.28"N
78°57'59.35"E

Clastic
rocks

Quartz

sedimentary

Volcanic rocks
Granite
Quazrtzite

35
26
20
16
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Toru Aygir
Paleocurrent data
. . | Bedding (dip Cr.oss-.bed§ Imbricates
Stratigraphic | ;. . (dip direction o
.. direction and . (dip direction
position (m) dip angle) and dip and dip angle)
angle)
60 20
48 30
2339
1 05 21015
13045
100 18
959
18532
80 15
21520
23 05 165 22
1512
195 30
120 18
Toru Aygir
Clast count
Straja‘graphlc Type of rock Number of
position (m) clasts
Subvolcanic rocks with plagioclase phenocrysts 88
53 Granite 11
Mafic igneous rocks 4
Volcanic rocks 4
Cholpon Ata
Clast count
Unit and
stratigraphic Type of rock Number
position (m) of clasts
Granite 55
Volcanic rocks 36
mTe‘:;Zk:r‘;’ o | Phylite 20
Subvolcanic rocks with plagioclase phenocrysts 15
Clastic sedimentary rocks 3
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Cholpon Ata

Paleocurrent data

Unit

Stratigraphic
position (m)

Bedding (dip
direction and
dip angle)

Cross-beds (dip
direction and dip
angle)

Imbricates (dip
direction and
dip angle)

Terskey
member

0 (just below
the section)

45 16

80 25
1555
3545
32525
5033
34540
2542
035
3548
1052
31525
300 47
31540
32045
300 45
3060
1533
9525
100 48
1530

Kungey
member

10-15

4516

20510
2455
18528
2758
31015
240 20
7511
25017
25022
100 3

17

507

037
547
12 40
1030
2545
355 27
20 25
1530
3035
33030
35545
517
3020
520
10 20
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SUPPLEMENTARY MATERIAL FOR CHAPTER 4
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Figure S4.1. Detailed maps of the eight regions with positions of samples and drainage basins. *°Be sample
numbers 1-54 correspond to ID numbers of samples in Supplementary Table S5. TFF is Talas-Fergana Fault.
Tectonic features are taken from Mohadjer et al. (2016).
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Figure S4.2. %Al vs. °Be concentrations in individual clast and amalgamated sand samples collected from
Ak Terek (AKT) and Kaji Say (PET-QTS) localities, in the proximity of lake Issyk-Kul (see Chapter 3 for
further details).
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Figure S4.3. °Be-derived modern and paleo-denudation rates, AFT and AHe exhumation rates, slope, and
local relief data distributed by region. Slope and local relief for °Be data is calculated as average for
drainage basins using 90-m SRTM DEM. Slope and local relief for AFT and AHe data is calculated using
90-m SRTM DEM with a 10-km radius buffers created around each AFT and AHe sample location.
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Figure S4.4. Modern °Be-derived denudation rates, AFT and AHe exhumation rates, slope, and local relief
data from across the Kyrgyz Tian Shan plotted together. Slope and local relief for 1°Be data is calculated as
average for drainage basins using 90-m SRTM DEM. Slope and local relief for AFT and AHe data is calculated
using 90-m SRTM DEM with a 10-km radius buffers created around each AFT and AHe sample location.

Additional reference for Supplementary Figure S4.1 (not mentioned in the main text):

Mohadjer, S., Ehlers, T.A., Bendick, R., Stiibner, K., & Strube, T.A. (2016). Quaternary
fault database for central Asia, Nat. Hazards Earth Syst. Sci., 16, 529-542,
https://doi.org/10.5194/nhess-16-529-2016.
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Table S4.1. °Be data from modern river sand
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(a) Cathode IDs starting with 'B' were analysed on the 10 MV ANTARES accelerator at ANSTO and cathode
IDs starting with 'Be' and 'XBE' were analysed on the 6 MV SIRIUS accelerator at ANSTO

(b) Sample coordinates indicate basin outlet as extracted from 90 m resolution SRTM data and are not the
coordinates recorded in the field

(c) Uncertainties at the 1-sigma level

(d) Normalised to 07KNSTD (Nishiizumi et al., 2007)

(e) Effective atmospheric pressure calculated using CAIRN (Mudd et al., 2016)

(f) Calculated using CAIRN (Mudd et al., 2016) with default values for all parameters

(g) Denudation rates corrected for ice shielding using present day glacier extent from Stroeven et al.
(2013)
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Table S4.2. 1°Be data from buried sediment
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Table S4.3. AFT data and exhumation rates

) Local relief h ion |Exh I

ID |Sample ID | Latitude |L le|Age (Ma) Age. System Reference Elevation correction Ah | rate high rate mid rate low Region

uncertainty (b)) (km) (mm/kyr) | (mm/kyr) | (mm/kyr)
0 10CK41 41,4378 71,2268 119,7 6,7 AFT  Bande_etal_2017b 1,369 1,97017 44,45 41,84 39,48
1 10UM12 42,2331 71,4067 51,5 2,8 AFT  Bande_etal_2017b 3,456 3,27059 137,41 129,83 122,99
2 10UM14 42,2401 71,4098 27,5 3,2 AFT  Bande_etal_2017b 2,082 3,22857 265,94 235,02 210,41
3  10UM15 42,2415 71,4133 37,6 3,8 AFT  Bande_etal_2017b 2,945 3,21082 194,93 174,99 158,71
4 10CK43 41,5843 71,527 51 55 AFT  Bande_etal_2017b 1,874 2,0611 118,63 105,47 94,86
5 10CK44 41,5658 71,5292 64,7 5 AFT  Bande_etal_2017b 1,695 1,95919 87,59 80,53 74,55
6 10TR17 42,4589 71,5338 25,2 2,8 AFT  Bande_etal_2017b 1,269 1,66663 224,26 199,27 179,10
7 10TR23 42,1195 71,5466 11 1,6 AFT  Bande_etal_2017b 2,713 2,98523 652,82 563,97 496,07
8 10TR22 42,1287 71,5576 26,4 2,9 AFT  Bande_etal_2017b 2,458 3,01351 269,95 240,40 216,56
9 10TR21 42,1837 71,5697 24,5 2,6 AFT  Bande_etal_2017b 2,778 3,16709 297,63 266,34 240,87
10 10TR20 42,1855 71,5742 27,4 3,5 AFT  Bande_etal_2017b 2,815 3,17137 273,37 238,60 211,51
11 10TR19 42,1992 71,5856 29,8 2,4 AFT  Bande_etal_2017b 2,978 3,18552 240,02 220,66 204,14
12 10TROS 42,122 72,0371 25,1 3,1 AFT  Bande_etal_2017b 2,921 3,27493 301,38 264,52 235,51
13 10TRO2 42,1633 72,0405 22 3,1 AFT  Bande_etal_2017b 2,571 3,11526 340,03 292,87 256,95
14 10TRO3 42,1382 72,0405 23 2,3 AFT  Bande_etal_2017b 2,678 3,25691 317,44 286,11 260,27
15 10TRO4 42,1085 72,0426 25,4 2,9 AFT  Bande_etal_2017b 3,12 3,24584 295,11 261,73 234,99
16 10SU61 41,59 72,3286 16,4 2 AFT  Bande_etal_2017b 1,985 1,6757 354,98 312,86 279,44 Jalal Abad
17 10SU67 41,5306 72,3318 19,2 5,6 AFT  Bande_etal_2017b 0,922 1,35594 344,12 245,15 189,53 Jalal Abad
18 10SU62 41,6092 72,3561 23,9 2,1 AFT  Bande_etal_2017b 2,386 1,82276 244,81 223,46 205,37 Jalal Abad
19 10SU65 41,613 72,3641 20,8 19 AFT  Bande_etal_2017b 2,578 1,85857 285,11 259,40 237,83 Jalal Abad
20 10Ssue4 41,6229 72,3676 43 2,7 AFT  Bande_etal_2017b 2,767 1,94165 135,75 127,02 119,38 Jalal Abad
21 12KA22 40,0047 72,572 21,5 1,8 AFT  Bande_etal_2017a 3,86 3,45047 350,63 321,77 297,44
22 12KA23 40,0056 72,5765 20,4 1,7 AFT  Bande_etal_2017a 3,66 3,45394 367,42 337,39 312,05
23 12KA21 40,0033 72,5818 13,6 13 AFT  Bande_etal_2017a 3,475 3,49301 549,62 499,53 457,79
24 12KA24 39,9983 72,6057 11,4 1,1 AFT  Bande_etal_2017a 3,122 3,62573 654,70 595,47 545,86
25 12KA25 39,9989 72,6081 13 1,2 AFT  Bande_etal_2017a 3,297 3,62951 578,85 528,03 485,41
26 10FR69 41,7191 72,9562 25,5 2,4 AFT  Bande_etal_2017a 1,844 1,51092 215,96 195,59 178,59
27 10FR71 41,7104 72,9985 46,5 3,2 AFT  Bande_etal_2017a 2,131 1,64903 117,80 109,47 102,18
28 10FR73 41,6888 73,0148 10,4 1 AFT  Bande_etal_2017a 1,789 1,87665 546,05 496,95 455,72
29 10FR72 41,6998 73,0284 22 3 AFT  Bande_etal_2017a 1,939 1,74783 273,48 236,44 208,13
30 12NU12 40,1286 73,5256 9,8 13 AFT  Bande_etal_2017a 1,838 2,46361 654,60 573,86 510,52 Osh
31 12NU17 40,1452 73,5395 7,9 0,9 AFT  Bande_etal_2017a 2,056 2,43928 782,24 701,24 635,18 Osh
32 12NU16 40,1519 73,5429 6,9 11 AFT  Bande_etal_2017a 2,21 2,42789 926,31 794,01 694,53 Osh
33 12NU15 40,1615 73,5489 9 0,7 AFT  Bande_etal_2017a 2,5 2,4103 674,13 626,00 584,09 Osh
34 12NU14 40,1658 73,5531 9,5 1,1 AFT  Bande_etal_2017a 2,67 2,40591 668,93 597,48 539,56 Osh
35 12NU13 40,1659 73,5573 36,9 2,7 AFT  Bande_etal_2017a 2,89 2,41432 172,72 159,92 148,84 Osh
36 11TS533 41,2944 73,6358 8,2 1,2 AFT  Bande_etal_2017a 2,911 2,47572 800,75 694,34 612,60
37 11TS534 41,3383 73,6474 41,6 3,5 AFT  Bande_etal_2017a 2,036 2,3212 148,84 136,11 125,28
38 11TS532 41,3058 73,655 6,3 0,9 AFT  Bande_etal_2017a 2,758 2,40369 993,59 868,12 770,65
39 11TS535 41,346 73,6642 51 3,9 AFT  Bande_etal_2017a 2,122 2,2718 119,23 109,86 101,81
40 12FE30 40,6375 73,7307 48,7 53 AFT  Bande_etal_2017a 1,582 1,96518 121,45 107,86 96,91
41 12NU11 39,6747 73,7777 11,8 1,3 AFT  Bande_etal_2017a 2,939 3,36045 620,48 556,17 503,70
42 12FE29 40,6586 73,7877 11,4 33 AFT  Bande_etal_2017a 1,655 2,24972 660,50 480,45 376,54
43 12FE28 40,6596 73,7926 38 2,9 AFT  Bande_etal_2017a 1,667 2,26974 158,74 146,38 135,82
44 12NU02 39,6163 73,8372 10,7 13 AFT  Bande_etal_2017a 2,93 3,54285 703,10 623,36 559,59
45  12FE27 40,6615 73,8711 10,7 2,1 AFT  Bande_etal_2017a 1,765 2,56356 655,70 535,07 451,37
46 11775 39,8504 74,4984 6,9 0,9 AFT  Bande_etal_2017a 2,8 2,9498 977,19 863,06 772,64
47 11723 39,8382 74,8436 6,7 0,9 AFT  Bande_etal_2017a 3,117 3,16893 1041,96 917,01 818,72
48 212-16 42,5953 74,4916 15,6 2,3 AFT  Bullen_etal_2003 2,24 2,85227 458,06 392,75 343,53 Kyrgyz range
49 98-33 42,6167 74,498 10,8 2,7 AFT  Bullen_etal_2003 1,8 2,56251 693,25 530,78 429,23 Kyrgyz range
50 212-14 42,5484 74,5065 11,5 13 AFT  Bullen_etal_2003 2,69 3,38707 636,38 568,76 513,88 Kyrgyz range
51 98-30 42,5455 74,5091 10,5 2,1 AFT  Bullen_etal_2003 2,8 3,40928 765,34 622,62 524,29 Kyrgyz range
52 2129 42,5362 74,5203 14,7 1,7 AFT  Bullen_etal_2003 3,2 3,47395 517,41 460,01 413,99 Kyrgyz range
53 212-8 42,5301 74,5259 15,9 2,2 AFT  Bullen_etal_2003 3,4 3,49648 495,62 429,57 378,91 Kyrgyz range
54 212-13 42,5395 74,5347 103,2 11,3 AFT  Bullen_etal_2003 3,63 3,41178 73,24 64,97 58,34 Kyrgyz range
55 212-12 42,5376 74,5412 20,3 5,5 AFT  Bullen_etal_2003 3,97 3,3999 460,56 339,19 268,01 Kyrgyz range
56 KGO05-1 42,664 75,5795 68 5 AFT  Chu_etal_2016 2,09 1,89424 83,10 76,72 71,28
57 KG08-2 41,7872 75,6788 119 7 AFT  Chu_etal_2016 3,126 3,08543 56,38 52,93 49,87 Song Kul
58 KG30-5 42,5785 75,8054 72 5 AFT  Chu_etal_2016 1,495 2,07621 78,63 72,93 67,99
59 KGO06-1B 42,8816 76,119 32 3 AFT  Chu_etal_2016 2,452 2,6092 207,16 187,54 171,28 Issyk Kul North
60 KG28-5 42,3117 76,1308 73 5 AFT  Chu_etal_2016 1,715 1,82944 74,92 69,56 64,89
61 KG24-5 42,6713 77,2739 88 6 AFT  Chu_etal_2016 1,632 1,79299 61,00 56,64 52,87 Issyk Kul North
62 KG20-5 42,7953 77,4614 63 4 AFT  Chu_etal_2016 2,102 2,47637 97,41 91,00 85,41 Issyk Kul North
63 KG19-6 42,7714 77,4745 85 6 AFT  Chu_etal_2016 1,943 2,26542 69,32 64,21 59,79 Issyk Kul North
64 KG23-5 42,8141 77,528 94 7 AFT  Chu_etal_2016 2,019 2,46368 64,80 59,78 55,45 Issyk Kul North
65 KG25-5 41,9697 77,6364 22 2 AFT  Chu_etal_2016 2,513 3,65189 343,36 312,64 286,83 Issyk Kul South
66 KG26-5 41,871 77,736 58 5 AFT  Chu_etal_2016 3,809 3,93015 137,77 125,66 115,47 Issyk Kul South
67 Al-88 42,3178 76,1275 101 3,5 AFT  DeGrave_etal_2013 1,74 1,81092 51,23 49,36 47,64
68 TS-04 42,8553 76,5775 132,2 6,7 AFT  DeGrave_etal_2013 2,36 3,12495 49,21 46,60 44,24 Issyk Kul North
69 Al-33 42,1458 76,7908 198 41 AFT  DeGrave_etal_2013 2,22 1,93019 32,24 25,23 20,67 Issyk Kul South
70 TS-06 42,7264 76,8308 137,4 6,8 AFT  DeGrave_etal_2013 3,95 3,25521 50,34 47,76 45,41 Issyk Kul North
71  TS-07 42,7231 76,8436 147 8 AFT  DeGrave_etal_2013 3,7 3,18996 46,45 43,82 41,46 Issyk Kul North
72 TS-08 42,7181 76,8439 1473 6,2 AFT  DeGrave_etal_2013 3,515 3,13014 45,13 43,13 41,34 Issyk Kul North
73 TS-09 42,7169 76,8497 1159 3,9 AFT  DeGrave_etal_2013 33 3,09884 56,77 54,78 52,93 Issyk Kul North
74 TS-12 42,6778 76,8508 129,7 8 AFT  DeGrave_etal_2013 2,42 2,57005 46,99 43,98 41,30 Issyk Kul North
75 Ts-10 42,7206 76,8586 134 53 AFT  DeGrave_etal_2013 3,085 3,13373 49,06 47,04 45,17 Issyk Kul North
76 TS-11 42,7047 76,8642 138,2 7,2 AFT  DeGrave_etal_2013 2,86 2,91529 46,41 43,89 41,62 Issyk Kul North
77 ALMA3-01 43,1633 77,0458 22,9 4 AFT  DeGrave_etal_2013 1,64 2,03739 285,05 235,56 200,48 Issyk Kul North
78 ALMA3-02 43,1486 77,0592 29,4 1,4 AFT  DeGrave_etal_2013 1,96 2,27968 201,68 192,02 183,20 Issyk Kul North
79 TS-27 42,0947 77,0681 99,4 57 AFT  DeGrave_etal_2013 2,06 2,16322 57,32 53,87 50,81 Issyk Kul South
80 Kyr-33 42,0967 77,0683 115,8 20,8 AFT  DeGrave_etal_2013 2,03 2,14636 56,25 45,73 38,43 Issyk Kul South
81 ALMA3-03 43,125 77,0842 70,9 4 AFT  DeGrave_etal_2013 2,4 2,67053 88,82 83,65 79,02 Issyk Kul North
82 TS-28 42,125 77,1167 85,7 10,7 AFT  DeGrave_etal_2013 1,7 2,05335 70,15 61,02 53,93 Issyk Kul South
83 Ts-26 42,0706 77,1386 78,4 6,6 AFT  DeGrave_etal_2013 2,7 2,60154 82,50 75,33 69,26 Issyk Kul South
84 TS-19 42,1197 77,1417 107,5 16,5 AFT  DeGrave_etal_2013 2,02 2,1538 58,92 49,48 42,58 Issyk Kul South
85 Al-09 42,0683 77,1444 68,9 7,9 AFT  DeGrave_etal_2013 2,94 2,65003 99,02 87,33 78,04 Issyk Kul South
86 TS-24 42,0544 77,1519 102,6 8,6 AFT  DeGrave_etal_2013 3,08 2,82456 65,16 59,49 54,70 Issyk Kul South
87 Al-04 42,0411 77,1581 68,2 3,6 AFT  DeGrave_etal_2013 3,35 2,98139 98,84 93,46 88,64 Issyk Kul South
88 TS-23 42,0533 77,1586 72 5 AFT  DeGrave_etal_2013 3,31 2,85844 93,53 86,83 81,05 Issyk Kul South
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98,6

113,2

134,6

111,7

101,3

145,4
80,2

4,7
6,9
7,6
44
54
3,9
17
6,7
66,6

151,1

91,1
6,3

150,2

127,5
20,6
16,1

4,5
2,9
1,8

20
16
31
48
53
6,5
7,5
81
9,5
56
07
06
1,9
06
2,8
07

1,8
3,4
7,7
5,6
08
76

10,1

1
08

AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT

Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Nachtergaele_etal_2018
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Sobel_etal_2006b
Kaessner_etal_2017
Kaessner_etal_2017

2,27
2,651
2,992
2,822
2,28
2,2
2,98
3,387
3,802
4,143
2,385
2,431
2,578
2,756
2,56
2,85
3,29
2,35
2,09
1,84
2,87
2,61
3,16
3,57
3,77
2,25
1,62
1,376
1,888
1,808

2,55154
2,81958
3,02682
2,92175
2,93634
2,93674
2,93508

2,9519
3,00576
3,02349
2,57045
2,74585
3,07862
3,26516
3,34741
3,46565
3,51867
3,12738
2,82507
2,19492
3,32349
3,25527
3,41192
3,40649
3,42409
3,04876
2,05576
1,97337

-0,1976704

-0,5265276

59,11
105,50
276,42
124,36

32,23
32,31
103,10
67,06
59,13
50,10
55,22
63,73
45,30
87,00

1458,56

1000,60

1108,84

1474,78

1930,98

1473,58
439,90

1210,69
106,32

46,09
79,32
1058,33
35,63
42,73
181,89
214,26

56,37
100,34
256,74
117,24

28,90
29,56
97,97
63,67
56,25
47,57
51,35
58,44
42,20
80,74

1269,74
922,53
857,72

1301,38

1040,33

1250,36
389,66
918,59
100,79

43,65
74,31
938,58
33,70
39,17
172,98
203,70

53,87
95,71
239,62
110,85
26,17
27,23
93,36
60,60
53,64
45,31
47,97
53,93
39,51
75,29
1124,71
855,59
699,22
1164,94
715,52
1086,83
349,63
740,13
95,76
41,45
69,86
843,05
31,98
36,14
164,85
194,03

Song Kul

Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range
Kyrgyz range

Osh
Osh

Site parameters for calculating exhumation rates presented in

table S4.3:

TO = 25; Temperature (deg C) at elevation = 0 km
lapse = 5; Temperature lapse rate (deg C km-1)
Crustal properties:
G_init = 25; initial geotherm, deg C km-1
kappa = 30; thermal diffusivity, km2 My-1

L = 30; model thickness, km
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Table S4.4. AHe data and exhumation rates

159

Age Elevation Local relief { ion { io { io
ID Sample ID | Latitude |Longitude| Age (Ma) | uncertaint | System Reference (km) correction Ah rate high n rate mid | n rate low Region

y (km) (mm/kyr) | (mm/kyr) | (mm/kyr)
0 KG-13-28 42,0453 79,9622 9 0 AHe  Rolland_etal_2020 5,52 0,551731 356,85 356,96 356,96
1 KG-13-27 42,0453 79,9622 6,3 0 AHe  Rolland_etal_2020 5,53 0,551731 499,51 499,39 499,39
2 KG-13-O4abe 42,1384 79,9515 41 0,9 AHe  Rolland_etal_2020 3,785 -0,346777 49,64 48,42 47,26
3 KG-13-Ocdf 42,1384 79,9515 15,5 0,1 AHe Rolland_etal_2020 3,785 -0,346777 140,72 139,81 138,86
4 KG-13-06c 42,1124 79,9358 67,8 3,4 AHe  Rolland_etal_2020 4,401 -0,0564873 35,17 33,23 31,47
5 KG-13-06de 42,1124 79,9358 265,7 78 AHe  Rolland_etal_2020 4,401 -0,0564873 7,38 7,13 6,90
6 KG-13-32b 42,1111 79,8908 277,4 20,5 AHe  Rolland_etal_2020 4,625 0,300586 8,87 8,14 7,52
7 KG-13-32e 42,1111 79,8908 161,2 4,7 AHe  Rolland_etal_2020 4,625 0,300586 15,39 14,89 14,43
8 KG-13-11ad 42,1067 79,9167 82,6 3 AHe  Rolland_etal_2020 4,75 0,411635 33,98 32,64 31,40
9 KG-13-11c 42,1067 79,9167 231,5 8,6 AHe  Rolland_etal_2020 4,75 0,411635 10,96 10,51 10,09
10 KG-13-39ade 41,9958 79,1294 260 1,9 AHe  Rolland_etal_2020 3,566 0,596496 9,00 8,93 8,86
11 KG-13-39bc 41,9958 79,1294 117,1 11 AHe  Rolland_etal_2020 3,566 0,596496 21,85 21,63 21,41
12 KG-13-48a 42,0205 79,0536 4,6 0,1 AHe  Rolland_etal_2020 2,486 -0,657069 379,98 372,24 364,74
13 KG-13-48d 42,0205 79,0536 76,2 1 AHe  Rolland_etal_2020 2,486 -0,657069 16,60 16,33 16,07
14 KG-13-46ac 42,0254 79,0376 21,2 0,2 AHe  Rolland_etal_2020 2,977 -0,290688 96,07 95,06 94,09
15 KG-13-46bd 42,0254 79,0376 62,9 0,4 AHe  Rolland_etal_2020 2,977 -0,290688 28,21 28,00 27,80
16 7TS302a 42,2842 79,751 159,9 11 AHe  Rolland_etal_2020 3,818 -0,262935 10,81 10,72 10,63
17 7TS302b 42,2842 79,751 13,6 0,2 AHe  Rolland_etal_2020 3,818 -0,262935 168,72 166,16 163,65
18 7TS302cd 42,2842 79,751 58 0,3 AHe  Rolland_etal_2020 3,818 -0,262935 34,41 34,20 34,01
19 7TS305ab 42,3108 79,7712 65,9 0,7 AHe  Rolland_etal_2020 3,54 0,532971 40,17 39,70 39,24
20 7TS305ce 42,3108 79,7712 30,1 0,3 AHe  Rolland_etal_2020 3,54 0,532971 93,63 92,65 91,67
21 7TS305d 42,3108 79,7712 1101 3,6 AHe  Rolland_etal_2020 3,54 0,532971 23,43 22,59 21,80
22 7TS307ad 42,3341 79,6858 15,3 0,4 AHe  Rolland_etal_2020 3,202 -0,33701 139,18 135,30 131,63
23 7TS307bc 42,3341 79,6858 55,3 0,7 AHe  Rolland_etal_2020 3,202 -0,33701 33,02 32,53 32,07
24 8TS416 42,1371 76,403 153,22 6,3 AHe Macaulay_etal_2014 2,731 0,234574 13,39 12,76 12,19  Issyk Kul South
25 8TS418 42,1345 76,3999 155,8 16 AHe Macaulay_etal_2014 2,538 0,0462664 12,61 11,12 9,93 Issyk Kul South
26 8TS420 42,0909 76,3803 188,83 27,4 AHe Macaulay_etal_2014 3,081 0,333992 13,06 10,94 9,38 Issyk Kul South
27 9TS474 41,9154 77,068 87,8 7,5 AHe Macaulay_etal_2014 4,054 0,302357 30,71 27,81 25,42 Issyk Kul South
28 9TS475 41,9141 77,0598 49,7 51 AHe Macaulay_etal_2014 3,918 0,144629 54,63 48,54 43,60  Issyk Kul South
29 7TS323ab 42,1613 78,0818 80,1 12,7 AHe Macaulay_etal_2014 3,594 0,32616 36,16 29,88 25,38  Issyk Kul South
30 7TS323c 42,1613 78,0818 28,1 18 AHe Macaulay_etal_2014 3,594 0,32616 270,61 93,62 54,84  Issyk Kul South
31 77S324 42,1649 78,08 35,5 4,1 AHe Macaulay_etal_2014 3,438 0,135386 76,76 67,18 59,61 Issyk Kul South
32 7TS325 42,1739 78,091 42,9 3,8 AHe Macaulay_etal_2014 3,095 -0,124426 52,67 47,49 43,18 Issyk Kul South
33 7TS326 42,1827 78,0931 11 0,8 AHe Macaulay_etal_2014 2,939 -0,266073 208,25 192,57 179,12 Issyk Kul South
34 7TS327 42,2114 78,0757 7,6 0,8 AHe Macaulay_etal_2014 2,534 -0,253997 304,69 272,84 246,70  Issyk Kul South
35 7TS322 42,224 78,0655 8,7 0,5 AHe Macaulay_etal_2014 2,407 -0,268351 248,70 234,18 221,17  Issyk Kul South
36 9TS496 42,2745 78,3215 95,4 4,4 AHe Macaulay_etal_2014 2,508 -0,591937 13,88 13,08 12,38 Issyk Kul South
37 7TS330 42,5433 78,9368 11,6 1,2 AHe Macaulay_etal_2014 3,41 0,413792 266,92 239,24 216,49  Issyk Kul South
38 7TS331 42,5476 78,9362 13,3 2,4 AHe Macaulay_etal_2014 3,262 0,296193 243,31 198,75 167,42 Issyk Kul South
39 7TS332 42,5517 78,938 9,4 0,2 AHe Macaulay_etal_2014 3,106 0,125167 270,08 264,42 258,89  Issyk Kul South
40 7TS333 42,5609 78,9268 11,1 0,4 AHe Macaulay_etal_2014 2,704 -0,121135 205,96 198,34 191,20  Issyk Kul South
41 SITC-6 42,5322 78,9172 7 1 AHe Macaulay_etal_2014 2,54 -0,506565 310,15 266,24 232,66  Issyk Kul South
42 7TS328 42,5012 78,9362 7,9 0,1 AHe Macaulay_etal_2014 2,719 -0,453429 248,39 245,14 242,04  Issyk Kul South
43 SITC-5 42,4345 78,9501 29,4 31 AHe Macaulay_etal_2014 2,893 -0,356807 72,08 63,65 56,86  Issyk Kul South
44 8TS41lab 42,0054 76,3093 19,9 2,4 AHe Macaulay_etal_2014 3,835 0,387802 159,88 139,86 124,10  Issyk Kul South
45 8TS4llc 42,0054 76,3093 9,6 3,5 AHe Macaulay_etal_2014 3,835 0,387802 455,05 293,98 215,26  Issyk Kul South
46 8TS4l4ac 41,9758 76,3235 159,6 25 AHe Macaulay_etal_2014 3,274 -0,0167319 13,93 11,46 9,69 Issyk Kul South
47 8TS414b 41,9758 76,3235 90,9 35,4 AHe Macaulay_etal_2014 3,274 -0,0167319 37,99 21,79 14,98  Issyk Kul South
48 9TS471 42,2566 78,8828 32,4 3,5 AHe Macaulay_etal_2014 3,374 -0,49766 63,78 56,09 49,95 Issyk Kul South
49 8TS369 41,4505 77,3417 68,8 3,4 AHe Macaulay_etal_2014 4,061 0,535539 41,67 39,44 37,42
50 8TS370 41,4493 77,3357 59,8 48 AHe Macaulay_etal_2014 3,855 0,29591 45,66 41,66 38,27
51 8TS371 41,4548 77,3285 86,1 11,7 AHe Macaulay_etal_2014 3,581 0,0880234 29,48 25,04 21,70
52 8TS372 41,4609 77,3254 62,4 1,4 AHe Macaulay_etal_2014 3,232 -0,140448 32,18 31,37 30,59
53 8TS368 41,4502 77,3159 37 3,8 AHe Macaulay_etal_2014 3,089 -0,438964 54,44 48,15 43,08
54 8TS358 41,4968 77,6238 371,1 20,1 AHe Macaulay_etal_2014 3,95 0,565792 6,54 6,14 5,79
55 8TS359 41,4986 77,6227 209 21,5 AHe Macaulay_etal_2014 3,797 0,500968 12,65 11,21 10,05
56 8TS36lab 41,5036 77,863 108,6 15,5 AHe Macaulay_etal_2014 3,482 -0,232188 19,53 16,37 14,02
57 8TS361c 41,5036 77,863 170 21,9 AHe Macaulay_etal_2014 3,482 -0,232188 11,42 9,73 8,44
58 9TS463 42,1261 79,0931 22,2 2,3 AHe Macaulay_etal_2014 3,039 -0,227822 105,28 93,49 83,93
59 9TS465 42,1291 79,08 40,6 3,7 AHe Macaulay_etal_2014 2,679 -0,55734 42,97 38,43 34,70
60 8TS432a 42,0535 79,0981 58,2 8,5 AHe Macaulay_etal_2014 3,204 0,133874 45,45 38,15 32,77




61 8TS432b 42,0535
62 SITC-1 42,0426
63 SITC-2ab 42,0695
64 SITC-2¢ 42,0695
65 8TS428 42,0796
66 ALMA3-01 43,1633
67 TS-06 42,7264
68 TS-26 42,0706
69 IK-13 42,4519
70 NP1 42,0563
71 NP3 42,065
72 NP4 42,0677
73 CP1 41,9831
74 CP3 41,9842
75 CPa 41,9832
76 NS 41,9703
77 SS 41,9397
78 SP1 41,8735
79 SP4 41,9038
80 Al-20a 42,1998
81 Al-20bc 42,1998
82 Al-14ab 42,0624
83 Al-l4c 42,0624
84 Al-13a 42,0643
85 Al-13bc 42,0643
86 Al-16a 42,0198
87 Al-16bc 42,0198
88 Al-31 41,7367
89 Al-29 41,7147
90 Al-73 41,0572
91 Al-69 41,0497
92 Al-77 40,3273
93 Al-74 40,3883
94 Al-79 40,3088
95 Al-82 40,9857
96 Kyr-03 42,31
97 TF-17 41,78
98 TF-21 42,0933
99 IK-05 41,8594
100 IK-06 41,8806
101 212-10 42,5418
102 212-14 42,5484
103 212-16 42,5953
104 Al-40 39,7639
105 Al-41 39,7136
106 Al-42 39,7142
107 TS-06 42,7264
108 TS-13 42,7692
109 TS-15 42,4492
110 TS-17 42,4536
111 TS-26 42,0706
112 KAZ-01 43,35
113 KAZ-03 43,2333
114 1K-03 41,3897
115 IK-13 42,4519
116 ALMA3-01 43,1633
117 KYR-38 41,8708
118 Al-91 42,0931
119 Al-97 41,8436
120 Al-100 41,9281
121 Al-102 41,91
122 Al-97 41,3436
123 Al-100 41,9281
124 Al-102 41,91

79,0981
79,0758
79,0833
79,0833
79,2755
77,0458
76,8308
77,1386
78,5517
77,61
77,6024
77,6026
77,6009
77,6113
77,6163
77,6377
77,6564
77,7219
77,6537
79,1161
79,1161
79,0841
79,0841
79,0872
79,0872
79,1404
79,1404
78,0664
78,1636
75,6515
75,6559
75,5565
75,2937
76,2628
76,6052
73,8372
74,2669
74,1256
75,7281
75,7192
74,5162
74,5065
74,4916
72,5814
72,6558
72,6656
76,8308
77,5236
75,8608
75,8569
77,1386
74,95
74,75
76,0114
78,5517
77,0458
77,7361
75,1197
74,9008
75,0375
75,0467
74,9008
75,0375
75,0467

28,3
6,4
12,9
24,1
435
14,6
159,9
183,5
11,4
9,8
7,6

21,9
14,7
13
16,5
19,8
134,2
9,3
57
125,7
14,9
50,6
6,6
33,8
169
435
107,1
30
73,2
85,1
10,7
41,4
254,1
331,9
57,6
29,4
98,6
119,4
134,6
10,2
6,4
3
5
12,5
9,7
159,9
312,3
111,6
122,5
183,5
296,3
196,6
186,3
11,4
14,6
85
176,5
68,8
45,5
78,3
68,8
45,5
78,3

4,1
0,7
2,9
a1
9,2
0,5
4.8
55
0,4
0,2
0,1
03
0,6
0,6
0,6
0,5
0,7
4,8
03
3,4
7,5
0,9

3
0,4
2
10
26
6,4
1,8
4,4
5,4
0,6
2,5
15
19
3,5
1,8
6,5
7,2
8,1
0,8
0,1
0,2
03
0,8
0,6
9,6

16,7
6,7
7,6
5,1

17,8

11,5

11,2
0,7
0,9
5,1

10,6
41
2,7
4,7
41
2,7
47

AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe
AHe

Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Macaulay_etal_2014
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2011
Glorie_etal_2010
Glorie_etal_2010
Glorie_etal_2010
Glorie_etal_2010
Glorie_etal_2010
Bullen_etal_2003
Bullen_etal_2003
Bullen_etal_2003
DeGrave_etal_2012
DeGrave_etal_2012
DeGrave_etal_2012
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2013
DeGrave_etal_2011
DeGrave_etal_2011
DeGrave_etal_2011

3,204
2,611
2,612
2,612
3,367
1,64
3,95
2,7
1,97
2,645
2,243
2,184
3,52
3,04
2,839
2,605
2,721
3,78
3,43
2,781
2,781
2,619
2,619
2,66
2,66
3,543
3,543
4,067
3,804
2,345
2,628
3,99
3,591
3,259
3,086
2,77
1,775
2,01
2,845
2,74
2,935
2,69
2,24
4,51
3,56
31
3,95
1,85
2,15
1,83
2,7
1,25
0,76
2,315
1,97
1,64
3,815
2,57
3,25
3,36
3,065
3,25
3,36
3,065

0,133874
-0,534359
-0,586743
-0,586743
0,0849629
-0,34322
0,561368
0,0162651
-0,372563
-0,318243
-0,507221
-0,552035
0,00426465
-0,456169
-0,684889
-0,97109
-0,891731
-0,187867
-0,373966
-0,34618
-0,34618
-0,53886
-0,53886
-0,495062
-0,495062
0,451495
0,451495
0,157056
-0,233082
-0,175265
-0,0221321
0,147801
0,0668047
-0,0516501
-0,169425
-0,149403
-0,531511
-0,612896
-0,171867
-0,103474
-0,448865
-0,548665
-0,446454
0,329095
-0,116201
-0,445541
0,561368
-0,195455
0,208005
-0,0352885
0,0162651
0,061749
-0,0635141
-0,270281
-0,372563
-0,34322
-0,151585
-0,225584
0,139213
0,357825
-0,038656
0,139213
0,357825
-0,038656

99,71
324,03
179,10

84,29

3,93
126,25

16,17

9,57
168,37
211,64
241,64
228,99
111,75
137,96
138,88

85,76

75,04

14,18
235,58

31,90

12,61
128,13

31,99
304,95

52,72

14,57

5,04

22,63

77,06

24,84

23,52
262,36

59,97

7,03

4,64

34,91

53,96

12,16

15,03

13,40
209,68
293,97
626,17
587,54
200,92
220,18

16,74

3,90

18,19

13,79

9,55

4,61

6,28
7,68
173,37
130,27

25,09

8,82

34,11

59,01

26,81

34,11

59,01

26,81

84,22
289,23
136,57

68,28

3,83
121,49
15,63
9,24

162,08
207,12
238,37
220,13
108,49
132,00
131,97

82,74

72,02

13,60
227,90

29,70

11,72
119,79

29,78
286,68

49,16

13,62

4,70

21,13

72,02

23,12

21,81
247,67

56,02

6,54
4,33

32,50

50,13

11,14

13,98

12,46
192,74
289,35
589,96
555,58
187,80
206,26

15,63

3,64
16,95
12,78
9,24
4,27
5,81
7,12
162,09
121,50
23,39
8,19

31,87

55,20

24,99

31,87

55,20

24,99

72,70
260,85
109,49

57,09

3,74
117,08
15,13
8,92
156,22
202,85
235,22
211,92
105,39
126,44
125,67

79,94

69,19

13,06
220,67

27,77

10,94
112,35

27,82
270,41

46,04

12,77

4,40

19,81

67,56

21,60

20,32
234,46

52,52

6,12

4,05

30,38
46,74

10,26

13,05

11,64
178,18
284,96
557,63
526,94
176,13
193,89

14,66

3,41

15,85

11,90

8,95

3,97

5,41

6,63
152,08
113,76

21,89

7,63

29,87

51,83

23,39

29,87

51,83

23,39

Issyk Kul North
Issyk Kul North
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South
Issyk Kul South

Naryn
Naryn

Song Kul
Song Kul
Song Kul
Song Kul
Kyrgyz range
Kyrgyz range
Kyrgyz range

Issyk Kul North
Issyk Kul North

Issyk Kul South

Naryn
Issyk Kul South
Issyk Kul North
Issyk Kul South

Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul
Song Kul

Site parameters for calculating exhumation rates presented in

table S4.4:

TO = 25; Temperature (deg C) at elevation = 0 km

lapse = 5; Temperature lapse rate (deg C km-1)
Crustal properties:
G_init = 25; initial geotherm, deg C km-1

kappa = 30; thermal diffusivity, km2 My-1

L = 30; model thickness, km
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Table S4.5. Modern °Be denudation rates and basin-wide geomorphic, climatic and tectonic

parameters
X X X 10Be rate 10Be rate Aver aging Elevation [m]
ID* | Sample | Longitude Latitude | Region . Time |Area [km2]
[mm/kyr] uncertainty .

[kyr] Mean Median St Dev.
1 KAZ16-02 [78°24'25"E 43°15'41"N 43,72 8,24 13,7 151,06 2087,25 2013,00 386,50
2 KAZ16-03 |78°32'7"E 43°5'6"N 108,54 20,15 5,5 82,04 2333,60 2264,00 483,39
3 KAZ16-04 |78°10'37"E 43°18'57"N 48,10 8,88 12,5 330,73 2648,83 2625,00 281,69
4 KAZ16-05 [77°57'33"E 43°14'39"N 54,16 9,90 111 37,67 2936,06 2936,00 206,94
5 KAZ16-06 |77°38'43"E 43°18'59"N 231,35 42,26 2,6 569,75 2828,16 2793,00 613,31
6 KAZ16-07 [77°22'34"E 43°21'43"N 168,67 32,56 3,6 36,93 1742,80 1672,00 431,31
7 KYR-DRMS2 |76°4'36"E 42°43'42"N | Issyk Kul 545,60 100,13 1,1 1421,72 3185,98 3292,00 602,61
8 KYR14-20 |76°15'30"E 42°45'38"N North 142,18 26,01 4,2 22,66 2920,16 2950,50 531,58
9 KYR14-21 |76°19'38"E 42°46'27"N 163,35 29,95 3,7 18,03 3046,44 3147,00 550,06
10 KYR14-22 |76°48'47"E 42°52'19"N 1600,57 294,83 0,4 29,50 3482,99 3514,00 338,54
11 KYR14-23 |76°45'32"E 42°51'43"N 2735,39 511,57 0,2 64,19 3454,55 3487,00 344,29
12 KYR16-56 |77°39'44"E 42°47'21"N 131,03 23,83 4,6 58,49 3118,16 3181,00 550,52
13 KYR16-57 [77°28'42"E 42°45'19"N 305,78 55,26 2,0 319,93 3351,27 3416,00 554,07
14 KYR16-58 [77°2'34"E 42°41'22"N 204,09 36,89 2,9 74,20 3423,73 3509,00 506,63
15 KYR16-04 |78°55'47"E 42°39'2"N 1329,50 248,66 0,5 246,82 2994,96 3052,00 476,80
16 | KYR16-02A |77°55'11"E 42°16'21"N 398,07 72,14 1,5 607,06 3332,34 3471,00 677,11
17 | KYR16-02B |77°55'11"E  42°1621"N 535,34 97,08 1,1 607,06 3332,34 3471,00 677,11
18 | KYR16-01B |77°35'41"E 42°3'50"N Issyk Kul 727,00 131,25 0,8 317,05 3654,03 3744,00 482,87
19 | KYR16-01C |77°35'41"E 42°3'50"N South 798,17 144,31 0,8 317,05 3654,03 3744,00 482,87
20 KYR16-03 [77°18'24"E 42°9'15"N 154,67 28,62 3,9 15,55 2515,61 2534,00 268,77
21 KYR16-55 [77°0'46"E 42°3'42"N 871,91 158,81 0,7 288,04 3277,18 3339,00 588,02
22 KYR16-05 [76°42'12"E 42°14'39"N 612,09 112,79 1,0 705,28 2676,52 2452,00 733,43
23 KYR16-30 [75°17'28"E 42°7'18"N 104,39 18,84 5,7 13,14 3462,89 3506,00 338,28
24 KYR16-31 |75°14'39"E 42°6'23"N 151,56 27,46 4,0 4,30 3088,29 3040,00 275,32
25 KYR16-32 [75°10'9"E 42°7'20"N 75,39 13,76 8,0 10,68 3128,11 3138,00 198,80
26 KYR16-33 |74°13'20"E 41°54'56"N 152,95 27,74 3,9 29,31 3038,45 3118,00 504,77
27 KYR16-34 |74°10'36"E 41°55'9"N 123,54 22,38 49 43,71 3115,46 3223,00 485,61
28 KYR16-35 [74°8'44"E 41°55'58"N 84,55 15,35 7,1 128,77 3113,39 3220,00 460,11
29 KYR16-36 |74°41'54"E 41°46'59"N | Song Kul 143,53 25,99 4,2 17,82 3170,97 3225,00 319,76
30 KYR16-37 [74°41'42"E 41°47'28"N 301,10 54,74 2,0 24,89 3182,08 3198,00 398,47
31 KYR16-38 [74°44'19"E 41°43'18"N 1242,84 229,34 0,5 37,83 3417,84 3428,00 315,37
32 | KYR16-39 [75°27'22"E  41°43'51"N 17,26 3,17 34,8 1350,28 3176,87 3102,00 192,98
33 KYR16-52 [75°49'11"E 41°39'35"N 39,20 7,17 15,3 25,80 2992,59 2877,00 308,50
34 KYR16-53 |75°48'45"E 41°40'19"N 72,57 13,27 8,3 17,56 3014,60 2856,50 336,89
35 KYR16-54 [75°44'9"E 41°42'3"N 286,02 52,07 2,1 24,08 2980,75 2892,00 342,42
36 KYR16-46 [76°14'12"E 41°14'10"N 342,47 61,90 1,8 31,45 3277,13 3292,00 471,57
37 KYR16-48 [76°4'39"E 41°9'42"N 248,15 44,72 2,4 38,07 3465,95 3560,00 462,41
38 KYR16-49 |75°49'25"E 41°6'7"N Naryn 193,33 34,86 3,1 36,68 3431,15 3497,00 545,84
39 KYR16-50 |75°49'5"E 41°6'7"N 299,33 54,00 2,0 33,17 3429,75 3484,00 548,73
40 KYR16-51 [75°57'36"E 41°7'17"N 160,06 28,85 3,7 45,57 3500,86 3582,00 462,76
41 |KYR-DRMS1 |73°39'22"E 42°43'20"N 113,00 20,57 5,3 187,89 2951,35 3126,00 755,92
42 KYR14-02 |73°51'3"E 42°29'28"N Kyrgyz 121,52 22,20 49 37,31 3252,44 3372,00 552,64
43 KYR14-18 [73°50'29"E 42°23'17"N range 76,75 14,25 7,8 34,55 3464,69 3502,00 299,22
44 KYR14-19 [73°47'3"E 42°24'16"N 109,97 20,50 5,5 163,66 3277,78 3341,00 434,95
45 KYR14-14 [72°49'12"E 42°2'53"N 52,70 9,88 11,4 86,74 2995,40 3060,00 433,49
46 KYR14-16 [72°49'38"E 42°9'13"N Toktogul 190,59 35,56 3,1 238,52 3239,91 3325,00 409,71
47 | KYR14-17 |72°54'4"E 42°9'45"N 107,74 20,05 5,6 24,95 3211,57 3264,00 343,77
48 KYR14-03 [72°41'59"E 41°36'32"N 414,92 81,33 1,4 243,78 2510,15 2528,00 638,36
49 KYR14-05 [72°29'23"E 41°32'24"N Jalal Abad 299,00 58,30 2,0 129,58 1981,65 2010,00 497,98
50 KYR14-06 [72°22'26"E 41°29'53"N 213,82 42,67 2,8 33,63 1689,14 1679,00 390,47
51 KYR14-13 [72°16'21"E 41°26'41"N 106,97 20,60 5,6 134,66 2004,09 2125,00 585,18
52 KYR14-08 [73°29'20"E 40°10'32"N 2780,42 581,94 0,2 209,92 2995,35 3045,00 531,70
53 KYR14-10 |73°33'17"E 40°3'23"N Osh 411,01 78,29 1,5 21,93 2856,64 2725,00 463,36
54 KYR14-12 |73°23'26"E 39°54'42"N 321,45 60,06 1,9 49,11 3283,19 3243,00 451,93
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ID* |Topographic gradient [m/km]|Local relief 1km radius [m]|Local relief 2km radius [m]| Local relief 5km radius [m] |Local relief 10km radius [m]
Mean Median StDev. | Mean Median StDev. | Mean Median StDev.| Mean Median StDev.| Mean Median St Dev.

1 223,59 185,64 139,00f 335,28 314,00 144,20 582,77 515,00 209,65 1159,18 1255,00 295,36 1802,19 1811,00 150,95

2 334,85 320,84 163,40 473,70 463,00 154,39 786,99 773,00 233,48 1557,67 1654,00 319,23| 2253,33 2288,00 145,81

3 211,93 184,36 134,74| 315,91 316,00 135,54 544,98 568,00 181,24/ 1036,18 1007,00 160,59| 1581,36 1521,00 304,99
4 310,35 31441 122,21| 382,37 384,00 72,05| 572,47 581,00 67,99 926,79 931,00 50,53| 1290,60 1282,00 66,07

5 382,21 355,31 203,98| 553,79 539,00 177,27| 897,28 896,00 218,30| 1613,69 1604,00 297,59| 2387,93 2356,00 328,10

6 359,74 346,17 157,28| 472,05 439,00 141,79 769,06 776,00 238,12 1592,67 1643,00 458,88 2668,11 2903,00 434,96

7 401,74 393,08 203,50 599,36 597,00 159,77| 953,36 954,00 210,91| 1604,88 1574,00 275,75/ 2051,03 2067,00 291,80

8 473,88 499,97 178,46 726,29 759,00 163,92 1204,75 1259,00 195,16 2090,67 209550 192,64| 2480,94 2479,00 27,38

9 462,60 471,18 167,23| 668,42 654,00 137,90 1123,89 1169,50 177,65| 1992,49 1986,00 180,70 2407,37 2422,00 39,25
10 482,19 485,41 196,84| 691,96 677,00 118,79 1044,87 1027,00 131,98 1613,37 1646,00 80,96/ 1901,59 1900,00 23,99
11 463,55 467,90 192,45| 676,85 669,00 108,20 1026,74 1042,00 100,56 1671,99 164500 165,42| 2214,62 2230,00 95,39
12 465,07 461,52 190,08| 669,04 658,00 114,80 1019,51 1032,00 141,71| 171199 179500 207,54 2342,19 2333,00 139,61
13 425,61 400,70 221,36 633,76 611,00 169,31 1007,59 995,00 204,24| 1644,80 1626,00 235,24| 2252,47 2300,00 192,75
14 356,80 323,94 178,33| 550,08 554,00 99,00/ 901,66 894,00 105,00 1661,09 1744,00 275,42| 2463,29 2511,00 240,76
15 342,54 305,84 192,56 499,01 501,00 154,09 786,10 783,00 179,48| 1282,62 1309,00 215,33| 1792,91 1810,00 170,48
16 468,78 455,56 271,36| 695,98 710,00 257,82| 1089,90 1153,00 360,14 1714,36 1787,00 380,77| 2255,63 2290,00 257,90
17 468,78 455,56 271,36 695,98 710,00 257,82| 1089,90 1153,00 360,14 1714,36 1787,00 380,77| 2255,63 2290,00 257,90
18 497,53 501,96 269,14 751,69 716,00 256,42 1179,23 1130,00 367,60/ 1795,23 1872,50 476,72| 2274,77 2318,00 392,13
19 497,53 501,96 269,14 751,69 716,00 256,42 1179,23 1130,00 367,60/ 1795,23 1872,50 476,72| 2274,77 2318,00 392,13
20 429,66 437,21 162,24 566,32 575,00 93,92 881,58 878,00 88,62 142232 1440,00 92,89 1718,24 1682,00 158,94
21 324,46 286,33 188,16| 506,17 520,00 143,48 833,80 856,00 180,21| 1527,13 1491,00 259,05| 2253,88 2282,00 271,12
22 271,80 210,98 230,53| 420,44 441,00 255,12| 698,62 765,00 365,42| 1313,07 1350,00 543,50/ 2016,37 2156,00 573,22
23 386,18 322,35 230,00 581,85 576,00 88,71 1035,67 1055,00 137,80 1826,91 1831,50 112,64| 2122,89 2113,00 48,31
24 429,16 434,17 132,05 670,82 678,00 99,09 1177,46 1195,00 113,03| 1844,61 1855,00 50,96 2052,45 2057,00 16,03
25 412,31 428,29 132,27| 575,92 583,00 67,20| 809,66 807,00 45,76| 1167,18 1163,00 43,50/ 1511,93 1493,00 78,22
26 449,48 452,17 190,80 671,26 675,00 112,80 1137,24 1192,00 234,36| 2079,78 2139,00 238,93| 2502,37 2487,00 44,57
27 431,59 431,31 202,30| 626,74 627,50 153,19 1037,91 1079,00 234,54| 1939,67 2007,00 276,98 2391,71 2409,00 44,14
28 384,49 367,52 194,85| 563,10 538,00 184,83| 903,42 859,00 253,80( 1576,94 1557,00 259,39| 2198,07 2274,00 188,17
29 437,07 412,79 196,47| 560,13 549,00 100,26 857,17 863,00 92,07| 1437,71  1434,00 87,64| 1744,14 1736,00 43,04
30 456,17 480,87 181,43| 658,38 679,00 159,79 1001,67 1005,00 203,56/ 1518,87 1529,00 85,00/ 1860,84 1861,00 60,65
31 449,88 446,50 188,32 616,95 604,00 87,30| 960,09 954,00 132,34 1461,26  1468,00 48,58| 1693,42 1688,00 50,89
32 109,52 67,04 125,33| 156,09 118,00 146,77 271,07 238,00 227,05 604,55 679,00 360,77 1144,41 121500 359,97
33 357,54 338,12 208,95| 431,49 460,00 167,77 630,17 680,00 194,99 1056,70 1097,00 170,46| 1503,16 1522,00 102,22
34 383,07 375,94 212,07| 429,09 483,00 169,22| 629,84 640,00 194,90 1036,73 1102,00 204,31 1504,01 1501,00 96,04
35 333,86 307,44 164,89| 410,19 389,00 130,56/ 603,97 547,00 172,64| 1075,53 1175,00 199,22| 1467,98 1480,00 67,14
36 377,15 391,70 210,45 522,96 583,00 221,06| 834,50 957,00 280,50( 1413,59 1486,00 231,93| 1944,79 1932,00 113,82
37 471,29 487,14 192,65| 684,92 683,00 154,93 1019,73 1028,00 193,75 1680,98 169500 146,65/ 2158,80 2154,00 76,13
38 499,96 491,82 242,65| 740,93 759,00 167,30 1160,33 1200,00 204,26| 1960,32 1967,00 176,21 2562,83 2568,00 94,31
39 494,30 469,21 248,05 726,30 752,00 160,16 1153,74 1190,00 182,53| 1928,46 1937,00 145,45| 2567,14 2576,00 98,54
40 532,62 531,67 219,48| 764,81 768,00 167,81 1162,47 1217,00 227,32| 1843,76 1852,00 156,46| 2393,38 2399,00 74,26
41 502,60 526,40 215,00 723,50 730,00 168,07 1114,79 1110,00 228,86 1847,40 1938,00 355,19| 2621,17 2753,00 434,86
42 532,50 546,67 212,19 777,31 768,00 139,95 1298,12 1330,00 217,74| 2317,37 2327,00 233,61| 276542 2745,00 63,06
43 502,76 519,56 209,47 711,95 697,00 135,76 1090,86 1073,00 173,64| 1777,68 1771,00 194,53| 2515,33 2558,00 109,42
44 494,86 501,54 211,21| 706,24 678,00 176,16/ 1080,00 1048,00 258,47| 1690,25 1706,00 265,18| 2245,02 2218,00 236,05
45 349,83 285,79 208,69| 529,71 505,00 215,90, 888,19 825,00 280,56| 1665,23 1698,00 291,10| 2457,62 2483,00 177,14
46 42590 433,57 185,11 632,17 614,00 154,19( 972,38 937,00 220,53| 152235 1547,00 287,27| 2112,09 2112,00 261,80
47 466,16 492,20 196,16| 708,90 695,00 166,29 1094,47 1073,00 217,52| 1838,11 1894,00 184,55| 2241,27 2232,00 49,23
48 497,31 489,09 235,63| 743,24 747,00 222,29| 1204,98 1234,00 286,16/ 2054,62 2036,00 315,22\ 2771,52 2774,00 177,09
49 508,98 517,75 186,63| 715,77 695,00 169,29 1136,17 1147,00 213,03| 1871,81 1844,00 181,74| 2424,60 2463,00 81,21
50 491,61 498,94 165,78| 693,63 688,00 119,42 1108,97 1109,00 133,81| 1847,83 1814,00 178,64 2329,80 230500 126,89
51 367,51 359,42 151,85 505,37 495,00 119,36/ 829,40 812,00 189,12 1575,88 1611,00 236,44| 2263,75 2234,00 147,26
52 531,09 537,50 245,51| 766,42 755,00 178,54 1172,17 1170,00 215,90 1773,95 1763,00 200,93| 2229,13 2262,00 127,80
53 533,66 556,25 171,19| 754,09 747,00 157,88 1183,59 1162,00 271,05 1927,13 1970,00 190,66 2417,60 2439,00 77,14
54 528,27 560,63 180,76 726,54 743,00 160,86/ 1075,00 111500 185,02 1628,82 1620,00 92,94| 2126,84 2146,00 101,67
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A BIO13 Precipitation of Y Treon
ID* |Local relief average of radii [m] |Ksn [stream threshold = 1076] Stainste 10a9 g BIO12 Annual precipitation wettestl:nonth AHHityncex
Mean  Median St Dev. Mean di StDev. | Mean di StDev. | Mean Median StDev.| Mean dian StDev. | Mean Median StDev.
1 969,48 985,00 154,60 194,77 187,90 81,34 56,91 56,91 0,80 673,64 681,50 32,08 90,73 90,00 538 607636 601450 781,35
2 1267,54 1303,00 182,22 293,38 306,97 80,46 36,02 54,33 25,45 671,74 684,00 45,00 92,84 95,00 6,78| 6463,21 6676,00 797,17
3 869,23 846,00 141,93 148,02 147,24 61,60 27,66 29,27 3,91 638,26 643,00 26,60 90,78 91,00 2,62| 6912,79 6862,00 295,20
4 792,69 799,00 37,33 183,69 193,24 45,45 34,98 34,14 8,89 612,17 614,50 12,19 91,57 92,00 1,25| 7261,45 7286,50 241,14
5 1362,80 1380,00 205,97 377,72 295,24 260,05 21,67 20,04 543 576,18 579,00 17,10 85,84 86,00 6,12| 6803,26 6662,00 1067,59
6 1375,10 1475,00 292,58 276,45 275,27 71,10 23,56 23,74 3,92 511,66 504,00 17,19 72,69 72,00 2,40| 4641,81 4526,00 600,02
7 1301,78 1299,00 174,17 346,98 322,78 177,74 35,74 34,81 16,79 456,48 481,00 75,27 79,77 84,00 13,79| 6184,33 6395,00 1860,53
8 1625,29 1656,00 118,03 440,34 391,31 89,37 31,99 28,14 7,40 437,00 453,00 83,09 75,92 79,50 15,36| 4881,95 4902,00 1425,58
9 1547,68 1547,00 117,19 465,75 443,72 149,19 31,57 28,14 8,61 465,62 491,00 79,78 80,59 86,00 14,85 5476,00 5559,00 1481,35
10 1312,57 1311,00 70,41 362,81 367,27 97,65 29,06 28,73 4,76 483,39 486,50 19,92 85,35 86,00 522| 6879,80 6939,00 865,09
11 1397,18 1407,00 81,05 341,15 330,01 108,17 28,58 29,70 4,42 484,43 489,00 21,40 85,80 87,00 512| 704249 710500 925,02
12 1435,31 1444,00 117,23 420,92 370,57 207,54 46,33 48,90 12,08 544,14 546,50 12,22 83,68 85,50 6,38| 6850,10 6927,00 1149,95
13 1384,28 1358,00 149,24 358,54 309,09 185,70 43,47 43,58 0,42 511,42 510,00 23,69 84,53 86,00 7,51| 6974,19  6958,00 1223,45
14 1393,65  1422,00 147,07 426,47 311,04  262,16] 50,22 44,52 6,26| 51582 526,00 31,77 86,04 88,50 836 7017,81 7112,50 1374,36
15 1089,79 1080,00 140,72 260,76 240,04 154,18 86,03 101,32 23,49 513,15 474,00 90,12 83,46 80,00 7/49| 582562 5709,00 325,73
16 1438,60 1492,00 274,47 372,41 338,86 242,98 24,71 22,10 6,18 357,41 356,00 23,62 60,38 60,00 3,28| 446393 437300 676,88
17 1438,60 1492,00 274,47 372,41 338,86 242,98 24,71 22,10 6,18 357,41 356,00 23,62 60,38 60,00 3,28| 446393 4373,00 676,88
18 1499,86 1518,00 344,57 418,97 367,23 312,63 25,33 26,12 2,90 345,41 344,00 18,32 61,85 62,00 4,33| 4648,02 4697,50 727,26
19 1499,86 1518,00 344,57 418,97 367,23 312,63 25,33 26,12 2,90 345,41 344,00 18,32 61,85 62,00 4,33 4648,02 4697,50 727,26
20 1146,74 1148,00 42,99 272,38 262,42 63,27 58,55 53,83 14,33 319,50 320,00 16,61 55,46 56,00 3,84| 3038,15 3046,50 282,72
21 1279,87 1296,00 141,25 315,15 259,05 199,88 66,63 63,15 6,42 350,19 357,00 3591 63,53 65,00 7,09| 425840 4212,00 1079,66
22 1111,75 1173,00 389,95 209,14 156,98 221,12 99,78 97,69 21,84 311,29 292,50 76,72 57,93 55,50 14,78 3338,82 2695,00 1505,41
23 1391,47  1395,00 58,08 370,55 432,37 150,13 41,01 38,85 4,58 441,24 451,00 43,78 76,24 78,00 6,06| 5447,10 5613,00 938,52
24 1435,95 1452,00 56,73 302,43 293,73 11,90 38,74 38,79 0,07 391,17 389,50 33,38 68,50 69,00 535| 4389,67 433350 634,84
25 1015,80 1014,00 31,39 239,76 252,97 39,86 35,54 35,54 0,00 441,67 444,00 22,20 73,27 74,00 3,23| 4994,07 5007,00 393,19
26 1597,29 1640,00 127,85 514,90 466,36 274,89 33,19 33,96 3,37 501,26 514,50 66,44 76,96 79,00 10,60| 5593,83 561500 1198,05
27 1498,63 1523,00 161,50 455,43 448,83 268,86 31,35 31,35 0,33 522,73 543,00 63,29 80,03 83,00 10,02| 6078,08 6263,00 1233,04
28 1310,01 1309,00 198,64 361,90 281,72 247,34 29,81 31,28 5,61 544,73 568,50 65,04 82,41 87,00 10,42| 6461,37 6753,00 1269,80
29 1149,40 1145,00 58,92 288,88 225,85 112,17 17,26 13,36 581 468,78 486,00 39,72 76,15 77,00 558| 540544 568800 758,93
30 1259,57 1268,00 96,59 290,88 332,13 115,50 17,66 19,36 2,40 479,32 481,00 51,01 77,24 77,00 6,75 5506,39  5482,00 1007,81
31 1182,56 1177,00 50,28 318,26 265,22 117,43 13,07 11,88 3,07 469,38 471,50 31,58 75,05 75,00 4,47\ 5804,64 5846,50 628,26
32 543,65 568,00 255,20 42,43 0,00 148,21 19,92 20,45 7,70 408,54 404,00 28,62 70,27 69,00 4,04/ 4736,07 4600,00 503,55
33 905,00 903,00 93,23 202,55 200,38 108,20 55,89 71,68 30,56 364,61 353,00 43,19 68,76 67,00 8,31| 3843,63 3603,00 742,17
34 899,54 882,00 99,29 211,85 188,50 106,38 58,60 71,68 29,25 364,40 351,00 47,48 68,36 66,00 8,81 3844,76 3559,00 810,75
35 889,05 904,00 108,15 207,91 213,34 40,37 27,84 45,51 44,33 360,89 352,00 38,20 68,05 67,00 7/43| 377846  3559,00 672,90
36 1178,58 1274,00 189,49 265,74 228,34 123,56 57,51 53,80 15,44 319,22 325,00 37,98 58,20 59,00 7,30| 3662,90 3616,50 902,51
37 1385,74 1395,00 130,28 391,22 382,05 157,74 17,30 17,19 8,12 297,47 308,00 27,61 53,49 55,00 4,81 3570,88 3782,00 677,68
38 1605,73 1633,00 134,80 452,99 442,80 159,69 21,61 21,63 2,74 296,89 306,00 34,46 53,50 56,00 6,16| 3542,24  3650,00 791,06
39 1593,54 1633,00 124,37 478,15 443,20 111,12 21,74 23,28 3,22 299,60 310,00 38,98 53,83 56,00 6,75 3616,79  3728,00 887,96
40 1540,73 1581,00 132,38 447,20 433,01 200,50 14,99 17,63 522 301,43 307,00 28,89 54,06 55,00 4,83| 3652,71 3726,50 684,78
41 1576,34 1616,00 258,56 461,47 372,65 284,70 26,71 26,52 20,41 617,24 662,00 90,36 90,97 96,00 11,52| 7429,85 7909,00 2058,46
42 1789,18 1800,00 135,37 552,49 588,19 289,09 26,63 25,48 5,86 621,81 653,00 77,43 90,15 94,00 10,11| 7485,76  7852,00 1545,93
43 152358  1520,00 133,02 386,72 380,27 16844 3551 3552 967 672,87 672,00 25,00 9543 96,50 481 849820 844650 744,14
44 1430,00 1416,00 203,30 399,37 345,15 209,95 75,35 75,35 10,31 649,65 666,00 57,55 92,60 95,00 8,56| 8289,32  8550,00 1336,79
45 1384,81  1332,00 201,02 355,27 240,90 373,20 16,53 14,80 5,74 654,37 654,00 25,29 100,08 101,00 5,07 753002 7522,50 857,69
46 1309,37 1309,00 200,81 361,91 315,72 216,66 13,15 13,15 3,36 656,95 656,00 33,42 97,79 99,00 5,78| 8067,44 820500 953,89
47 1470,32 1471,50 132,98 430,86 288,61 329,53 6,84 6,13 3,87 669,37 673,00 25,08 101,89 104,00 508| 7949,34 7976,50 669,14
48 1693,22 1714,00 188,67 455,08 412,75 262,72 38,84 38,90 2,03 666,95 667,00 43,84 101,46 102,00 7,85 674238 6858,00 852,15
49 1536,71 1517,00 114,49 356,22 360,44 108,76 32,42 31,78 4,07 652,39 676,50 81,04 95,59 100,50 13,66| 5793,59  6253,00 1027,33
50 1494,68 1489,00 92,69 329,93 301,40 105,08 24,23 23,96 0,80 600,11 637,00 92,73 86,18 90,00 15,25 4993,84 5177,00 105291
51 1293,23 1312,00 128,76 322,07 241,55 229,70 25,60 25,60 2,39 614,25 665,00 105,50 90,50 100,00 17,59 5404,43 6033,00 1329,98
52 1485,04 1482,00 127,96 345,30 301,86 390,88 25,98 25,98 11,89 429,28 431,00 16,97 73,13 73,00 3,37| 428694 4210,00 447,67
53 1570,23 1610,00 141,69 374,53 366,94 97,95 35,18 35,75 8,15 364,50 360,50 13,29 63,63 62,50 2,75| 3393,44 3319,50 187,21
54 1388,92  1409,00 105,90 310,23 32533 11629 4404 47,07 697 40582 407,00 26,19 66,71 67,00 2,00 421360 4149,00 703,21

* 1D numbers correspond to sample numbers in the Supplementary Figure S4.1
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Table S4.6. Mean and median *°Be, AFT and AHe values
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