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The Qaidam Basin in the core area of arid Inner Asia has been considered undergoing continuous
aridification over the Cenozoic. However, the Qaidam Basin is marked with expanded lacustrine
sedimentation during the Oligocene, which contrasts with the fluvial or deltaic facies stratigraphically
below (Eocene) and above (Miocene-present). The Oligocene lacustrine expansion challenges the idea of
persistent aridification. To solve the conundrum, we reconstruct a long-term compound-specific hydrogen
isotope (82H) record from sedimentary leaf wax n-alkanes to evaluate the paleoclimatic context before,
during, and after the Oligocene lacustrine expansion. The §2H results reveal three shifts at ca. 40 Ma, 34

Keywords:
Inner Asia Ma, and 24 Ma. The leaf wax §2H values range from —176.8%0 to —166.7%o from 51 to 40 Ma, followed
westerlies by an abrupt increase of 23.9%0 at 40 Ma. We interpret this rapid increase as enhanced aridification
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due to the coeval retreat of the Paratethys Sea from the region. At 34 Ma, the §2H plunges across
the Eocene-Oligocene transition (EOT). Post-EOT §2H values are the lowest, vary with high amplitude
from —187.1%0 to —153.2%0, and are associated with the lacustrine facies expansion, indicating a
wetter climate. By compiling the regional isotopic proxy studies, we observe the contrasting patterns
in paleohydrology conditions since the EOT: the relaxation of aridity in the westerlies region versus
the enhanced aridification in the East Asian summer monsoon region. We interpret that the west-east
contrasting patterns represent the different climatic responses to global cooling: wetting in the west as
a result of the enhanced moisture transport via westerlies replacing the subtropical high, and drying
in the east due to the reduction in moisture content associated with weakening East Asian summer
monsoon. Wetting in Inner Asia is synchronous with cooling in the ocean (North Atlantic) and on land
(Xining Basin). Since 24 Ma, §2H increases in response to warming during the latest Oligocene to the
early Miocene when the subtropical high re-occupied Inner Asia, causing the aridity. This study reveals a
dynamic climate in Inner Asia with different mechanisms responding to global change.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The Qaidam Basin is a huge intermontane basin (150 to 300
km wide and 800 km long) in the core area of Inner Asia. The
Cenozoic sedimentary sequence in the Qaidam Basin is marked
with the basin-wide lacustrine facies in the Oligocene, which con-
trasts to other Cenozoic periods that are dominated by the fluvial,
deltaic, or alluvial fan facies (Wang et al.,, 2007; Yin et al., 2002;
Zhuang et al,, 2011). The expansion of paleo-lake in the Qaidam
Basin is unexpected in the context of persistently arid Inner Asia.
A modern-like climate pattern with extreme aridity in Inner Asia
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was suggested to have been present since the early Eocene (Caves
et al,, 2015). Many mechanisms have been proposed to explain the
arid climate in Inner Asia, which includes the control on climate
by subtropical high and the enhanced aridity associated with the
uplift of Tibetan Plateau, the retreat of Paratethys Sea, and global
cooling. The control of subtropical high, causing the arid climate
in a wide region extending from Inner Asia to the east coast of
China in the Paleogene, is founded on the records of xerophytic
pollens and evaporation minerals (Guo et al., 2008). Climate mod-
eling results show that the uplift of the Tibetan Plateau blocks
moistures and leads to unevenly distributed latent heating of the
atmosphere, which produces high-pressure zones with subsiding
dry air in Inner Asia (e.g., Broccoli and Manabe, 1992). The cli-
matic effect of the uplift of the Tibetan Plateau is supported by
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Fig. 1. A: Topography and geology of the northern Tibetan Plateau with superimposed color representing elevation. The inset shows the Tibetan Plateau. The red line in the
inset denotes the Altyn Tagh fault. The blue dashed line denotes the climate boundary that separates the westerlies-dominating region to the west and the Asian summer
monsoon-controlling region to the east. B: Simplified geological map of the western Qaidam Basin (modified from Chang et al., 2015). C: Simplified geological map of the
northwestern Qaidam Basin (modified from Li et al., 2020 and Zhang, 2006). Legend: E;_p|, Lulehe Formation (early Eocene); E3g, Xia Ganchaigou Formation (middle-late
Eocene); Nig, Shang Ganchaigou Formation (Oligocene); Nay, Youshashan Formation including ley, Xia Youshashan Formation (early-middle Miocene) and szy. Shang
Youshashan Formation (middle-late Miocene); Nas, Shizigou Formation (late Miocene-Pliocene); Qiq, Qigequan Formation (Pliocene-Pleistocene); Qz, late Pleistocene and
Holocene. The abbreviations of studied sections: HLG, Hongliugou section; XCG, Xichagou section. (For interpretation of the colors in the figure(s), the reader is referred to

the web version of this article.)

fluvial-lacustrine carbonate §'80 studies that support the Eocene
uplift of Tibetan Plateau and blocking moisture and isolating basins
(Graham et al., 2005; Kent-Corson et al., 2009). The retreat of the
Paratethys Sea - an epicontinental sea extending from northwest
China to the Mediterranean - would reduce the moisture trans-
port from the west (Bosboom et al., 2014a; Zhang et al,, 2007).
Global cooling since the early Eocene, especially at the Eocene-
Oligocene transition (EOT), contributes to the aridification in Inner
Asia by reducing the atmospheric moisture content and weakening
East Asia summer monsoon (Dupont-Nivet et al., 2007; Licht et al.,
2014).

None of the above mechanisms can explain the expansion of
lacustrine sedimentation in the Qaidam Basin. The discrepancy be-
tween expanded lacustrine facies and persistent aridity is further
complicated by a fossil leaf study that suggests a wetter climate
in the Qaidam Basin at ca. 31 Ma (Song et al.,, 2020). The paleo-
lake evolution could be a result of local geology (Carroll and Bo-
hacs, 1999). Adding to the complexity is the lack of evaluation
on the relationship between the expanded lacustrine sedimenta-
tion and the kinematic history of the left-lateral, strike-slip Al-
tyn Tagh fault that bounds the Qaidam Basin to the northwest
(Fig. 1A).

To resolve the discrepancy between the paleo-lake expansion
and the proposed arid climate and to offer a paleohydrological
basis to evaluate the role of tectonism, we design a holistic re-
search project with three goals. (1) We first reconstruct a long-

term climatic history to evaluate the paleohydrological condition
before, during, and after the paleo-lake expansion. We apply the
compound-specific hydrogen isotope analysis (§2H) (see a review
in Sachse et al., 2012) to sedimentary leaf wax n-alkanes. We study
two sedimentary sections in the Qaidam Basin on the northern Ti-
betan Plateau to illuminate the systematic climate pattern across
the basin (Fig. 1). (2) We then reconstruct the regional climatic
regime by compiling and contrasting available paleohydrological
proxy studies. (3) In the established paleohydrological context, we
propose a new mechanism that synthesizes geological observations
and is compatible with climatic modeling studies.

2. Geological setting

The Qaidam Basin is an intermontane basin located on the
northern Tibetan Plateau. It covers 120,000 km? and lies at a
mean elevation of 2800 m. The basin is bounded by the left-lateral
strike-slip Altyn Tagh fault to the northwest, the Qilian Shan thrust
belt to the northeast, and the Qimen Tagh-Eastern Kunlun thrust
belt to the south (Fig. 1A).

The Cenozoic Qaidam Basin is filled with terrestrial sediments
of ca. 12,000 m in the basin center. The Cenozoic sedimentary se-
quence is divided into seven lithostratigraphic units: the Lulehe
(LLH) Formation (early Eocene), the Xia Ganchaigou (XGCG) For-
mation (middle-late Eocene), the Shang Ganchaigou (SGCG) For-
mation (Oligocene), the Xia Youshashan (XYSS) Formation (early-
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Fig. 2. Sedimentary sequence, satellite image (from Google Earth, https://www.google.com/earth/), and representative lithology at the Hongliugou (HLG) section. The blue
dashed line on the satellite image shows the studied Hongliugou section. Representative lithology: (a) the interbedded mudstone (red color) and medium-coarse sandstone
(light color) of fluvial deposits; (b) the interbedded mudstone (red color) and siltstone (light color) of marginal lacustrine or deltaic deposits; (c) the green mudstone of
lacustrine deposits; (d) the yellow-brown sandstone of fluvial or fan delta deposits; (e) the yellow-brown conglomerate of alluvial fan deposits. (For interpretation of the

colors in the figure(s), the reader is referred to the web version of this article.)

middle Miocene), the Shang Youshashan (SYSS) Formation (middle-
late Miocene), the Shizigou (SZG) Formation (late Miocene to
Pliocene), and the Qigequan (QGQ) Formation (Pliocene to Pleis-
tocene) (Chang et al., 2015; Fang et al., 2007; Sun et al., 2005; Yin
et al., 2008).

The climate of the present Qaidam Basin is arid. The mean
annual precipitation (MAP) varies from less than 100 mm in the
northwest to 150-200 mm in the eastern Qaidam Basin; the basin
center is much drier with MAP of about 50 mm (Du and Sun,
1990). Atmospheric moistures are mainly transported by the west-
erlies to the western Qaidam Basin and by the East Asian summer
monsoon (EASM) to the east (Fig. 1) (Chen et al., 2019).

We studied two sections in the Qaidam Basin: the Hong-
liugou (HLG) (from 38°08.107’N, 94°41.279'E to 38°05.368'N,
94°39.645'E) and the Xichagou (XCG) (from 38°25.835'N,
90°53.363’E to 38°22.762'N, 90°52.411'E) (Fig. 1A). The thickness

of the Hongliugou and Xichagou is ca. 5000 m and ca. 4500 m,
respectively.

The Hongliugou section consists of all the Cenozoic forma-
tions from the Lulehe Formation (early Eocene) at the bottom
to the Qigequan Formation (Pliocene to Pleistocene) on the top
(Fig. 2). The Lulehe (LLH) Formation is dominated by the allu-
vial fan and fluvial facies. The Xia Ganchaigou Formation con-
sists of deltaic facies at the lower portion and lacustrine facies at
the upper portion. The Shang Ganchaigou Formation mainly con-
sists of lacustrine facies. The Xia Youshashan Formation and the
Shang Youshashan Formation are dominated by fan delta and flu-
vial facies. The Shizigou Formation and the Qigequan Formation are
dominated by alluvial fan facies. The detailed lithology and sedi-
mentary facies of the Hongliugou section have been described in
Zhuang et al. (2011).
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Fig. 3. Sedimentary sequence, satellite image (from Google Earth, https://www.google.com/earth/), and representative lithology of the Xichagou (XCG) section. The blue dashed
line on the satellite image shows the studied Xichagou section. Representative lithology: (a) the green laminated mudstone of lacustrine deposits overlaid by the light brown
conglomerate of fan delta; (b) green laminated mudstone of lacustrine deposits; (c) the red-brown conglomerate of fan delta deposits; (d) the light brown coarse sandstone
with asymmetrical ripples of fluvial or alluvial fan deposit. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

The Xichagou section in the western Qaidam Basin consists
of sedimentary strata from the Shang Ganchaigou Formation
(Oligocene) to Shizigou Formation (Miocene). The Shang Gan-
chaigou Formation is dominated by lacustrine facies. Above the
Shang Ganchaigou Formation, the Xia Youshashan Formation and
the Shang Youshashan Formation are dominated by fluvial facies
and fan delta facies. The Shizigou Formation is dominated by al-
luvial fan facies (Fig. 3). The detailed lithology and sedimentary
facies of the Xichagou section have been described in Zhuang et
al. (2011).

The ages of the Hongliugou and Xichagou sections have been
dated via magnetostratigraphy and biostratigraphy (Chang et al.,
2015; Wang et al., 2007; Zhang, 2006). The age of the Hongliu-
gou section has been constrained to 53.4 to 2.4 Ma (Zhang, 2006).
The complete magnetostratigraphy result of the Hongliugou sec-
tion has been published in Li et al. (2020). The early Eocene age of
the Lulehe Formation at the Hongliugou section is consistent with
a previous magnetostratigraphy study in the northwest Qaidam
Basin (Sun et al., 2005). Based on ostracod assemblages, Sun et
al. (2005) assigned a late Eocene age for the top of Xia Ganchaigou

Formation, implying that the age of the underlying Lulehe Forma-
tion is older than late Eocene. Two younger age models (ca. 25 and
21 Ma) for the Lulehe Formation have been proposed in the Da-
honggou area in the northeastern Qaidam Basin (Nie et al., 2019;
Wang et al,, 2017). The difference in age for the Lulehe Formation
between the eastern and western Qaidam Basin may indicate the
diachroneity in sedimentation across the basin (Cheng et al., 2018).
The 53.4 Ma age model is used here, given that the in-situ magne-
tostratigraphic study was conducted in the Hongliugou section and
is supported by lithostratigraphic correlation to the western and
northwestern parts that have independent age constraints.

In the Xichagou region, the strata have been dated to 30 to 10
Ma (Chang et al., 2015; Zhang, 2006). Chang et al. (2015) proposed
two possible magnetostratigraphic correlations for the bottom of
the Huatugou section (within hundreds of meters away from the
Xichagou section): one correlation suggests ca. 28 Ma, and the
other suggests ca. 31 Ma. The later age model accords with the
magnetostratigraphy study in the Xichagou section, which desig-
nates the bottom age as ca. 31 Ma (Zhang, 2006). Hence, we adopt
ca. 31 Ma as the bottom age of the Xichagou section.
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3. Method
3.1. Sample collection

We have collected 90 fine-grained (mudstone and siltstone)
samples, 44 samples from the Hongliugou section and 46 sam-
ples from the Xichagou section. The loose weathered surface was
removed in the field. The sample ages are determined through
the linear interpolation between the ages of major magnetostrati-
graphic chrons (Table S1).

3.2. Organic matter extraction

Before extraction, samples were crushed into granule size,
freeze-dried for 48 hours, and stored in the fridge. Total lipids
were extracted from the preprocessed samples (ca. 150 to 750 g)
by using the Soxhlet extractors with 2:1 (v/v) of dichloromethane
(DCM)/methanol (MeOH) for 48 hours. The total lipid extracts (TLE)
were then concentrated using Biotage TurboVap Classic I under
purified nitrogen stream at 40°C in the water bath. The total
lipid extracts were eluted sequentially with 4 ml hexane, 4 ml
dichloromethane, and 4 ml methanol through glass pipettes filled
with activated silica gel (ca. 4.0 g) and separated into aliphatic,
aromatic, and polar fractions. The aliphatic fraction containing n-
alkanes was further purified by urea adduction to remove the
branched and cyclic alkanes.

3.3. Carbon preference index

The distribution of n-alkanes was determined by using a
Thermo Trace 1310 Gas Chromatography-Flame ionization detec-
tor (GC-FID) equipped with a Thermo Scientific TG-1MS column
(60 m long, 0.25 mm i.d., 0.25 um film thickness). The n-alkanes
are carried by helium with a flow rate of 2 ml/min. The GC tem-
perature was programmed to ramp from 60°C (held for 1 min)
to 320°C at 15°C/min with an isothermal holding for 20 minutes.
The peak areas of n-alkanes calculated through Xcalber software
correspond to the relative abundances of n-alkanes.

The carbon preference index (CPI) was calculated by the follow-
ing equation:

CPI=0.5 x TA(23-33)/TA(24-34)
+0.5 x TA(25-35)/ TA(24-34) (1)

where A is the area of the individual n-alkane peak; 23-33, 24-34,
and 25-35 represent odd and even number n-alkanes.

3.4. Isotope analysis

The hydrogen isotope composition (82H) of n-alkanes were
measured using a Trace Gas Chromatography (GC) 1310 coupled
to a Thermo Delta V Advantage Isotope Ratio Mass Spectrome-
ter (IRMS) with a Thermo Isolink interface. A Thermo Scientific
TG-5MS column (30 m long, 0.25 mm id., 0.25 um film thick-
ness) was used. The n-alkanes were pyrolyzed to hydrogen gas in
a High-Temperature Converter (HTC) reactor at 1400°C and then
transported to IRMS. The H3* factor was measured daily at the
beginning of each analysis sequence. The average value of the H3+
factor is 5.32 ppmmV~! (£0.17, n = 43) during the period of hy-
drogen isotope analysis. The GC carrier gas is helium with a flow
rate of 2 ml/min. The GC temperature was programmed to ramp
from 60°C (with an isothermal holding) for 2 min to 170°C at
14°C/min, then to 300°C at 3°C/min, and finally to 320°C at
14°C/min followed by an isothermal holding for 5 minutes.
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The &2H values are corrected against the reference mate-
rial (Mix A6, A. Schimmelmann, Indiana University Blooming-
ton) and reported against Vienna Standard Mean Ocean Water
(VSMOW). The §%H values for n-alkanes nCig-nCsg of Mix A6
are —9.1%o, —117.8%0, —52.0%0, —56.3%0, —89.7%0, —177.8%o,
—81.3%0, —67.2%0, —29.7%0, —263.0%0, —45.9%0, —172.8%o,
—36.8%0, —177.8%0, and —213.6%0. Mix A6 was measured every
six sample analyses. All samples are analyzed with at least one
replicate (Table S1). For the reported §2H values, the minimum
peak intensity of 1000 mV was required. The §2H values are re-
ported using the following equation:

§°H = (Rsample/ Rstandard — 1) x 1000 (2)

where R =2H/'H. §2H values are expressed in per mil (%o).
4. Results

The carbon preference index (CPI) values vary between 7.5 and
1.0 (Table S1). Samples with high CPI (>2.0) values are represented
by the filled circles in Fig. 4A, and the samples with low CPI (1.0
to 2.0) are represented by the empty circles. For samples with low
CPI values, a large amount of sample (up to ca. 750 g) has been
extracted to obtain enough n-alkanes for §2H analysis (see Sec-
tion 3.2). There is no systematic trend for samples with low CPI
values (Fig. 4A).

The nCyg9 and nCsq (n-alkanes with 29 and 31 carbon atoms) are
the most abundant homologs of long-chain n-alkanes, and their
82H values show a good correlation with the coefficients of 0.84
in the Hongliugou and 0.77 in the Xichagou (Fig. S1). We focus
discussions on the §2H of nCyg from the Hongliugou and Xichagou
sections in this paper (Table S1; Fig. 4A).

For the Hongliugou section, the §2H values are relatively sta-
ble during the interval of 51 to 40 Ma and vary from —176.8%0
to —166.7%0. An abrupt increase of 23.9%o occurs at 40 Ma. §2H
values are high from 40 to 35 Ma and vary between —165.4%
and —142.9%. The Hongliugou section is marked by very low §2H
values between 34 and 24 Ma. The §?H decreases by 27%o from
—142.9%0 to —169.5%0 at ca. 34 Ma. The low values with a large
amplitude of variation from —187.1%0 to —153.2% retain until
ca. 24 Ma when the §2H increases from —182.9%0 to —161.7%.
From ca. 21 to 12 Ma, the 5%H values are high and vary between
—169.0%0 and —140.1%.

The §%H values from the Xichagou section overlap with the
Hongliugou section, varying from —187.6%0 to —143.8%c. In de-
tail, the §2H values are generally low from ca. 30 to 24 Ma, varying
with large amplitude from —151.3%0 to —178.2%c. From ca. 24 to
12 Ma, the 82H values are slightly higher than the previous inter-
val and vary between ca. —174.0%o and ca. —150.0%o.

5. Discussions
5.1. Eocene aridification of Inner Asia

The Hongliugou section obtains the oldest record of leaf wax
n-alkane §2H. The §%H values from the Hongliugou section are rel-
atively stable during the interval of 51 to 41 Ma with moderate
isotopic values for the whole sequence (Fig. 4A). At ca. 41 Ma, the
leaf wax 82H values increase sharply by 23.9%. (Fig. 4A). The in-
crease in 82H is synchronous with the enhanced aridification in the
Xining Basin to the east of our study area (Bosboom et al., 2014b;
Meijer et al., 2019). In the Xining Basin, the saline lake shrank at
ca. 41 Ma; thick gypsum layers, which was interpreted to indi-
cate a saline lake in the less arid environment, were replaced by
thin gypsum intercalations with arid mudflat deposits (Meijer et
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article.)

al., 2019). Also, pollen records in the Xining Basin show an in-
crease in steppe-desert taxa and a decrease in broad-leaved trees,
indicating a drier climate (Bosboom et al., 2014b).

The observation of enhanced aridity in the Xining Basin at ca.
41 Ma has been linked to the regional drying in Inner Asia due
to the retreat of the Paratethys Sea. The Paratethys Sea occupied a
large area spanning from Europe to the Tarim Basin in Inner Asia
during Paleogene (Bosboom et al., 2014a). Three Cenozoic sea-level
cycles were identified from 65 to 48 Ma, 48 to 41 Ma, and 41 to
35 Ma, respectively (Fig. 4D) (Bosboom et al., 2014a; Meijer et al.,
2019): (1) the first and second transgressions extended through-
out the southwest part of Tarim Basin; (2) the third transgression
is the smallest and only reached Tarim Basin’s western margin
(Bosboom et al., 2014a). These observations revealed the westward
retreat of the Paratethys Sea, which is supported by the transition
from marine strata to terrestrial strata in the western Tarim Basin
at ca. 41 Ma (Bosboom et al., 2014a).

Given the synchroneity, we interpret that the abrupt increase
in leaf wax n-alkane §2H values at 41 Ma document the aridifica-
tion in the Qaidam Basin due to the retreat of the Paratethys Sea,
which caused the loss of a major moisture source for Inner Asia.
The causal relationship between the aridification in Inner Asia and
the retreat of Paratethys Sea has been established by numerical
modeling, which reveals that the retreat of Paratethys Sea from
the Tarim Basin caused the reduction in the annual precipitation
in Inner Asia by ca. 20% (Zhang et al., 2007). There are several rea-
sons which explain that the aridification imprints on the leaf wax
n-alkane hydrogen isotopes (82H). In an arid climate, low humidity
enhances the sub-cloud evaporation, which enriches heavy hydro-
gen isotopes in precipitation (Li and Garzione, 2017) - the source
water of leaf wax n-alkane hydrogen isotopes (Sachse et al., 2012).
The loss of nearby moistures also increases the relative contribu-
tion of recycling moistures, which are derived from local surface
water bodies, including lake and river waters with high §2H values



M. Wu, G. Zhuang, M. Hou et al.

(Li and Garzione, 2017). Additionally, low humidity enhances leaf
transpiration, which enriches heavy hydrogen isotopes in leaf wa-
ter that is used in the biochemical synthesis of n-alkanes (Sachse
et al, 2012).

The increase in §2H values is not driven by temperature vari-
ations. The global temperature decreases since the early Eocene
(Fig. 4E) (Zachos et al., 2001). The temperature effect will impart
low 8180 values to precipitations under low temperatures and low
82H values given that 8180 correlates with §2H on the global/local
meteoric water line (Araguas-Araguas et al., 1996). Hence, the in-
crease in leaf wax n-alkane 5%H that we observe at 41 Ma in the
global cooling context means that the aridification effect reverses
the temperature effect, which would have caused a decline in leaf
wax §2H.

Two subsequent sea retreats at ca. 37 and 34 Ma are not doc-
umented in the leaf wax §2H record (Fig. 4). We argue the lack of
signals is due to the following reasons. The magnitudes of these
two sea retreats are much smaller than the retreat at ca. 41 Ma
(Fig. 4D) (Bosboom et al., 2014a). The impact of sea incursions
and retreats after 41 Ma is restricted in Central Asia further to
the west of Tarim Basin (Bosboom et al., 2014a). The continen-
tal effect will cause the progressive depletion of heavy isotopes
in precipitation (Araguas-Araguas et al., 1996), whilst the sea re-
treat increases the distance between our study area and the mois-
ture source, which amplifies the continental effect. The carbon-
ate clumped isotope (A47)-based temperatures record a significant
temperature drop (>9°C) in Xining Basin at ca. 38-37 Ma (Page et
al., 2019). Along with the global cooling across the EOT at 34 Ma,
both will decrease the precipitation §2H due to the temperature
effect.

5.2. Wetting in the Qaidam Basin during the Oligocene Icehouse

The leaf wax n-alkane §2H record of the Hongliugou section
captures a substantial decrease of 43.7%¢ from ca. 35 to 31 Ma.
Low 82H values are accompanied by large variation (up to ca.
30%o) and continue through the Oligocene epoch (Fig. 4A). The low
82H interval overlaps with the interval of expanded lacustrine sed-
imentation (Fig. 5).

The carbonate clumped isotope (A47) study from the Xining
basin captures a 20 °C decrease in temperature at the EOT (Page et
al,, 2019), which is significantly larger than those found in North
America (ca. 7°C) and Europe (ca. 4 to 6°C) (Fan et al., 2018; Hren
et al, 2013) and the sea surface temperature in North Atlantic
(Fig. 4). Page et al. (2019) interpret that the large temperature de-
crease reflects the superimposed effect of regional cooling at EOT
and the shift in carbonate precipitation season. We estimate the
“temperature effect” on precipitation isotopes with the tempera-
ture of 4 to 7°C, a rate of 0.58%0/°C for §'80 (Araguas-Araguas et
al., 1996), and a slope of 8.42 for the §'80-52H for the local mete-
oric water line (Li and Garzione, 2017). We derived the equivalent
decrease in 82H of 19.5 to 34.2%o. The temperature effect cannot
fully account for the 43.7%o decrease in leaf wax 8%H, indicating a
non-thermal signal in the leaf wax hydrogen isotope record.

The comparison between the leaf wax §*H and sedimentary
redness (Han, 2008) reveals a co-varying pattern (Fig. 4). Across
the EOT, the sedimentary redness values decrease sharply from
15 to 10, and low redness values with large fluctuation (up to
ca. 5 units) continue through the Oligocene (Han, 2008) (Fig. 4B).
The sedimentary redness is determined by the amount of iron ox-
ide minerals (hematite and goethite) (Deaton and Balsam, 1991).
Low redness values in the Oligocene correspond to the deeper
lacustrine facies with green-grey mudstone and the anoxic envi-
ronment.

The Oligocene lacustrine facies at the Hongliugou section are
punctuated by fluvial and deltaic facies (Fig. 5). The comparison
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between the §2H record and sedimentary facies reveals that the
lower 82H values correspond to open lacustrine deposits that are
characterized by green mudstone or interbedded green and red
mudstone (e.g., samples of HLG 32, 34, 36, 39a, and 41), whereas
higher §2H values during the Oligocene correspond to marginal
lacustrine or deltaic deposits characterized by red mudstone or
brown siltstone (e.g., samples of HLG 24a, 24b, 33, and 39b)
(Fig. 5). The correlation between §2H, redness index, and lithol-
ogy suggest the sedimentary sequence at the Hongliugou section
is sensitive to the lake level fluctuations. The spectral analysis on
redness data supports the impact of orbital forcing on lake level
fluctuations (Han, 2008). We argue that variations in §%°H with
large amplitudes at the Hongliugou section in the Oligocene sup-
port the varying climate: lower §?H to the wetter climate with
higher lake levels and higher §2H to relatively drier periods with
lower lake levels. The §2H records of the Xichagou section from
the western Qaidam Basin also show variations with large ampli-
tude from —151.3%0 to —178.2% (Fig. 4A), recording the same
climatic pattern across this large basin.

Low §2H values, anoxic environment, and open lacustrine sedi-
mentation indicate a generally wetter climate in the Qaidam Basin
during the Oligocene. Under wetter conditions, the isotopic enrich-
ment effects of evaporation, moisture recycling, and leaf transpira-
tion will be weak (see details in Section 5.1 for the above mech-
anisms). The inference of wet climate is consistent with the fossil
leaf study that found temperate deciduous broad-leaved trees, such
as Populus, from the 31 Ma strata (Song et al., 2020). Other studies
have interpreted the Oligocene strata in the eastern Qaidam Basin
as floodplain deposition (e.g., Bush et al,, 2016); we emphasize
here that the fish fossils were discovered at the Hongliugou sec-
tion, supporting a lacustrine environment in our study area (e.g.,
Wang et al., 2007).

In regional geology, Yin et al. (2002) proposed that the basin-
bounding Altyn Tagh fault (Fig. 1A) was initiated at early Eocene,
and subsequent uplift of Altun Shan along the fault completely
closed the outlet of drainages and trapped sediments in the basin
at 20 to 10 Ma. Additionally, constraints from piercing points sug-
gest fast slip motion of the Altyn Tagh fault happened during the
late Oligocene to early Miocene (Yue et al.,, 2003). These tectonic
events are asynchronous with the lacustrine expansion and wet-
ting climate at ca. 34 Ma. Hence, tectonism may contribute to the
formation of internal drainages but is not the direct driver causing
the expansion of paleo-lake in the Qaidam Basin.

5.3. Contrasting climatic patterns in Inner Asia and the region to the
east

To examine the regional climatic response to the EOT in In-
ner Asia, we have compiled the regional paleoclimatic proxy stud-
ies from a vast region ranging from Tarim Basin in the west to
Lanzhou Basin in the east (Fig. 6A). The §'80 of lacustrine and pe-
dogenic carbonates and new leaf wax n-alkane §2H records from
the western Qaidam Basin and Tarim Basin show a decreasing
trend across the EOT, synchronous with the expansion of paleolake
in the Qaidam Basin, which indicates wetting in the Qaidam Basin.
The expansion of lacustrine sedimentation during the Oligocene
has also been observed in the basins south and north of the Tian
Shan further to the west (Fig. 6A). In contrast, the isotopic records
from the eastern Qaidam Basin and the Lanzhou Basin further to
the east show an increasing trend since the EOT (Fig. 6B). In the
Xining Basin, the desiccation of playa across the EOT (Dupont-
Nivet et al., 2007) is linked to the moisture reduction due to global
cooling and the resultant aridification and the reduction of inflow
from the drainage basins (Dupont-Nivet et al., 2007; Page et al.,
2019).
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Fig. 5. The lithostratigraphic column of Hongliugou (HLG) section (A); the correlation of observed polarity zones of the Hongliugou section with the geomagnetic polarity
time scale (GPTS) (after Li et al., 2020 and Zhang, 2006) (B); 82H of leaf wax nCag (C); and representative lithology in the lacustrine interval highlighted by the light blue
color across the lithostratigraphic column and geomagnetic polarity time scale (D). (a) the interbedded mudstone (red color) and siltstone (light color) of marginal lacustrine
or deltaic deposits, (b) the green mudstone of lacustrine deposits overlaid by brown siltstone and sandstone of deltaic deposits, (c) the interbedded green and red mudstone
of lacustrine deposits, (d) the interbedded green and red mudstone of lacustrine deposits, (e) the green mudstone of lacustrine deposits overlaid by brown siltstone and
sandstone of deltaic deposits, (f) the interbedded green and red mudstone of lacustrine deposits. The white dots on the field photos show the sampling locations. Refer to
Fig. 4A for explanations of symbols in (C). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

5.4. Mechanisms causing the west-east contrasting climates

The west-east contrasting patterns in isotopic proxies and sed-
imentary records reflect the diverse climatic responses to global
cooling since the EOT: wetting in the west and drying in the east.
The East Asian summer monsoon is driven by the thermal differ-
ence and atmospheric pressure gradient between the Pacific Ocean
and the Asia continent (An, 2000). The Eocene eolian sediments
from Xining Basin with the similar grain-size distribution as the
typical eolian sediment in East Asia and isotopic studies of fossil
tooth and gastropod from Myanmar reveal the monsoonal climate
characterized with marked seasonality in wind and precipitation

patterns, which support that the Asian Monsoon controlled a vast
region from northwest China to Myanmar since the late Eocene
(Licht et al., 2014). Monsoonal precipitation in the Xining Basin
would decrease by ca. 25% across the EOT due to the decreased
continent-ocean pressure gradient and concomitant reduced mois-
ture supply (Licht et al., 2014).

Distinct from the East Asian summer monsoon region, we ar-
gue that global cooling manifests its effect in Inner Asia by driving
the equatorward migration of westerlies to replace the subtropi-
cal high and wetting the region with increasing moistures instead
of the subsiding dry air masses. We recognize that the Arctic ice
sheet had not developed in the Oligocene (Zachos et al., 2001).
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Fig. 6. (A) The topographic map of Inner Asia with the distribution of Oligocene lacustrine deposits (light blue shade) (Lai et al., 2019; Li et al,, 2018; Shao et al., 1999;
Zhuang et al., 2011) and the localities of paleoclimate studies that are shown in Fig. 6B. Dark blue dots denote study sites with moistures being transported from westerlies;
orange dots are the study sites that are influenced by the East Asian summer monsoon. The dark blue color highlights that the local climate became wet in Oligocene, whilst
the orange color highlights that the climate became arid. (B) Compilation of paleoclimate data sets. (a) Carbonate §'80 at the Aertashi section (AT) (Kent-Corson et al., 2009);
(b) Carbonate 8'80 at the Janggalsay section (JGS) (Kent-Corson et al., 2009); (c) Leaf wax nCy9 82H at the Xichagou section (XCG) (this study); (d) Carbonate §'80 at the
Huatugou section (HTG) (Li et al., 2016b); (e) Leaf wax nCyg 82H at the Hongliugou section (HLG) (this study); (f) Carbonate §'80 at the Hongliugou (HLG) (Kent-Corson
et al., 2009); (g) Carbonate §'80 at the Dahonggou section (DHG) (Sun et al., 2020); (h) Carbonate §'80 at the Xiao Qaidam section (XQ) (Kent-Corson et al., 2009); (i)
Carbonate §'80 at the Fenghuangshan section (FHS) (Li et al., 2016a). 82Hyy, leaf wax 8%H. §'80¢, carbonate §'80. All isotope data are reported to VSMOW. The black lines
represent the results of loess regression (40% smoothing span). The box highlights the interval of expanded lacustrine deposits in the Qaidam Basin. The arrows indicate the
variation trend of §2H and §'80. The colors are the same as Fig. 6A. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Clues on the impact of temperature variations on climate in Inner
Asia can be gained from modern observations. High temperature
enhances the static stability of the atmosphere, which would sub-
sequently restrain the air mass subsidence in subtropical zones
and shifts subtropical high poleward (Frierson et al.,, 2007). Un-
der global warming, the subtropical high and westerlies migrate
poleward (Frierson et al., 2007); and satellite observations show
the poleward displacement of subtropical high with 2-5° due to
global warming since 1979 (Johanson and Fu, 2009). We inter-
pret that this global temperature-related mechanism accounts for
the co-variation between temperature and hydroclimate histories
(Fig. 4). In warm Eocene, generally high temperature and §2H sug-
gest a warm and dry climate dominated by subtropical high, which
is reflected by xerophytic pollens and evaporite minerals in Guo et
al. (2008). In the Oligocene icehouse and the short cooling inter-
val during 38-36 Ma, the cool temperature causes the equatorward
shift of subtropical high. The westerlies sequentially dominate the
previous subtropical high areas, bringing moisture to Inner Asia
and causing a wetter climate with expanded paleo-lake and low
leaf wax 82H. Short intervals of warming and relatively high §2H
in the Oligocene may indicate the transient weakening influence
or deflection of westerlies from Inner Asia.

The East Asian summer monsoon may have been present since
the Eocene (Licht et al., 2014). Hence the global cooling driven-
migration of subtropical high and westerlies was likely constrained

in Inner Asia beyond the influence of the East Asian summer mon-
soon. We acknowledge that the uncertainties exist regarding the
presence and evolution of East Asian monsoon and the paleoecol-
ogy in Inner Asia, which might confound the global temperature-
driven mechanism in our interpretations. For example, a recent
study notes the steppe-desert biome in Central Asia (Barbolini et
al., 2020) in contrast to the wetter environment in the Qaidam
Basin suggested by the fossils of fish and broad-leaved trees (Song
et al., 2020; Wang et al., 2007). Also, recent numerical modelings
(e.g., Tardif et al.,, 2020) suggest the absence of East Asian mon-
soon in the Eocene rather than the presence of the modern-like
monsoon in this greenhouse period (Licht et al., 2014). We high-
light that the inconsistencies call for a holistic collaboration for
understanding the interactions between paleohydrology, paleoecol-
ogy, and numerical modeling.

After ca. 24 Ma, leaf wax §2H becomes higher at the Hongliu-
gou section, and the high values continue during the early-middle
Miocene (Fig. 4A). This trend is consistent with the generally in-
creasing 8'80 of fluvial-lacustrine carbonate in Neogene across
western Inner Asia, including the Tarim and Qaidam Basin (Kent-
Corson et al,, 2009). The increase in our §%H is coeval with the
latest Oligocene-early Miocene warming and occurs in the inter-
val of the regression from lacustrine facies to fluvial-deltaic facies
(Fig. 5). The increasing temperature would impart high §?H val-
ues to precipitation, which are eventually recorded by the leaf wax
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82H. High temperature may also have driven the expansion of sub-
tropical high over the Qaidam Basin and cause aridification, which
enriches the heavy isotopes of hydrogen. The increase of §2H at the
Xichagou section is less prominent and the magnitude is smaller
than that at the Hongliugou section (Fig. 4A). The difference may
reflect the impact of the local sedimentary environment. In the
early Miocene, the Xichagou region was close to the depocenter of
Qaidam Basin and was dominated by the lacustrine environment
(Li et al.,, 2016b), which might counteract the impact of aridifica-
tion with local moistures. Besides the sedimentary environment,
the uplift of Altun Shan (Yin et al., 2002) likely increased inputs
of lipid wax from higher elevations, which caused the relatively
lower 82H via isotopic fractionation during precipitation processes
(Araguas-Araguas et al., 1996).

6. Conclusions

To resolve the contradiction between the Oligocene lacustrine
expansion in Qaidam Basin and the aridification in Inner Asia,
we reconstructed a long-term (ca. 51 to 12 Ma) paleohydrologi-
cal record using leaf wax n-alkane §%H. Our results show a large
increase (23.9%0) of 8%H in the late Eocene, which supports the
aridification due to the retreat of the Paratethys Sea. High §2H val-
ues remain until ca. 34 Ma when the §2H decreases sharply at
the EOT. In Oligocene, 52H values are low and variable, which are
accompanied by dominant lacustrine sediments with deltaic inter-
calations, suggesting a generally wet and variable climate. Our §2H
results are consistent with the regional carbonate §'80 studies in
the westerlies region, which suggest a wetter climate in western
Inner Asia during the Oligocene. However, carbonate §'80 stud-
ies from monsoon-dominating Inner Asia record a drying trend
since the EOT. This contrasting pattern indicates that climates are
driven by different mechanisms in the westerlies and monsoon
regions. Wetting in Inner Asia is driven by the shift of the cli-
mate regime from subtropical high to westerlies that transport
more moisture. The aridification of monsoon-dominating areas is
linked to the weakened East Asian summer monsoon in response
to global cooling. In the early Miocene, global warming restored
the arid climate, which led to the shrink of the Qaidam paleo-lake.
Given the complexity of the Inner Asia climate revealed in previ-
ous studies, further climate proxy studies and numerical modelings
are needed to test the response of subtropical high and westerlies
to global temperature.
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