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ARTICLE INFO ABSTRACT

Editor: Shucheng Xie Post-middle Miocene changes in climate and ecology in the northern Tibetan Plateau have been attributed to
tectonic uplift and global climate change. However, the relative roles of tectonism and global climate change
have been a long-standing debate. To untangle the complex influences of global climate change versus the
tectonism on regional climate and ecology in the northern Tibetan Plateau, we studied carbon isotopes (513Cwax)
of leaf wax long-chain n-alkanes and carbon (8'3C) and oxygen isotopes (5'%0) of carbonates from three strat-
igraphic successions (ca. 16 Ma to 2 Ma) in the Hexi Corridor (foreland basin) and compare them with paleo-
climate records in the Qaidam Basin (intermontane basin). Our isotopic results can be divided into two stages. In
Stage 1 (16-12 Ma), a decrease of 613CWax values in the Hexi Corridor and Qaidam Basin is synchronous with
global cooling after the Mid-Miocene Climate Optimum (MMCO). We interpret the 2%o decrease in 2513CWax values
to be associated with the decline in C4 plants due to the global cooling. In Stage 2 (since 12 Ma), plant carbon
isotope discrimination (€coz.wax) and 880 values in the Hexi Corridor reflect relatively stable hydroclimate
condition, which contracts with the enhanced aridity in Qaidam Basin during the same interval. We attribute the
difference in paleohydrological conditions to the uplift-induced basin isolation and the enhancement of water
deficiency in the Qaidam Basin. The effects of late Miocene uplift also manifest as persistent intra-basinal dif-
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ferences in the Hexi Corridor, indicating changes associated with orographic precipitation and ecology.

1. Introduction

Tectonism and global change are two key factors influencing the
Cenozoic climate in Asia (Kutzbach et al., 1989; Molnar et al., 1993; An
et al.,, 2001; Dettman et al., 2001; Dettman et al., 2003). The high
topography of the Himalaya-Tibetan Plateau orogen was constructed as
a result of the India-Asia collision since 50-55 Ma (Tapponnier et al.,
2001; Molnar and Stock, 2009; Najman et al., 2010), which in turn
changed the regional and global atmospheric circulation patterns
(Ruddiman and Kutzbach, 1989; An et al., 2001; Boos and Kuang, 2010;
Molnar et al., 2010; An, 2014). High Himalaya-Tibetan Plateau has been
proposed to be a primary driver in developing the Asian monsoons (An
et al., 2001) and the aridification history of Central Asia (Zhuang et al.,
2011; Miao et al., 2012; Li et al., 2016; Wang et al., 2020). On the other
hand, global change has impacted the Asian climate throughout the
Cenozoic. For example, the Asian interior has become increasingly arid
due to global cooling at the Eocene-Oligocene transition (Dupont-Nivet
et al., 2007) and the Middle Miocene Climate Maximum (Miao et al.,
2011; Tang et al., 2011; Zhuang et al., 2011).

* Corresponding author.

Differentiating the relative role of tectonism versus global climate
change remains challenging. We are particularly interested in the mid-
dle Miocene, a period of active tectonism when the global climate
change also manifests the impact in the regional climatic records.
Sedimentary and geochemistry evidence suggest that the northern Ti-
betan Plateau was uplifted during the late Miocene (Bovet et al., 2009;
Zhuang et al., 2014; Zuza et al., 2016; Zhuang et al., 2019). The high
topography of the Tibetan Plateau has acted as a moisture barrier of the
Westerlies, enhancing the regional aridity in Central Asia (Miao et al.,
2012; Wang et al., 2020). However, the dry climate has also been
affected by global climate change. Post-Middle Miocene global cooling,
one of the most profound climate changes during the Cenozoic, has
drawn particular attention in the studies of Central Asian climate
because of contemporary uplift of the northern Tibetan Plateau (Bovet
et al., 2009; Zhuang et al., 2014; Zuza et al., 2016; Zhuang et al., 2019).
Global cooling can reduce moisture load in the atmosphere, limiting the
precipitation in Central Asia (Dupont et al., 2007; Miao et al., 2011).
Sedimentary records in the Qaidam Basin show increase in xerophytic
pollen and increasing carbonate 5'20 values, indicating an extensively
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arid climate that is synchronous with global cooling since ca. 15 Ma
(Zhuang et al., 2011; Miao et al., 2012).

How tectonic activity and global climate change shaped the regional
ecological community has also added complexity to the tectonism-global
climate dilemma. In the northern Tibetan Plateau, temperature and
hydrological changes invoked by contemporary tectonic uplift have
changed the land vegetation since the mid-late Miocene. For example,
leaf wax carbon isotopic data from the North Pacific suggest that a
decline in C4 plant proportion during ~12-8 Ma is associated with cold/
arid climate due to the rapid growth of source area - northern Tibetan
Plateau, as well as the global cooling (Jia et al., 2012). C4 plant has been
recognized to expand globally during the late Miocene-early Pliocene
(Cerling et al., 1997; Tipple and Pagani, 2007; Edwards et al., 2010;
Stromberg, 2011). C4 plants preferentially adapt to low latitudes with
warm temperature (>25 °C) and sufficient precipitation (>25 mm per
month), whereas Cg plants have a competitive advantage to inhabit high
latitudes and high elevations (Collatz et al., 1998; Edwards and Smith,
2010). The declining atmospheric pCO, and warm and dry climate favor
C,4 grasses relative to C3 woody plants in tropic and subtropic regions
since the middle-late Miocene (Pagani et al., 1999; Huang et al., 2007;
Edwards et al., 2010).

In this study, we reconstruct paleoecology and paleoclimate in the
Hexi Corridor (foreland basin), then compare with records in the Qai-
dam Basin (intermontane basin) (Wu et al., 2019). We aim to address
two problems: (1) linkage between climate and ecology in the Northern
Tibetan Plateau and (2) influence of tectonic uplift on regional climate
by comparing paleoclimate records in the Hexi Corridor and Qaidam
Basin. The intra- and inter-basinal comparisons advance our under-
standing of the relative role of tectonism and global cooling on regional
climatic and ecological evolutions.

2. Geological background and modern climate

Hexi Corridor (Fig. 1A), an elongate foreland basin in the northern
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margin of Tibetan Plateau, is constrained by the North Qilian Shan Fault
to the south, Altyn Tagh Fault to the west, Alax Block to the north, and
Ordos Block to the east. The basin is divided into three sub-basins: Jiuxi,
Jiudong, and Zhangye Basins (Dai et al., 2005; Fang, 2005). Our study
sites are in the Jiuxi Basin (Fig. 1B) bounded by the North Qilian Shan
Fault to the south, Altyn Tagh Fault to the west, Heishan Fault to the
north, and Jiayuguan Fault to the east.

Cenozoic sedimentation in the Hexi Corridor mainly consist of five
formations: the late Eocene Huoshaogou Formation (ca. 40.2-33.35
Ma), the late Oligocene to early Miocene Baiyanghe Formation, the
middle Miocene to Pliocene Shulehe Formation (ca. 13-5 Ma), the
Pliocene-Pleistocene Yumen conglomerate (ca. 5-0.9 Ma), and the late
Pleistocene Jiuquan conglomerate (ca. 0.9-0.1 Ma) (GBGMR, 1989;
Zhao et al., 2001; Dai et al., 2005). We study post-middle Miocene
successions in the Laojunmiao (LJM), Wenshushan (WSS), and Caogou
(CG) stratigraphic sections in the Jiuxi Basin, western Hexi Corridor
(Fig. 2). The ages of each stratigraphic section are constrained by lith-
ostratigraphy, biostratigraphy, and magnetostratigraphy (Zhao et al.,
2001; Fang, 2005; Wang et al., 2016).

The LJM section (97°30.7'E, 39°47.5'N) (Fig. 2) extends from the
upper Miocene (ca. 13 Ma) to the upper Pleistocene (ca. 0.1 Ma) (Fang,
2005). The LIM section is subdivided into three formations. The lower
part of the Shulehe Formation (0-600 m) is composed of sandy siltstone
and mudstone, associated with the deep lacustrine environment. The
upper part of the Shulehe Formation (600-1200 m) is dominated by
sandy conglomerates interbedded with muddy sandstone, deposited in
shallow lacustrine to fan delta environments. Yumen Conglomerate and
Jiuquan Conglomerate (1200-2000 m) consist of poorly sorted gravels
associated with an alluvial fan environment.

The WSS section (98°19.4'E, 39°40.4'N) (Fig. 2) spans from the late
Miocene (ca. 11.5 Ma) to the late Pleistocene (> 0.9 Ma) (Zhao et al.,
2001). The WSS section is subdivided into three formations. The lower
Shulehe Formation (0-260 m) consists of siltstone and medium to coarse
sandstone, channel lag deposits above the erosional surface. The upper
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Fig. 1. A, Topography of northern Tibetan Plateau, showing major faults, locations of paleoclimate studies from stable isotopes of fluvial and lacustrine carbonates,
and leaf wax lipids. HGZ: Honggouzi (Wu et al., 2019); HTTL: Huaitoutala (Zhuang et al., 2011); Linxia Basin and Xunhua Basin (Hough et al., 2011); Qigequan
(QGQ), Ganchaigou (GCG), Lake Mahai (LM), Lulehe (LLH), and Xiao Qaidam (XQ) are from (Kent-Corson et al., 2009). B, Elevation profile of Qaidam Basin, Qilian
Shan, and Hexi Corridor, with nearby paleoclimate study sites. C, modern precipitation in the northern Tibetan Plateau, with gray line denoting 3000 m contour. D,
Geological map of Jiuxi Basin (modified from GBGMR, 1989 and Wang et al., 2016), showing major faults, strata, and studied sedimentary sections: Caogou (CG),

Laojunmiao (LJM), and Wenshushan (WSS).
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Fig. 2. Stratigraphic column of A, Caogou (CG), B, Laojunmiao (LJM), and C, Wenshushan (WSS) sections with the interpretation of depositional facies and lith-
ological Formations. Age constraints for CG, LJM, and WSS sections are from Wang et al. (2016), Fang (2005), and Zhao et al. (2001). M: mudstone; S: sandstone; C:

conglomerate; P: pebble; B: boulder.

Shulehe Formation (260-750 m) has increasing proportions of medium-
coarse sandstone and sandy conglomerate, deposited in the meandering
fluvial environment. Yumen Conglomerate and Jiuquan Conglomerate
(750-1150 m) are composed of pebble conglomerate interbedded with
coarse sandstone, which is interpreted as the braided fluvial deposits.

The CG section (97°46.6'E, 40°00.2'N) (Fig. 2) spans from the late
Oligocene (ca. 24.2 Ma) to the late Pliocene (2.8 Ma) (Wang et al., 2016)
and is subdivided into five depositional units. The lower Baiyanghe
Formation (0-170 m) is composed of fine to coarse sandstone with
pebble conglomerate on the erosional surface. This unit is characterized
by upward-fining trends, channel lag deposits, and cross-stratification,
which is associated with a braided fluvial environment. The upper
Baiyanghe Formation (170-280 m) comprises mudstone and inter-
bedded fine sandstone and siltstones, reflecting a shallow lacustrine
environment. The lower Shulehe Formation (280-530 m) is dominated
by fine sandstone and siltstone, reflecting the delta fan environment.
Upper Shulehe Formation (530-800 m) consists of pebble to cobble
conglomerate with minor sandstone and siltstone layers. The upward
coarsening and coarse-grained size are interpreted to be distal and
middle alluvial fan environments. Overlying Yumen Conglomerate
(800-1050 m) is primarily composed of pebble- to cobble-conglomerate,
reflecting a proximal alluvial fan environment.

The northern Tibetan Plateau is mainly interacted by two moisture
sources: Westerlies and Asian summer monsoon. Hexi Corridor on the
northern margin of Tibetan Plateau predominately receives Atlantic
moisture from the Westerlies and regionally recycled surface water
(Araguas-Araguas et al., 1998; Li and Garzione, 2017). The summer
monsoons (East Asian summer and South Asian summer monsoon) could
only influence the southeastern margin of the Plateau (Araguas-Araguas
et al., 1998; Tian et al., 2001). The modern Hexi Corridor receives the
Westerlies moisture all year round with a substantial amount of recycled
surface water from inner Asia (Bershaw et al., 2012; Li and Garzione,
2017). The meteorological data from International Atomic Energy
Agency (IAEA) station in Zhangye show that the average annual pre-
cipitation falls in ~100-150 mm, with ~95% of precipitation occurring
during summer; average temperature ranges from —10 °C to 25 °C, with
the average annual temperature at 8 °C (IAEA/WMO, 2006).

3. Methods and materials
We studied leaf wax (‘513CWax values of mudstone and siltstone from

three stratigraphic sections in Jiuxi Basin, including 23 samples from the
LJM section, 21 samples from the WSS section, and 15 samples from the

CG section. 613CW2lx values of terrestrial-higher plants are a function of
§13C of atmospheric CO4 (5"3Cam) and photosynthetic fractionation
during carbon fixation (Farquhar et al., 1982; Farquhar et al., 1989a;
Sparks and Ehleringer, 1997). Fractionation between 613Catm and
5'%Caxs expressed by carbon isotope discrimination (€coz.wax), iS
modulated by the physiological (photosynthetic pathways) and envi-
ronmental factors (e.g., water stress) (Farquhar et al., 1982; Sparks and
Ehleringer, 1997; Diefendorf and Freimuth, 2017). €coz-wax is calculated
with given 5'3Catm values:

8 Com + 1
€cormax = | ——m———1) x 10° 1
o (6”CW+1 ) W

We also analyzed oxygen and carbon isotopic composition (580 and
§'3C) of bulk sediments from LJM, WSS, and CG sections, to study
changes in paleoclimate conditions, such as precipitation, evaporation,
and temperature.

3.1. Total lipid extraction

Rock samples were broken and grounded with pestle and mortar into
the coarse-sand size and freeze-dried for 48 h before extraction. Total
lipids were extracted with Soxhlet extractor using the azeotrope of
dichloromethane/methanol (DCM/MeOH; 2:1 v/v) for 48 h. The lipid
extracts were evaporated under a stream of pure nitrogen until dry.
Organic compounds in total lipid extracts were separated into apolar,
intermediate, and polar fractions using a pipette column filled with ca.
0.5 g of activated silica gel and eluted with 2 ml hexane, 4 ml DCM and 4
ml methanol sequentially.

3.2. Column chromatography and n-alkanes characterization

n-Alkanes contained in the apolar fractions are re-dissolved into
1500 pl of hexane. n-Alkane abundances were determined using a
Thermal Trace 1310 Gas chromatography (GC)-flame ionization detec-
tor (FID) fitted with programmable-temperature vaporization (PTV)
injector and TG-1MS column (60 m long, 0.25 mm i.d., 0.25 pm film
thickness). Samples were carried by helium at a rate of 2 ml/min. GC
oven temperature is ramped from 60 °C (holding for 1 min) to 320 °C at
a rate of 15 °C/min (holding for 20 min). Individual n-alkanes were
identified by comparing the elution time with a reference standard (Mix
A6, Schimmelmann, Indiana University Bloomington).

The carbon preference index (CPI) of n-alkanes were determined
using the equation:
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Where A stands for the areas of the individual n-alkanes, identified
by chromatography analysis using Xcalibur software. The numbers
(23-35) represent the chain length of n-alkanes.

3.3. Leaf wax carbon isotopic analysis

Leaf wax carbon isotopic values were measured using Trace 1310 GC
coupled to a Thermo Delta V Advantage isotope ratio mass spectrometer
(IRMS) with a Thermo Isolink interface. Trace 1310 GC is fitted with a
PTV injector and TG-5MS column (30 m long, 0.25 mmi.d., 0.25 pm film
thickness). Samples were carried by helium at a rate of 2 ml/min.
Compounds were separated by the GC with the temperature ramping
from 60 °C (held for 2 min) to 170 °C at 14 °C/min, to 300 °C at 3 °C/
min, to 320 °C at 14 °C/min, then isothermally holding at 320 °C for 5
mins. Samples were analyzed in duplicate with a mean analytical pre-
cision of 0.1%o for 5'3C. The n-alkane reference materials Mix A6 (nCye
to nCsp; Arndt Schimmelmann, Indiana University) were measured
every four to six analyses for monitoring the instrumental drift. Carbon
isotope ratio values were calibrated relative to Mix A6. §'2C values of
nCig_30 alkanes of Mix A6 are —26.15%0, —31.88%0, —32.70%o,
—31.99%0, —33.97%0, —28.83%0, —33.77%o, —33.77%0, —32.13%,
—28.46%0, —32.94%0, —30.49%0, —33.20%0, —29.10%0, and — 29.84%e.
513C values of n-alkanes are reported relative to Vienna Pee Dee
Belemnite (VPDB) using the equation:

613C _ (Rsample _ 1>
Rreference
Where R represents the 13C/!2C ratios in samples and standard
reference materials.

3

3.4. Calculation of C4 plant contribution

Plants using Cz (Calvin-Benson) carbon fixation pathways have
larger carbon isotopic fractionation than those using the C4 (Hatch-
Slack) pathway (O'Leary, 1988; Tipple and Pagani, 2007; Diefendorf and
Freimuth, 2017). The modern mean €coo-wax value of nCsy is —26.5 +
3%o for C3 plants, while it is —13.7 + 2%o for C4 plants (Tipple and
Pagani, 2010; Jia et al., 2012). We model the change of n-alkanes
contribution from C4 plants in the Hexi corridor by assuming that the
Miocene €cpa.wax i the same as the modern values. The equation is
expressed as follows:

CG3"C,, (%)
0,32 31 30 20 28 27

LIM 5C,, (%)
33 -32 -31 -30 -29 -28

WSS 5"C__ (%o)
-33 -32 -31 -30 -29

Qaidam 8™C_,
-32 -31 -30 -29 -28 .34

 (%0)

4

Where €coa.c3 and €coa.csa represent the carbon isotopic fraction-
ation between 613Catm and 613cwax of n-alkanes derived from Cs plants
and C4 plants, respectively. fc4 is the fraction of C4 plants' abundance.
€co2wax Values are calculated with Eq. (1) with reconstructed COq
(Tipple et al., 2010) and observed leaf wax carbon isotopes (Fig. 3).

€co,-wax = €coy-c3 X (1 = fea) + Eco,—ca X fea

3.5. Oxygen and carbon isotopic analysis of bulk samples

About 0.5-1 mg of powdered bulk rock samples were analyzed for
5'%0 and 6!3C values. Samples were grounded by an agate mortar and
were dried in the oven at 70 °C for 24 h. Dried samples were reacted with
orthophosphoric acid at 72 °C to produce carbon dioxide and water.
5180 and 6'C values were measured using a Gas Bench interfaced with
Thermo Delta V Advantage IRMS. Isotopic results are reported with
respect to VPDB by assigning a 5180 value of —4.31%o and a §'3C value
of 2.57%o to the laboratory standard CMA. The precision of repeated
analysis for §'%0 values is less than 0.15%o. The precision of repeated
analysis for §'3C values is less than 0.13%.

4. Results

Samples from LJM, WSS, and CG sections are most abundant in long-
chain n-alkane homologs (nCs7, nCo9, and nCs;), indicating a terrestrial
higher plant source (Eglinton and Hamilton, 1967; Tipple and Pagani,
2007). CPI values of all sections in the Hexi Corridor are higher than 1,
with a mean value of 1.3. We report carbon isotopic compositions of
nCyg and nCz; alkanes from LJM, WSS, and CG sections and discuss their
weighted mean values (613Cwax) in the text (Fig. 3).

513cwax values of CG section (Fig. 3E) decrease from —27.4%o to
—29.3%o between 15.6 Ma to 10.9 Ma and vary between —29.3%o and —
29.9%0 from 10.9 Ma to 4.8 Ma. Then isotopic values vary between
—31.1%0 and — 29.7%o from 4.2 Ma to 2.9 Ma. 8'3Cyay values of LIM
section (Fig. 3E) decrease from —30.5%o at 12.7 Ma to —31.9%o at 10.2
Ma, then vary between —30.5%o and — 33.0%o from 10.2 Ma to 2.6 Ma.
513CW3,{ values of WSS section (Fig. 3E) decrease from —30.1%o at 11.4
Ma to —31.4%o at 9.7 Ma, then vary between —30.1%o and — 32.6%o from
9.7 Ma to 1.7 Ma.

We divided the §!3Cyay records in Hexi Corridor into two stages by
comparing our records with regional paleoclimate records (Fig. 3). Stage
1 (16-12 Ma) shown in CG records is characterized by a decrease in
613Cwax values by ~2.5%o, consistent with the decreasing trends in

Hexi Corridor 5°C,, (%)
-32 -30 -28

Fig. 3. Leaf wax carbon isotope (8'3Cyyax) Tecords: (A)
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Fig. 5. Comparison of paleoecologic and paleoclimatic records in Northern Tibetan Plateau. A, Weighted mean 8'3C,,., values of Cog and Cs; n-alkanes in CG, LIM,
and WSS sections. B, €coz-wax values of Cog and Cs; n-alkanes in CG, LJM, and WSS sections. Data with CPI values >1.5 are solid filled. Black curves in A and B denote
the Loess regression of data in each stratigraphic section. C, 8'3C records of bulk rocks in the CG, LJM, and WSS sections. D, §!%0 records of bulk rocks in the CG, LJM,
and WSS sections. Black curves in C and D are generated by Loess regression of all data in the Hexi Corridor. E, €coz.wax records of HGZ and QGQ in the Qaidam Basin
(Wu et al., 2019). F, carbonate 580 records from Ganchaigou (GCG), Lake Mahai (LM), Lulehe (LLH), and Xiao Qaidam (XQ) (Kent-Corson et al., 2009) and
Huaitoutala (HTTL) (Zhuang et al., 2011). Locations of the paleoclimate studies discussed in the text are shown in Fig. 1. G, A compilation of global benthic

foraminifera 5'%0 records with 20-point moving average (Zachos et al., 2001).

8'3Cyax records from the Qigequan (QGQ) and Honggouzi (HGZ) sec-
tions in the Qaidam Basin (Wu et al., 2019). This stage is concurrent with
the positive shift of global benthic foraminifera 5180 values (Fig. 5G)
(Zachos et al., 2001) and declined 813C values of atmosphere CO,
(Fig. 4E) (Tipple et al., 2010). In Stage 2 (since 12 Ma), §'3C values in
LJM, WSS, and CG sections show general decreasing trends.

Carbonate 8'3C and §'80 records in the Hexi Corridor can be sub-
divided into two stages (Figs. 5 and 6). Stage 1 (16-12 Ma) is recorded in
the CG section and shows a decrease in 5'0 values from —5.4%o to
—11.0%o. In Stage 2 (since 12 Ma), 5180 values vary between —6.7%o
and — 11.0%o in CG, between —5.9%0 and — 9.7%o in WSS, and between
—10.8%o and — 7.6%o in LJM except one lowest value of —13.6%o at 6.1
Ma. 8'3C values range from —0.8%o to —4.3%o in CG and from 0%o to
—3.9%o in LIM. 5'3C values of WSS vary between 0 to —3.7%o from 12
Ma to 4 Ma and then increase up to 10.1%o after 4 Ma.

5. Discussions
5.1. Distribution of n-alkanes

The modern terrestrial vascular plants have a predominance of

odd-carbon numbered n-alkanes, with average CPI values greater than 4
(Collister et al., 1994). The average CPI of the Hexi Corridor samples is
1.3 (Fig. S2), which is low than the average CPI (~3.5) of the last glacial
sediments in the Qaidam Basin (Hou et al., 2020). CPI values of Hexi
samples are within the range of CPI values of the last glacial sediments in
the Qaidam Basin (Fig. S2). Several common factors could cause lower
CPI in Hexi samples than that in modern sediments: thermal or diage-
netic alteration, recycling of old organic matter, and biodegradation.
Long-chain n-alkanes may be heated and broken down as sediments
are buried and consolidated throughout time (Eglinton et al., 1988). The
loss of odd-numbered long-chain n-alkanes due to thermal alteration
could lower CPI values in sediments (Simoneit, 1994; Diefendorf et al.,
2015; Kara-Giilbay et al., 2019; Lu et al., 2021). If the Hexi n-alkanes
distributions have been thermally modified, we would expect to observe
decreasing CPI values with burial depth. However, CPI values of Hexi
samples mostly range from 1.0 to 2.0 and do not show a systematic
decreasing trend with increasing depth (Fig. S1). We suggest that there is
no significant loss of n-alkanes during post-depositional thermal alter-
ation. Furthermore, studies on modern leaves reveal that the carbon
isotopic composition of n-alkanes are constant up to 200 °C and may
increase the isotope values by ca. 2% between 200 °C and 330 °C
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Fig. 6. Field pictures show ecological changes across the elevation transaction in the western Hexi Corridor. Carbonate 5'®0 and §'3C and §'3Cyx records from CG,
LJM, and WSS sections. Dashed gray lines denote the mean 580 values of each sedimentary section. Solid gray curves are generated by the Loess regression for
5'3Cyax data for each stratigraphic section. Refer to Fig. 1 for the localities.

(Diefendorf et al., 2015). The depth of Paleogene stratigraphic succes- because of more intensive degradation and diagenetic impact
sion in the Jiuxi Basin is shallower than 3800 m (An, 1998), which is throughout time. Increasing recycled organic matter of higher thermal
consistent with the early oil window (equivalent to ca. 100 °C isotherm) maturity may dilute the odd-over-even predominance of n-alkanes in the
(Selley, 1998). Therefore, thermal maturation with a temperature of Hexi records. We analyzed the total organic carbon (TOC%) to evaluate
100 °C is less likely to affect the 5'3C,,ay values in the Hexi Corridor. the potential influence of old organic materials (Fig. S4). Samples with

The northern Tibetan Plateau is characterized by rapid basin-filling high TOC% but low CPI values could indicate a substantial input of
since the Oligocene (Metivier et al., 1998). Sediments could be mixed recycled organic matter. CPI values close to 1 due to recycled organic
with old organic matter during deposition (Kennicutt II et al., 1987). Old matter have also been reported in modern drainages (Bakhtiari et al.,

sediments tend to have lower CPI values than the younger sediments 2010; Fang et al., 2014; Ankit et al., 2017; Wang et al., 2018). Cross-plot
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of CPI values and TOC% in the CG, WSS, and LJM shows no correlation
between CPI values and TOC% (Fig. S4). Recycled carbon is unlikely to
be the reason for the low CPI values in the Hexi Corridor.

Microbial degradation is another possible factor for low CPI values.
Biodegradation can cause low CPI values (Marzi et al., 1993; Chalneau
et al., 1995; Andersson and Meyers, 2012), high content of medium-
chain n-alkanes (Cg_24), and decreasing 5'3Cyax values (Brittingham
et al., 2017). Our samples are less abundant with medium-chain n-al-
kanes. However, we cannot rule out the possible effect of biodegradation
on our samples. Given that CPI values in the Hexi Corridor have low
variations (< 0.4), this may indicate a relatively constant microbial
alteration and most likely have a similar isotopic effect, which is sup-
posed to set up a similar “baseline” for 5'3Cyyay records. Further in-
vestigations are required to quantify the impact of biodegradation to
613Cwax values.

5.2. Decline in C4 plant in the northern Tibetan Plateau since middle
Miocene global cooling

The most pronounced change in §'3C,,., values occurs in Stage 1 and
isrecorded by the CG records in samples with CPI values >1.5. The 2.5%o
negative shift of §'3C,qx values, in contrary to the positive shift by the
thermal degradation (see Section 5.1), from 16 Ma to 12 Ma reflects a
change in carbon isotope discrimination and §'°C,ym compositions.
Reconstructed 613Catm values that are based on the benthic foraminifera
records (Fig. 4E) (Tipple et al., 2010) can explain a ~ 0.6%o decrease
from 16 Ma to 12 Ma. Hence, the ~2%o difference in 613Cwax value re-
flects the change in carbon assimilation in response to a change in plant
communities (e.g., Cg vs. C4 plants) and water stress. Several scenarios
can explain the negative shift in CG 5'3Cyyax values: (1) change in plant
types among C3 communities (e.g., angiosperms vs. gymnosperms), (2)
lessening of water stress conditions because of climate change, and (3)
change in the proportion of C3 and C4 plants.

Carbon isotope discrimination varies among taxonomic groups due
to different water use efficiency and growth strategies (Brooks et al.,
1997; Diefendorf and Freimuth, 2017). A change in 613CwaX values may
be a signal of the ecological shift within the Cs plants. For example, €coa-
wax Of conifers are >2%o lower than angiosperms (Diefendorf et al., 2010;
Diefendorf et al., 2011), and €¢pa-wax Values of gymnosperms are more
variable among species than at the family level (Sheldon et al., 2020). If
the conifers contribution decreases between 16 and 12 Ma in the Hexi
Corridor, we would expect to observe a negative shift in 613Cwax values.
However, this scenario is not supported by the palynology study. Pollen
data from the nearby LJM section do not show a resolvable change in
angiosperms or gymnosperm proportion during 13-11 Ma (Ma, 2005).
Hence the change in photosynthetic fractionation among Cs plant
communities is unlikely the cause for 5'3Curax change in CG from 16 Ma
to 12 Ma.

Plant carbon isotopic fractionation is strongly influenced by precip-
itation amount (PPT). The PPT mediates the leaf gas-exchange by con-
trolling stomatal conductance (Farquhar et al., 1989a; Farquhar et al.,
1989b; Marshall et al., 2007). A compilation of the global plant dataset
shows increasing €cos.wax values with mean annual precipitation
amount (Diefendorf et al., 2010). 8'3Cyax values would decrease with
increasing precipitation amount due to reduced water stress, and vice
versa. Paleoclimatic data from the northern Tibetan Plateau support a
generally arid climate during the middle to late Miocene (Miao et al.,
2011; Miao et al., 2012). Pollen record from Qaidam Basin shows an
increase in xerophytic plants since ca. 18 Ma, indicating a cooling and
drying climate trend (Miao et al., 2011). Hence, decreasing 513Cwax
values from 16 Ma to 12 Ma cannot be attributed to the increasing water
availability in the Hexi Corridor.

Plants with different photosynthetic pathways (e.g., C3 and C4
pathways) produce distinct carbon isotopic signatures (Diefendorf and
Freimuth, 2017). C4 plants predominantly produce long-chain C3; and
Css n-alkanes, with a mean €¢pz-wax value of —26.5 + 3%o for Cs plants
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and — 13.7 £ 2%o for C4 plants (Tipple and Pagani, 2010; Jia et al.,
2012). Late Holocene 8'3Cyq values (—32%o) from Lake Qinghai indi-
cate a C3 plant-dominated ecosystem (Thomas et al., 2014). 813cwax
values of CG section between 16 and 12 Ma (Fig. 5A) are higher than the
Lake Qinghai 513Cyax values by ~4%o, indicating the presence of C4
plant in the Hexi Corridor during the middle-late Miocene. Pollen re-
cords from the LJM section identify that herbaceous plant Artemisiae-
pollenites and Chenopodipollis are predominant between 13 and 11.15 Ma
(Ma, 2005). C4 Chenopodiaceae species that are abundant in saline and
arid Central Asia desert and steppe regions (Pyankov et al., 2000; Lu
et al., 2018) might also grow in the Hexi Corridor during the late
Miocene. We calculated the contribution of C4 plants using €coz.wax 0f
nCs; alkanes from Hexi Corridor records from modern end members
using Eq. (4) (Fig. 4). The reconstructed C4 plant proportion from the CG
section decrease by ~20% from 16 Ma to 12 Ma (Fig. 4A). The mean C4
plant proportions in CG, LJM, and WSS sections vary between 0 and 15%
after 12 Ma (Fig. 4A-C). C4 plants have the advantage of adapting to
warm growing season temperatures (Ehleringer et al., 1997). Declined
global temperature (Zachos et al., 2001) is likely to reduce C4 plants
since the middle Miocene Climate Optimum.

5'3Cyax record from the North Pacific sediments supports a decrease
in C4 plant from ~16% to 10% between 12 Ma and 8 Ma in the sediment
source area (northern Tibetan Plateau) (Jia et al., 2012). The decline in
the North Pacific record has been interpreted to indicate a cold and arid
climate in the northern Tibetan Plateau due to the tectonic uplift and
post-middle Miocene global cooling. The 5'3Cwax Of nCs; alkanes from
the Qaidam Basin, despite a significant difference in elevation (>1000
m) compared to the Hexi Corridor, shows a contemporaneous negative
shift by ~3%o (Wu et al., 2019). Our calculation shows that this negative
shift is equivalent to a ~ 19% decrease in the C4 plant (Fig. 4D). Apatite
fission-track and (U—Th)/He ages, seismic profile interpretations, and
magnetostratigraphy and basin analysis studies captured the rapid uplift
in the northern Tibetan Plateau since the middle Miocene (Zheng et al.,
2006; Ritts et al., 2008; Yin et al., 2008; Clark et al., 2010; Chang et al.,
2015; Wang et al., 2016). Hexi Corridor is the foreland basin and located
at the geographical lowlands. The reconstructions for the hinterland of
intermontane Qaidam Basin and the foreland basin of Hexi Corridor
both capture the decline of C4 plants, indicating that it is the global
cooling rather than the tectonism that drove this paleoecological shift.

5.3. Stable hydroclimate in the Hexi corridor during the late Miocene

513Cyyax records since 12 Ma mainly archive the changes in atmo-
spheric 5'3C values and paleoclimate in the Hexi Corridor. 5'3Cyax
values of LJM and WSS sections (Fig. 5A) show ~1.5%0 negative shift
since 12 Ma, which is consistent with 1%o decrease in 8'3C values of the
atmospheric COy (8'3Cum) during the same period (Fig. 4E) (Tipple
et al.,, 2010). Given that variation of Hexi Corridor 613CWaX values
resemble the trend of §'°C,m values during the middle and late
Miocene, the decrease in 8'3Cy,.y values reflects the change in 81%Com
values after 12 Ma. We calculated €co2.wax of CG, LIM, and WSS sections
by subtracting the effect on the 513Cyax values due to §'3Cyyy, variation
(Fig. 5B). Because C4 plant is rare (average of 10%) in the Hexi Corridor
since ~12 Ma based on our reconstructions (Fig. 4), the calculated €¢go-
wax values mainly reflect carbon isotope fractionation of C3 plant in
response to hydrological change (e.g., precipitation and evaporation).
Mean €coa.wax Value is ~27%o for LIM, ~26%o for WSS, and ~ 25%o for
CG sections. €cpa.wax Values of three sections in the Hexi Corridor vary
within an amplitude of 1-2%o since 12 Ma, suggesting a relatively stable
hydrological condition. This inference is supported by relatively
invariant 5'0 and §!3C values of carbonate in the LJM, WSS, and CG
sections (Fig. 5C and D; except two data points at the CG section)). Our
new 8'%0 and §'3C values of carbonate are consistent with previous
stable isotopic records from the Hexi Corridor (Kent-Corson et al.,
2009).
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5.4. Uplift-driven isolation of Qaidam Basin and enhanced aridity

Paleoclimate studies from the Qaidam Basin show that climate has
become increasingly arid since the middle Miocene, which is concurrent
with high elevation obtained in the northern Tibetan Plateau (Bovet
et al., 2009; Zhuang et al., 2014; Zuza et al., 2016; Zhuang et al., 2019).
Calculated €coz.wax values from QGQ and HGZ sections in the western
Qaidam (Fig. 5E) decrease by ~2%o since ~12 Ma. The decrease in E¢pa-
wax is unlikely to reflect an increase in C4 plants because the cooling
climate since ~15 Ma do not favor for C4 plants. Water stress has been
recognized as a strong control on carbon discrimination of Cs plants
(Diefendorf and Freimuth, 2017). Water availability influences the
plant's stomal conductance and CO; uptake during photosynthesis,
which affects carbon isotope fractionation. Decreasing €coa-wax since 12
Ma in the Qaidam Basin likely reflects enhanced evaporation and water
stress.

5180 records (Fig. 5F) of fluvial and lacustrine carbonates (Kent-
Corson et al., 2009; Zhuang et al., 2011) show the similar trends as the
calculated €coo.wax records (Wu et al., 2019) in the Qaidam Basin and
support a generally arid climate after the middle to late Miocene. Var-
iations in §!%0 trends among sites in the Qaidam Basin may be attributed
to the local tectonic, environmental settings, and/or comparison un-
certainties in ages (Kent-Corson et al., 2009). The enhanced dry climate
in the Qaidam Basin is distinguished from the stable hydroclimate
condition in the adjacent Hexi Corridor during the same interval (Fig. 5).
Especially, the 5180 values in the Qaidam records (Kent-Corson et al.,
2009) resemble those in the Hexi Corridor, even though the elevation of
the Qaidam Basin is more than 1000 m higher than that of the Hexi
Corridor (Fig. 5D and F). 8'%0 values are supposed to become more
negative as increasing elevation since heavier oxygen isotope (*%0)
become progressively depleted during rainfall (Garzione et al., 2000;
Poage and Chamberlain, 2001; Rowley et al., 2001). Modern precipi-
tation 5'%0 values in the Qaidam (meteorological station in Delingha) is
lower than 8'®0 values in Hexi Corridor (meteorological station in
Zhangye) (Tian et al., 2003; IAEA/WMO, 2006) (Fig. S5). Given that
these two sites have similar mean annual precipitation (Fig. 1), lower
precipitation §'%0 values in the Qaidam is likely to result from the
higher elevation. We argue that similar mean 5'0 values in the Qaidam
Basin and Hexi Corridor since 12 Ma imply that isotopic depletion due to
higher elevation in the Qaidam Basin has been reversed by the isotopic
enrichment caused by drier climate on the surface water.

The contrasting climatic patterns in the Hexi Corridor and the Qai-
dam Basin are related to their tectonic settings. Increasing evidence
suggests a major uplift and outward expansion of the northern Tibetan
Plateau during the middle to late Miocene, as suggested by the following
structural, stable isotope, biomarker, and thermochronological studies.
Provenance analysis of Miocene granitic clasts north of Altyn Tagh fault
suggests a reduced slip rate and a transition of tectonic activation from
lateral extrusion to the distributed crustal thickening since the end of
early Miocene (Yue et al., 2004). Sedimentary records from Hexi
Corridor suggest that high energy deposition and northeast-trending
paleocurrent initiate since ca. 13 Ma, indicating crustal shortening in
the North Qilian Shan before the late Miocene (Bovet et al., 2009). These
findings are consistent with apatite fission-track studies showing rapid
cooling in the North Qilian Shan during 20-10 Ma (George et al., 2001;
Zheng et al.,, 2010). Nd isotopic record from North Pacific suggests
increasing input of Asian dust sediment since 15 Ma, resulting from
accelerated exhumation on northern Tibetan Plateau induced by surface
uplift (Li et al., 2011). Stable isotopic studies from Qaidam, Linxia, and
Xunhua Basins suggest surface uplift of northeastern Tibetan Plateau
between ca. 15-11 Ma (Hough et al., 2011; Zhuang et al., 2014). Recent
detrital zircon U—Pb and paleothermometry data show that the north-
ern Tibetan Plateau's high topography has gained by ca. 8 Ma (Chen
et al., 2019; Zhuang et al., 2019). We argue that Qaidam Basin has
encountered more substantial evaporation and less precipitation than
the Hexi Corridor since the northern Tibetan Plateau was uplifted at the
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middle to late Miocene. The uplift of basin-bounding ranges in the
northern Tibetan Plateau (Altyn Shan and Qilian Shan) has intensified
arid climate and hydrological isolation of the Qaidam Basin by either
blocking Westerlies air mass or reducing moisture from the Atlantic and
Arctic. Hence, tectonic forcing plays a pivotal role in enhancing the
Qaidam Basin's aridity during the late Miocene.

5.5. Intra-basinal variation in hydrology and ecology in the Hexi Corridor

513cwax and 880 records in the Hexi Corridor show persistent intra-
basinal offsets since ca. 12 Ma (Figs. 5A and 6), reflecting distinguished
hydrological and vegetation patterns within different parts of the basin.
Even though all three sections show similar isotopic trends, the 613cwax
values of LJM are overall more negative than those of WSS by ~1%. and
are lower than those of CG by ~1.5%o (Fig. 5A). The mean 5180 values in
the LJM (—8.7%o) is lower than in the WSS (—8.1%0) and CG (—7.5%o)
(Fig. 6). The offsets in mean 5'80 values indicate local environmental
features- orographic effect. The orographic rainfall effect demonstrates
that more precipitation occurs in the mountain front and diminishes
toward the basin's center. Our field observation along the transection
reveals a transition in vegetation types from patches of forests at LIM
near the Qilian Shan slope, shrubs in the WSS to sparse grasses in the CG
at the center of the Hexi Corridor Basin (Fig. 6). §'80 values would
become more depleted due to increased precipitation as approaching the
North Qilian Shan front. LIM is closest to the North Qilian Shan
comparing with the other two sections. Thus, it could receive more
precipitation and the lowest mean 5'%0 values. Contrarily, CG is at the
northern margin of the western Hexi Corridor. Less rainfall and more
enhanced evaporation and recycling of moistures can lead to more
positive 5180 values. 5'3Cyyax records support the intra-basinal variation
in hydrology and ecology. The highest §'3Cyyax values in CG among three
stratigraphic sections likely indicate a high water-stressed environment.
In addition to hydrology, higher 8'3Cy,y values in CG may imply more
abundant C4 plants because C4 plants are more adaptable at low
elevations.

6. Conclusions

We use leaf wax carbon isotopes and carbonate oxygen isotopes to
reconstruct post-middle Miocene paleoecology and paleoclimate from
sedimentary successions in the Hexi Corridor. Isotopic records show a
decline in the abundance of C4 plants between ca. 16-12 Ma due to the
post middle Miocene global cooling. The stable carbon isotope
discrimination (Ecpz.wax) and carbonate oxygen and carbon isotopes
show disparate trends in the foreland basin of the Hexi Corridor and the
intermontane Qaidam Basin since 12 Ma. We attribute the differences to
the uplift-associated basin isolation of the Qaidam Basin, a result of
tectonism since the mid-late Miocene that is consistent with regional
geological studies. Intra-basinal variations on isotopic values within the
Hexi Corridor reflect local environmental features associated with
orographic precipitation and altitude effect.
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