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Chemical weathering of continental silicates is a crucial geological process in regulating Earth’s long-term
climate and participating in global carbon cycle. The increasing aridity and active tectonic settings in the
northeastern Tibetan Plateau since the middle Miocene, combining the global cooling background, make this
region ideal for studying how the weathering process interacts with climate and tectonics. We focus on a well-
dated Cenozoic sedimentary profile in the northeastern Qaidam Basin and use sandstone petrography, heavy
minerals, mudstone clay minerals and geochemical data to interpret sediment provenance and to reconstruct
paleo-chemical weathering history (15.3-1.8 Ma) in the northeast Tibet. Our results demonstrate unchanged
sediment sources (the South Qilian Shan and the North Qaidam belt) and moderate chemical weathering in-
tensity (CIA values of 67-80) for the sediment source-to-sink system since the middle Miocene. The high
chemical weathering intensity in 15.3-12 Ma corresponded to relatively warm and humid climate, indicating
minor efforts of global cooling (14-12 Ma) to the local weathering processes. The weakening chemical weath-
ering in 12-9 Ma was closely related to rapid exhumation of the South Qilian Shan and accelerated growth of the
northeastern Tibetan Plateau. Uplift-induced enhancement of physical denudation and regional aridity had
triggered the transition of chemical weathering regime from supply-limited to kinetic-limited. The inspiring
enhanced chemical weathering in 9-6 Ma was attributed to orographic rainfall or intensified East Asian monsoon
precipitation. The warm periods and onset of the Northern Hemisphere Glaciation during the Pliocene-
Pleistocene controlled the evolution of chemical weathering in the Qaidam Basin. Collectively, we propose
that the late Cenozoic chemical weathering intensity in the northeastern Tibet was both constrained by tectonic
deformation and climate change. Our findings emphasize the discordance between chemical weathering intensity
and climate in arid, tectonically-active regions and thus caution should be exercised while using paleo-
weathering intensity to reconstruct paleoclimate history.

1. Introduction

The physical denudation and chemical weathering of continental
rocks play important roles in shaping the morphology of Earth’s surface
and regulating global chemical cycles (Clift et al., 2014; Maher and
Chamberlain, 2014; Riebe et al., 2017; Penman et al., 2020). Silicate
weathering is considered to be a net carbon sink on geological time
scales through consumption and transformation of atmospheric CO; to
carbonate stored in the oceans (Kump et al., 2000; Oliva et al., 2003;
Kasting, 2019). The mechanisms and the controls of continental silicate
chemical weathering have received widespread attentions in recent
years. Climatic (e.g., temperature and precipitation) and tectonic (e.g.,
relief, slope and physical denudation) factors are considered to have
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significant impacts on silicate weathering processes (West et al., 2005;
Wan et al., 2012; Yang et al., 2020). The Tibetan Plateau is well known
to have experienced a complex deformation history and climatic fluc-
tuations during the Cenozoic (Raymo and Ruddiman, 1992; Guo et al.,
2002; Sun and Wang, 2005; Wang et al., 2011; Sun et al., 2014, 2017;
Wang et al., 2014; An et al., 2015; Liu et al., 2017). The northeastern
Tibetan Plateau, which is far away (>1500-2000 km, Fig. 1) from the
India-Asia plate collisional zone with a complex kinematic setting and is
currently influenced by both the westerlies and the Asian monsoon, in
particular, is an ideal test ground for studying interactive links between
climate, tectonics and chemical weathering (Lease et al., 2012; An et al.,
2012; Miao et al., 2016b; Fang et al., 2019).

The East Asian summer monsoon (EASM) expanded westward and
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Fig. 1. (a) Location of the Tibetan Plateau and main atmospheric circulation systems (AWM: Asian winter monsoon, ISM: Indian summer monsoon, EASM: East Asian
summer monsoon, ASM boun.: modern Asian summer monsoon boundary, after Miao et al. (2016b)). (B) Topographic map of the northeastern Tibetan Plateau with
active time of major faults in the late Cenozoic (NQMTB: North Qaidam marginal thrust belt, HYF: Haiyuan Fault). The initiation ages were from references of Zhuang
etal. (2018), Yu et al. (2019) and Wang et al. (2020c¢), which were based on the summary of published sedimentary, magnetostratigraphic and thermochronological
evidences. Paired arrows indicate strike-slip faults. Barbed lines are thrust faults. Red star is the research area of this study (HT: Huaitoutala section). Blue stars
represent the sections and cores involved in this study. The SG-3 and KC-1 cores were derived from Miao et al. (2013). Sedimentary core in the Xiaoliangshan (XLS)
area is referenced from Jian et al. (2014). Dahonggou (DHG) and Honggouzi (HGZ) sections were derived from Sun et al. (2020) and Zhang et al. (2018), respectively.
Mojiazhuan (MJZ) section of the Xining Basin was referenced from Zan et al. (2018). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

northward in the Middle Miocene Climatic Optimum (MMCO, 18-14
Ma), covering the Qaidam Basin (Fig. 1) in a warm and humid climate
(Miao et al., 2016b). After that, in the context of global cooling, the
regional aridity and coldness of the Qaidam Basin were continuously
enhanced, which were evidenced by the carbon and oxygen isotope
records from several profiles (such as the Dahonggou section and sedi-
mentary cores in the Xiaoliangshan area) (Jian et al., 2014; Sun et al.,
2020; Fig. 1), the increased concentration of S042~ and Cl™ in the
Honggouzi section (Song et al., 2014; Zhang et al., 2018), and the
decreased thermophilic and increased xerophytic pollens in KC-1 and
SG-3 cores (Miao et al., 2013). The accelerated upward and outward
growth of the northeastern Tibetan Plateau since the middle Miocene
(<15 Ma) is supported by abundant thermochronological, magneto-
stratigraphic, sedimentary and paleontological evidences. Specifically,
rapid exhumation and extensive crustal deformation occurred in the
Qaidam Basin (Fang et al., 2007; Mao et al., 2014; Liu et al., 2017) and
surrounding mountains, e.g., Eastern Kunlun Shan (Sun et al., 2008;
Duvall et al., 2013), Altyn Tagh (Li et al., 2015; Yu et al., 2019), Qilian
Shan (Lu and Xiong, 2009; Zheng et al., 2010; Fang et al., 2013), Laji
Shan (Lease et al., 2007), Liupan Shan (Zheng et al., 2006; Wang et al.,
2011), Jishi Shan (Lease et al., 2012), Longmen Shan (Xu and Kamp,
2000; Kirby et al., 2002; Godard et al., 2009), as well as the adjacent
Guide Basin (Li et al., 2014), Linxia Basin (Fang et al., 2016) and
Sichuan Basin (Wang et al., 2012a; Yuan et al., 2013). The regional
changes over time in the northeastern Tibetan Plateau indicated by the
published results, including poor hydroclimate conditions and intensi-
fied tectonic activity, seems to favor weakened chemical weathering
intensity since the middle Miocene.

Cenozoic chemical weathering history of the Tibetan Plateau has
been reconstructed over different time scales from million years to
millennia (e.g., Jian et al., 2013b, 2019; Miao et al., 2016a; Song et al.,
2018a; Hu et al., 2019; Zhang et al., 2020). However, the main con-
trolling factor of the late Cenozoic chemical weathering processes in this
region remains controversial. Several researches suggest that the global
temperature has a primary control on the chemical weathering intensity

due to the consistent relationships between marine benthic foraminifera
6180, sea surface temperature and Chemical Index of Alteration (CIA)
(Zachos et al., 2001; Wan et al., 2012; Ren et al., 2020). However, the
Miocene sedimentary strata in the Tarim Basin and Linxia Basin reveal
an overwhelming tectonic control on the regional chemical weathering
intensity (Wang et al., 2016; Yang et al., 2016). Tectonic uplift and
deformation are often accompanied by the intensification of physical
denudation, shifts of source regions and depocenters, changes of topo-
graphic relief and sedimentary environments, causing notable variations
in chemical weathering intensity (Filippelli, 1997; Fang et al., 2007; Liu-
Zeng et al., 2008; Zhang et al., 2017; Zhu et al., 2017). Additionally, the
regional climate change induced by complex tectonics-climate in-
teractions in alpine regions makes it difficult to distinguish the effects of
tectonics and climate change on chemical weathering processes (Cheng
etal., 2019; Yang et al., 2019). For example, the elevated topography of
the northeastern Tibetan Plateau in the late Cenozoic had significantly
changed wind regimes to intensify the East Asian monsoons and induced
orographic rainfall shadows (Harris, 2006; Clift et al., 2008; Miao et al.,
2012; Li et al., 2014; Zhang et al., 2015). The uplift of basin bounding
mountains may block moisture and intensify evaporation, resulting in
basin interior aridity (Broccoli and Manabe, 1992; Kent-Corson et al.,
2009; Shi et al., 2011; Liu et al., 2015; Yang et al., 2017; Guo et al.,
2018a). Therefore, studying the evolution and driving mechanism of
chemical weathering can help to clarify the geological history of the
northeastern Tibetan Plateau and to better understand the interactions
between tectonic, climate and chemical weathering processes.

In a word, whether tectonics or climate played the first-order control
on the late Cenozoic chemical weathering evolution in the northeastern
Tibetan Plateau remains to be answered. This study conducted
mudstone bulk mineralogical, clay mineralogical and geochemical an-
alyses from the well-dated Huaitoutala section in the Qaidam Basin
(Figs. 1-2), combining sandstone petrographic and heavy mineral data,
1) to evaluate the intensity of paleo-chemical weathering since the
middle Miocene, 2) to explore the dominant controlling factors on
weathering processes and 3) to better understand the tectonic and
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Fig. 2. Geological map of Huaitoutala research area in the northeastern margin of Qaidam Basin, modified from Fang et al. (2007). Red dotted line represents the
sampling path (HT section). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

paleoclimatic controls on basin sedimentary records in the northeastern
Tibetan Plateau.

2. Geological setting

The Qaidam Basin, covering an area of 120,000 km?, is the largest
intermountain basin in the northeastern Tibetan Plateau (Fig. 1). This
basin is bounded by the Eastern Kunlun Shan in the south, by the Qilian
Shan in the northeast and by the Altyn Tagh fault in the northwest (Ren
et al.,, 2019; Jian et al., 2020b). The Qilian Shan is mainly composed of
the Paleoproterozoic-early Paleozoic metamorphic rocks, the early
Paleozoic and Permian-Triassic plutons, volcanic rocks, marine sedi-
mentary rocks and ophiolite sequence (Zhang et al., 2021a). The base-
ment rocks of the Eastern Kunlun Shan primarily consist of the
Neoproterozoic-Paleozoic metamorphic rocks and the late Cambrian-
Devonian and Permian-Triassic granitoid rocks (Jian et al., 2020b).
The Altyn Shan is principally composed of the Proterozoic, Ordovician-
Silurian, and Permian igneous and metamorphic basement, as well as
the Neoproterozoic quartz arenite and limestone (Bush et al., 2016).

Mesozoic geological evolution of the Qaidam Basin is thought to be
closely related to the collision of intra-Eurasian blocks and the sub-
duction of the Tethys Ocean (Ritts and Biffi, 2001; Kapp et al., 2007;
Gehrelset al., 2011; Jian et al., 2013b). The late Paleocene-early Eocene
Indo-Asian collision (ca. 50-55 Ma) and subsequent convergence
resulted in the uplift of Eastern Kunlun Shan, the faults movement and
crust shortening in the South Qilian Shan and North Qaidam Basin (Yin
et al., 2002; Zhuang et al., 2011a; Bush et al., 2016; Bao et al., 2017).
Thermochronological evidences revealed that extensive exhumations of
the Altyn Tagh and Eastern Kunlun Shan around the Qaidam Basin

during the late Eocene-early Oligocene (Jolivet et al., 2001; Liu et al.,
2007a; Clark et al., 2010). The early Oligocene leaf fossils (ca. 30.8 Ma)
in the basin indicates that the ground vegetations were at an altitude of
3.3 + 1.4 km with a temperate and moderately wet climate (Song et al.,
2020). The deformation of the Qaidam Basin and the rapid uplift of the
surrounding mountains, including the Altyn Tagh (Lu and Xiong, 2009;
Lu et al., 2014), Qimen Tagh (Zhou et al., 2018), Eastern Kunlun (Mao
et al., 2014) and Qilian Mountains (Nie et al., 2020), occurred in the
Miocene (especially 12-8 Ma) (Li et al., 2020 and references therein).
Due to the global cooling and regional tectonic forces, the Qaidam Basin
had experienced climate change from warm and humid in the MMCO to
cold and dry in the late Miocene-Quaternary (Bao et al., 2017, 2019;
Miao et al., 2019).

The massive Cenozoic sedimentary succession deposited in the Qai-
dam Basin with a maximum thickness of 12 km, which records the
formation and filling history of the basin and also the tectonic evolution
of the adjacent mountains (Yin et al., 2008). The Cenozoic stratigraphy
can be divided into six formation units with assigned ages. From oldest
to youngest, the lithostratigraphic units are the Lulehe Formation (Fm.)
in the Paleocene-Eocene (E; ), the Xia Ganchaigou Fm. in the Oligo-
cene (E3), the Shang Ganchaigou Fm. in the early Miocene (N;), the Xia
Youshashan Fm. in the middle Miocene (N,'), the Shang Youshashan
Fm. in the late Miocene (sz), the Shizigou Fm. in the Pliocene (N23) and
the Qigequan Fm. in the early Pleistocene (Q;) (Fang et al., 2007; Lu and
Xiong, 2009; Wang et al., 2012b; Ji et al., 2017).

The Huaitoutala section (abbr: HT section) is located in the north-
eastern Qaidam Basin (96°43'10"E, 37°13'48"N, Fig. 2), along the north
limb of the Keluke anticline in the Delingha Depression (Bao et al.,
2019). The well-exposed 4570 m thick Cenozoic deposits in the HT
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Fig. 3. Field photographs of stratigraphic units and lithofacies at the Huaitoutala section (A-E) and representative microscopic photos of heavy minerals (F) and
sandstone petrography (G-I) (orthogonally polarized light). (A-B) Fluvial facies in the Shang Youshashan formation with floodplain (lower part, siltstone and
mudstone) and riverbed (upper part, sandstone) deposits divided by the erosional surface. (C) Shallow lacustrine facies in the Shizigou formation with colorful thin-
layer fine-grained sediments (gray, gray-green, red-brown). (D-E) Alluvial fan facies in the Qigequan formation with interbedded sandstone and conglomerate. The
petrological identification results of sandstones shown here include: (G) 16HT-06 from Shang Youshashan, (H) 16HT-41 from Shizigou and (I) 16HT-60 from
Qigequan formations. Sandstones are moderately-poorly sorted and rich in rock fragments, containing slight carbonate debris and calcareous cement. Q: quartz; F:
feldspar; Ls: sedimentary lithic fragments; Lm: metamorphic and metasedimentary lithic fragments; Ms: muscovite; Cb: carbonate; Grt: garnet; Hbl: hornblende; Zrn:
zircon; Ep: epidote; Tur: tourmaline; Chl: chlorite; Bt: biotite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

section consist of the upper Xia Youshashan Fm. (100 m), Shang
Youshashan Fm. (100-2350 m), Shizigou Fm. (2350-4100 m) and lower
Qigequan Fm. (4100-4570 m) with magnetostratigraphic ages ranging
from 15.7 to 1.8 Ma (Fang et al., 2007). Although the stratigraphic
dating of Cenozoic sedimentary strata in the Dahonggou section is under
debate with two age models of ~ 50-7 Ma (Ji et al., 2017) and ~ 25-5
Ma (Wang et al., 2017b)/ ~20-5 Ma (Ren et al., 2019; Nie et al., 2020),
there is no objection to the depositional ages of the Huaitoutala section
(15.7-1.8 Ma). Sedimentary strata in the HT section were mainly
deposited in fluvial-lacustrine sedimentary environments and
conformably contact with each other (Zhuang et al., 2011a; Jian et al.,
2013b; Bao et al., 2019). The Xia Youshashan Fm. is characterized by
brown siltstone, mudstone and marl. The Shang Youshashan Fm. is
dominated by yellow-gray conglomerate and sandstone intercalated
with siltstone, and the uppermost part mainly consists of mudstone and
siltstone. The Shizigou Fm. is mainly characterized by blue-gray sand-
stone intercalated with calcareous sandy mudstone. The Qigequan Fm.
consists of thick gray conglomerate intercalated with thin sandy silt-
stone and mudstone (Fig. 3A-E; Fang et al., 2007; He et al., 2018; Bao

et al., 2019; Ren et al., 2019).
3. Materials and methods
3.1. Samples

In this study, a total of 60 late Cenozoic sedimentary rocks were
collected from the HT section (Fig. 4), involving the Shang Youshashan
(15.3-8.1 Ma), Shizigou (8.1-2.5 Ma) and Qigequan (<2.5 Ma) forma-
tions. Fresh rock samples were collected after stripping the surface layer
to avoid the interferences by weathering, pedogenesis and anthropo-
genic activity. The collected samples mainly consist of mudstones and
siltstones with subordinate sandstones, as well as minor paleosols and
marls. Detailed information of the field location and sedimentological
description of the sampled section can be found in Fig. 2 and Fig. 4. The
paleocurrent orientation measurements were conducted based on field
observations of cross-stratification sets of sandstones, ripple marks and
the orientation distributions of channel sands and gravel imbrications
deposited in fluvial environments.



H. Fuetal

Catena 208 (2022) 105785

: : : p Sedimentar s
GPTS Stratigraphic unit Lithology |Samples facies Y| Paleocurrents and field satellite images
Age Observed N I
(Ma) Polarity >
1 Qigequan Fm. 4 iggigg Ql v
- - Alluvial f: 1k
(Ql) uvial fan / i Tl
2 <+
2.5Ma &5 > | 16HT-57 Braided river v S !
> [ 16HT-56 e i o o
3 Pliocene > | 16mT55 T
5.3~2.8Ma i
4 > | 16HT-48 ‘ N
> [ 16HT-46/47
Shizigou Fm. > | 16HT-45 j
5 N 3) 3| jeH1-oe Braided river \
? > | 16HT-42/43
6 3 | 16HT-53 &
5 | 16HT-40/41
3 | 16HT-39(51/52) S o
> | 16HT-38
7 > | 16HT-37(49/51) Lacustrine
> | 16HT-35/36 \
> | 16HT-33/34 {
8 > | 16HT-32 1
> | 16HT-31
. . = > | 16HT-30
9 ) Mid-late Miocene| | . = TiirAE
2000—2e22e2t > | 16HT-28/29
10 1800— > | 160127
. — > | 16HT-26
1600— Braided river
11 Shang Youshashan Fm, .,
2 I > [16HT-25
12 (Nz) T > | 16HT-23/24 X
=———" | 16HT-21122 X
> [ 16HT-17/18/19/2i "“
F===——""> | 16HT-14/15/16 ¥
13 3T
S| TeHT-IT
> | 16HT-10
> | 16HT-9 .
14 16HT-8 Lacustrine
16HT-6
16HT-7
16HT-5 N
15 1 16HT-2/3/4 Me?:_';“/i::mg
h 4 16HT-1
15.3Ma<€— 1

l:l Mudstone/Siltstone l:l Sandstone Conglomerate Sandy conglomerate l:l Marl Biolimestone [\

Paleosol X} Stratigraphic gap

Fig. 4. Comprehensive infographic of magnetostratigraphic chronological and stratigraphic framework (referenced from Fang et al. (2007)), formations, lithologic
descriptions, paleocurrents and satellite images (www.earth.google.com) of the Huaitoutala section. The grain size of lithology is divided into five grades, i.e., 1:

mudysilt, 2: fine sand, 3: medium sand, 4: coarse sand, 5: conglomerate.

3.2. Petrography

The framework grain compositions and textures recorded the entire
source-to-sink sedimentary history and diagenetic process of a clastic
sedimentary rock. The information of source rock type, tectonic back-
ground, hydrodynamic condition and sedimentary environment can be
inferred directly through the results of sedimentary petrography anal-
ysis. A total of 15 well-consolidated sandstone samples were cut into
standard thin sections. The prepared thin sections were observed under
a polarizing microscope to identify the sedimentary textures (grain size,
roundness, sorting) and to count the percentages of framework grains (i.
e., quartz, feldspar, lithic fragments) by the Gazzi-Dickinson method
(Dickinson and Suczek, 1979; Dickinson, 1985). More than 400 points
were counted for each sample.

3.3. Heavy mineral analysis

The assemblage of heavy minerals (specific gravity > 2.86) in
sandstones has been regarded as a robust indicator for tracing the
parent-rock lithology and sediment source to sink process. We selected
10 sandstone samples for transparent heavy mineral analysis. The
sandstone samples were preliminarily crushed and 63-250 pm fractions
were sieved. The 63-250 pm fractions were weighed for each sample
and soaked in 1 mol/L HCl for 24 h to remove carbonate. Heavy minerals
were then separated by the tribromomethane (p = 2.89 g/cm®) in a
separatory funnel. The separated heavy minerals were placed on the

glass slides and fixed by Canada balsam. Approximately 200 heavy
mineral grains were identified and counted under a polarizing
microscope.

3.4. Bulk mineral composition analysis

Bulk mineralogical analysis of 13 mudstone, paleosol and marl
samples (ground to powder with grain size < 200 mesh) was carried out
by using a Rigaku X-ray diffractometer (XRD) (Ultima IV) at Xiamen
University and followed the analytical procedures given by Jian et al.
(2019). Each powdered sample was continuously scanned under 40 kV,
30 mA, step width of 0.02°, 20 range of 5-60° and scanning speeds of 4°/
min.

3.5. Clay mineral analysis

A total of 37 mudstone and paleosol samples were simply crushed at
first. 3-5 g sample was soaked in deionized water adding 0.05 g
(NaPO3)g and was dispersed for 30 mins by using an ultrasonic oscil-
lator. The clay fractions (<2 pm) were separated according to the
Stoke’s law and then concentrated in a centrifuge. And then the clay
components were treated with 10% H50, and 1 mol/L. CH3COOH to
remove organic matter and calcium carbonate. The treated particles
were placed on the quartz slides, air-dried, for obtaining the oriented
mounts. These oriented mounts were then placed in a vacuum pressure
box and were saturated with ethylene glycol vapor for 48 h. Each sample
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Fig. 5. Variations in the proportion of framework grains ((A) quartz, (B) feldspar and (C) lithic fragments) over time, and (D) the quartz-feldspar-lithics (Q-F-L) plot

for provenance discrimination, referenced from Dickinson and Suczek, (1979).

was constantly scanned under 40 kV and 40 mA by using a Rigaku X-ray
diffractometer (Ultima IV) with the 20 range of 3°-35°, speed of 4°/min
and step width of 0.02°.

Relative percentages of clay minerals were semi-quantitatively esti-
mated by identifying the basal reflection peak areas of the smectite (17
}o\), illite (10 10\), kaolinite (7.2 10\) and chlorite (7.1 10\) peaks (Moore and
Reynolds, 1997; Wang et al., 2017a; Song et al., 2018b; Liu et al., 2020).
Illite crystallinity index (KI) (Ehrmann, 1998) was measured as the full
width at half maximum (FWHM) of the (001) peak of illite (10 ;\) (Alizai
etal., 2012). Illite chemistry index (CI) was calculated based on the ratio
of the basal reflection peak area of illite 5 A (002)and 10 A (001) peaks
(Esquevin, 1969). All the treatment and data interpretation procedures
are also reported by Mei et al. (2021).

3.6. Major-, trace- and rare earth element geochemistry

We selected 33 fine-grained samples (mudstone and siltstone) for
major element geochemistry analysis and 5 therein for trace and rare
earth element (REE) analysis. Each sample was firstly ground into
powers with grain size < 200 mesh and was treated with 1 mol/L
CH3COOH and 10% H305 solution for 24 h to remove calcium carbonate
and organic matter. The concentrations of major elements were ob-
tained by an X-ray fluorescence (XRF) spectrometer (AB-104 L,
PW2404) following the method of Hu et al. (2019). Each 0.4 g powered
sample was adequately stirred in Ni-pots with anhydrous Li;B407, 120
mg/ml NH4Br and suitable oxidant. And then the Ni-pots were put on
the CLAISSIE sampling machine for liquefaction. Finally, the well-mixed
melt was cooled and dried for XRF analysis. Trace and rare earth ele-
ments analysis was performed by an ICP-MS (Agilent 7900). Analytical
procedures were following Guo et al. (2018b) and Jian et al. (2020a).
The sample powders were accurately weighed (25 mg) and were
digested with 1 ml HNO3 and 3 ml HF for 24 h in a Teflon vessel and
heated on a hot plate at 150 °C to evaporate. The near-dry solution was
digested again with the mixed HNOs-HF. After further drying, 4 ml
HNOj3 were added to the sample and heated for 24 h and then the so-
lution was diluted with 2% HNO3 for determination. The accuracy and
precision of element analysis are better than 5%.

4. Results
4.1. Paleocurrent orientations

The paleocurrent orientation results were plotted as rose diagrams in
Fig. 4, indicating almost consistent southwest-directed paleo-flows in
the HT section since the middle Miocene, except the minority of
southeast- and northwest-directed paleocurrents for the Shizigou Fm.
strata.

4.2. Framework grain compositions

Sandstone samples from the HT section are poorly-moderately sorted
with majority of subangular-subrounded and minority of angular-
subangular grains (Fig. 3G-I). The framework grains include predomi-
nant quartz (38.22%-66.47%) and lithic fragments (21.69%-47.91%)
and subordinate feldspar (8.64%-23.88%). Plagioclase takes more
portions than K-feldspar. The feldspars in lower Shang Youshashan Fm.
samples suffered comparatively stronger weathering than that in other
formation samples. There are mainly metamorphic (13.23%-31.46%)
and sedimentary (5.72%-27.92%) lithic fragments, with minor igneous
rock detritus. The relative contents of these two types of lithic fragments
are variable among the analyzed samples. Samples of Shang Youshashan
Fm. contain substantially metamorphic lithic fragments (mainly
quartzite, schist and phyllite), while samples of Shizigou Fm. and
Qigequan Fm. show an increasing trend of sedimentary lithic fragments
(mainly mudstone, chert, sandstone and carbonate). The abundances of
quartz and lithic fragments shifted sharply during 14-12 Ma (Fig. 5A-C).
The framework grain composition data plotted in the quartz-feldspar-
lithics (Q-F-L) provenance discrimination ternary diagram indicate
that the HT section sandstones were mainly supplied from recycled
orogenic sources (Fig. 5D).

4.3. Heavy minerals

Transparent heavy minerals in the HT section samples are mainly
composed of hornblende (39.34%-76.96%, avg. 56.38%) and garnet
(6.15%-43.65%, avg. 21.61%), and minor epidote, zircon, tourmaline,
chlorite and biotite (Fig. 3F). These heavy minerals overall indicate low
compositional and textural maturity. Hornblende and zircon grains are
dominantly angular and minorly subrounded in shape. The ZTR index
(sum of the proportions of zircon, tourmaline and rutile in transparent
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Fig. 6. Variations in the proportion of clay minerals since the middle Miocene (15.3-1.8 Ma), i.e., (A) smectite, (B) illite, (C) kaolinite, (D) chlorite. The general
trends of kaolinite and illite contents over time in the Huaitoutala area are decoupled with climatic conditions, indicating the influence of source material supply. Yet,
the increasing kaolinite content in 8-6 Ma samples corresponded to the enhanced precipitation.

heavy minerals), which is commonly used in evaluation of sediment
maturity (Hubert, 1962; Ando et al., 2012; Garzanti et al., 2015), is
relatively low (2-10) (Fig A. 1).

4.4. Bulk mineral compositions

The results of bulk XRD analysis show consistent mineralogical
compositions of fine-grained sedimentary rocks in the HT section. The
main mineral components include quartz (14.3%-38.9%, avg. 27.1%),
plagioclase (5.95-32.6%, avg. 15.1%), K-feldspar (1.7%-14.6%, avg.
7.3%), calcite (2.2%-20.9%, avg. 9.8%) and clay minerals (16.4%—
60.4%, avg. 40.4%). Values of the clay/Q ratio range from 0.46 to 4.78.
For the related sample diffractograms and mineral characteristic peak
information, refer to the appendix Fig A. 2.

4.5. Clay minerals

Clay mineral assemblages of the analyzed samples mainly consist of
illite (abbr. I1l, 32.43%-76.84%, avg. 61.78%), chlorite (Chl, 6.76%—
22.8%, avg. 16.37%), smectite (Sme, 1.97%-48.52%, avg. 12.95%) and
kaolinite (Kln, 5.04%-13.68%, avg. 8.91%). The diffraction patterns of
typical samples are shown in the appendix Fig A. 3. The distributions of
clay minerals in Fig. 6 display increasing trends of chlorite and kaolinite
contents and decreasing trends of smectite and illite contents with time
(15.3-1.8 Ma). Illite chemistry index (CI) ranging from 0.25 to 0.50 (Fig
A. 4F) reveals Fe-Mg rich illite and strong physical weathering. Illite
crystallinity index (KI) ranging from 0.26 to 0.45 (Fig A. 4E) indicates
well crystalline of illite and moderate chemical weathering. Values of
widely used clay mineral ratios, including Kln/Chl, Kln/Ill, KIn/Sme and
(Kln + Sme)/(Ill + Chl), were calculated and presented in appendix Fig
A. 4A-D. Values of Kin/Chl and (KIn + Sme)/(1ll + Chl) ratios keep
stable, while values of Kln/Ill and Kln/Sme ratios increased slightly over
time. Although the changing trends of clay mineral ratios are

inconsistent, the notable shifts of values occurred at 12 Ma, 9 Ma and
8-7 Ma.

4.6. Major and trace element compositions

Major elemental ratios (i.e., Na/Al, Na/K, K/Al, Ca/Ti, Ca/Al and
Ca/K) were calculated based on the geochemical results of 33 analyzed
samples (Fig A. 5). The values of Na/Al, Na/K ratios are relatively stable
for 15.3-12 Ma samples (avg. 0.10 and 0.33, respectively) and indicate
slightly increasing trends for 12-1.8 Ma samples (avg. 0.12 and 0.40),
and are highly variable for 9-6 Ma samples. The K/Al ratio (avg. 0.31 in
15.3-1.8 Ma) is negatively correlated with Na/Al, Na/K ratios and
shows an overall increasing trend. The Ca/Ti, Ca/Al and Ca/K ratios are
at stable low values (avg. 1.31, 0.07 and 0.23 in 15.3-1.8 Ma, respec-
tively), except for the obvious increase in 12-9 Ma. The element com-
positions of sediment samples normalized to the Upper Continental
Crust (UCC) composition (Taylor and McLennan, 1985) are shown in Fig
A. 6C, which exhibiting similar Na-, Ca-, Sr-depleted, K-stable and Al-
enriched phenomena in sediments compared to UCC.

Due to the inherited characteristics of REE to source materials, the
distribution pattern of REE in sediments is often used to indicate
geochemical features of parent rocks (McLennan, 1989; Cao et al., 2015;
Fathy et al., 2018). It can be seen from Fig A. 6A that the distribution
patterns of chondrite-normalized (Sun and McDonough, 1989) REE in
the HT samples are consistent and basically similar with that of the UCC
and Post-Archean Australian Shale (PAAS) (Taylor and McLennan,
1985), distinguished by LREE enrichment (light REE, i.e., La—Eu), HREE
depletion (heavy REE, i.e., Gd-Lu), negative Eu anomaly (Lan/Yby =
11.03-12.61, Gdn/Yby = 1.56-1.80, Eu/Eu*=0.60-0.64). Samples of
the three formations plotted on the La-Th-Sc ternary diagrams are
located on similar positions which near the La apex and further away
from the Sc apex (Fig A. 6B).
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5. Discussion

5.1. Provenance of the late Cenozoic sedimentary rocks in the
northeastern Qaidam Basin

The difference of source rock lithology may significantly affect
chemical weathering process and also influence the application and
interpretation of chemical weathering proxies. Thus, sedimentary
sources and parent-rock lithology should be investigated prior to
chemical weathering intensity reconstruction. The information achieved
by chondrite-normalized REE patterns, La-Th-Sc ternary plots and Q-F-L
ternary plots suggest that the analyzed HT sedimentary strata were
mainly derived from intermediate-felsic type parent-rocks within recy-
cled orogenic sources (Fig A. 6). Moreover, the low textural and
compositional maturity of sandstones imply short-distance sediment
transport and proximal accumulation, which is evidenced by the
angular-subangular grains, moderate-poor sorting, high proportion of
unstable minerals (e.g., hornblende) and low ZTR values (2-10). The
abundant metamorphic and metasedimentary lithic fragments (13.23%-—
31.46%, avg. 20.62%) in the sandstone compositions match well to the
Precambrian metamorphic basement and the exposures of the early
Paleozoic UHP metamorphic rocks in the South Qilian-North Qaidam
belt. Heavy mineral assemblages of the analyzed samples in this study
are mainly composed of hornblende, garnet and epidote. The published
mineralogical data of the NE Qaidam Basin include epidote and garnet-
dominate heavy mineral assemblages and Fe-, Mn-rich detrital garnets
in the Cenozoic sedimentary rocks (Jian et al., 2013a; Hong et al., 2020;
Nie et al., 2020), further suggesting predominant derivation of meta-
morphic, metasedimentary and magmatic rocks.

The published detrital zircon U-Pb age patterns of the Cenozoic
sedimentary rocks from the Huaitoutala and Dahonggou sections are
commonly distributed in three major age populations, including Prote-
rozoic (2.5-1.6 Ga), early Paleozoic (500-400 Ma) and Permian-Triassic
(300-200 Ma) (Bush et al., 2016; Zhuang et al., 2019; Yin et al., 2020).
The Paleoproterozoic and late Cambrian-early Devonian zircon age
populations are corresponding to the metamorphic crystalline basement
and magmatic rocks in the South Qilian Shan, respectively (Cowgill
et al., 2003; Gehrels et al., 2003; Yan et al., 2010; Menold et al., 2016).
Recently published researches attribute the Permian-Triassic (300-200
Ma) zircon age populations to recycling of the Cenozoic-Mesozoic
sedimentary strata (clastic materials supplied from the Eastern Kunlun
Shan) (Mo et al., 2007; Wu et al., 2011; Yu et al., 2017; Jian et al., 2018;
Peng et al., 2018; Lu et al., 2019; Song et al., 2019) and the isolated
Permian-Triassic granite plutons (Chen et al., 2012; Cheng et al., 2017;
Jian et al., 2020b; Zhang et al., 2021a) in the North Qaidam meta-
morphic belt and Qilian Shan-Nan Shan regions. Results of detrital
apatite fission-track (AFT) ages distribution in the Honggou section
(Wang et al., 2017b), Zongwulong Shan and Huaitoutala section (Pang
et al., 2019) show significant changes of the population peak ages at ca.
12 Ma, 18-11 Ma, 7 + 2 Ma, respectively, indicating rapid exhumation
and deformation of South Qilian-North Qaidam ranges. Conglomerate
clast composition for the HT section dominated by carbonate, granite,
intraformational limestone, which match rock units in the northern
Qaidam Basin ranges (e.g., the Olongbuluke and Zongwulong moun-
tains) (Zhuang et al., 2011a). Additionally, the main SW-oriented
paleocurrents in this study (Fig. 4) and previously published paleo-
current data (Zhuang et al., 2011a; Bush et al., 2016; Pang et al., 2019)
further confirm sediment sources to the northeast of the Huaitoutala
location.

Combining the comprehensive multi-proxy evidences in this study
and previous studies, it is concluded that the source of the late Cenozoic
Huaitoutala sedimentary strata (15.3-1.8 Ma) was almost unchanged
and constrained within the South Qilian Shan and the North Qaidam
belt. The parent rock types in the source area are dominated by felsic
igneous and metamorphic rocks and compositionally felsic-equivalent
rocks.
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Fig. 7. A-CN-K (Al;03-Ca0 + NayO-K,0) plot of the analyzed Huaitoutala
samples from the Shang Youshashan (SYSS), Shizigou (SZG) and Qigequan
(QGQ) formations. The pink lines with arrows show predicted weathering
trends, modified from Jian et al. (2019). Samples are on the ideal trend line,
indicating negligible influence of the diagenetic K metamorphism on chemical
weathering evaluation. The initial compositions of source rocks are similar to
quartz monzonite and granodiorite. Ka: Kaolinite, Chl: Chlorite, Gi: Gibbsite,
Sm: Smectite, Ill: Illite, Mu: muscovite, Pl: Plagioclase, Kfs: K-feldspar, UCC:
Upper Continental Crust. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

5.2. Chemical weathering intensity history since 15.3 Ma

Various geochemical proxies have been proposed to quantitatively
evaluate the intensity of silicate chemical weathering based on differ-
ences in elemental mobility (e.g., Shao et al., 2012; Roy and Roser, 2013;
Clift et al., 2014; Zhao and Zheng, 2015; Perri, 2018; Cao et al., 2019;
Ren et al., 2020). It is well known that the chemically-active alkali and
alkaline earth metals (e.g., K, Na, Ca, Mg, Sr) are prone to be depleted
and migrate as dissolved ions during chemical weathering processes,
while the stable elements like Al and Ti tend to preserve in solid residues
(Nesbitt and Young, 1982; Duzgoren-Aydin et al., 2002; Chen et al.,
2020). Here, we selected a few representative indicators, from double-
element ratios (i.e., Na/Al and SiO/Al;03) to multiple-element ratios
(i.e., CIA, CIW, PIA, o*'Na and ICV, formulas are detailed in Fig A. 8), to
reconstruct the history of paleo-chemical weathering intensity. Chemi-
cal Index of Alteration (CIA) and the A-CN-K (Al;03-CaO + Nay0-K50)
diagram (Nesbitt and Young, 1982, 1984) are quantitatively used to
trace chemical weathering processes and even to constrain initial com-
positions of source rocks. Chemical Index of Weathering (CIW, Harnois,
1988) and Plagioclase Index of Alteration (PIA, Fedo et al., 1995) were
modified on the basis of CIA to eliminate the influence of potassium
mobility on chemical weathering proxies. Note that CaO* in calculation
formulas refers to CaO incorporated in silicate minerals (McLennan,
1993; Li and Yang, 2010). o!Na reflects chemical weathering degrees by
comparing the differences of element concentrations in target samples
and in UCC (Garzanti et al., 2013b). The compositional maturity of fine-
grain sediments represented by Index of Compositional Variability (ICV)
can also indicate chemical weathering intensity (Cox et al., 1995; Cullers
and Podkovyrov, 2000).

The Q/(Q + F) ratio and clay mineral assemblage were also
employed as chemical weathering proxies (Rieu et al., 2007; Kamp,
2010; Garzanti et al., 2013a; Mei et al., 2021). Clay minerals, as typical
weathering products, were thought to be faithful indicators of climatic
and regional chemical weathering evolutions. Generally, kaolinite is
formed by strong leaching, hydrolysis and chemical weathering
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Fig. 8. Comparison of chemical weathering records (15.3-1.8 Ma) revealed by CIA, Na/Al and illite crystallinity index (KI) proxies (E-G, this study), as well as
climatic (A-C) and tectonic (D) evolution records from published studies. (A) The oxygen isotope records (5'%0) of global deep-sea (Zachos et al. (2001); in red) and
the Huaitoutala section (Zhuang et al. (2011b); in blue). (B) The yfd/hard isothermal remanent magnetization (HIRM) records from the Huaitoutala (HT, in purple)
and Dahonggou (DHG, in red) sections in the Qaidam Basin, after Nie et al. (2017, 2020). (C) The magnetic susceptibility records of Qinan loess-soil sequence in the
Loess Plateau from Guo et al. (2002) and Mojiazhuan (MJZ) section in the Xining basin from Zan et al. (2018). (D) Probability temporal distribution histogram of the
late Cenozoic tectonic events recorded in the South Qilian Shan (blue), Central Qilian Shan (purple) and North Qilian Shan (red) modified after Li et al. (2020), as
constrained by published thermochronological, sedimentological and other methods data. Note that the other geochemical indices of chemical weathering not shown
here demonstrate a consistent chemical weathering trend with CIA (Fig A. 8). The increase of precipitation-sensitive proxy (yfd/HIRM and yx) in 9-6 Ma (B-C)
suggested the intensified precipitation in the Qaidam Basin and surrounding regions. Statistic results show that the South Qilian Shan was tectonically active in 12-9

Ma, with the most impactful event at ca. 12 Ma (represented by the yellow asterisk). CIA = Al;03/(Al;03 + K30 + CaO*+Nay0) x 100. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

(Chamley, 1989; Scarciglia et al., 2005; Dypvik et al., 2011; Wang et al.,
2020b). Illite and chlorite are usually produced under poor hydro-
climatic conditions and rapid physical erosion (Selvaraj and Chen, 2006;
Liu et al., 2007b, 2012). Smectite is derived from environments with
seasonal dry-wet fluctuation, moderate chemical weathering and poor
drainage (Godet et al., 2008; Liu et al., 2009; Xu et al., 2012; Song et al.,
2018a). Furthermore, the crystalline characteristics of illite reflected by
CI and KI proxies can express the intensity of chemical and physical
weathering (Esquevin, 1969; Gingele et al., 1998; Liu et al., 2008; Alizai
et al., 2012).

In order to better reconstruct chemical weathering evolution, it is
necessary to eliminate the interferences in sedimentary source-to-sink
process, i.e., (1) source rock composition, (2) hydrodynamic sorting
(Garzanti et al., 2011; Jian et al., 2013b), and (3) K metamorphism and
smectite-illite conversion during diagenesis. Our new data suggest the
Huaitoutala sedimentary strata are derived from felsic metamorphic and
igneous rocks with consistent geochemical composition. The source rock
is similar to quartz monzonite and granodiorite as shown in the A-CN-K
diagram (Fig. 7). We have chosen fine-grained samples (paleosols and
mudstones) for geochemical and clay mineralogical determination to
minimize the disturbance of hydraulic-sorting on mineral and chemical
compositions. Our results in Fig A. 7 show that there are no obvious
correlations between the CIA values, (Sme + Kin)/(Ill + Chl) ratios and
the clay/quartz ratios (clay/quartz is highly dependent on sediment
grain sizes, i.e., the hydrodynamic sorting), indicating that hydrody-
namic sorting might have little influence to these chemical weathering
proxies. Major elemental data plotted on the A-CN-K diagram present an
ideal weathering trend, proving nonexistence of diagenetic K-

metasomatism (kaolinite converts to illite) (Fedo et al., 1995; Cullers
and Podkovyrov, 2000). Smectite is prone to transform into illite during
diagenesis under the conditions of burial depth > 1500 m, pressure of
900-920 kg/cm2 and temperature of 100-140 °C (Song et al., 2018b).
Although 4570 m-thick sedimentary strata (Fang et al., 2007) makes the
HT section a qualified environment for transformation, the smectite
contents do not decrease with burial depth as expected (Fig. 6A).
Therefore, we conclude that these chemical weathering proxies are in-
dependent of above factors.

The temporal variations of geochemical proxy value for the analyzed
samples are shown graphically in Fig A. 8. The CIA values vary between
66.86 and 79.54 with a mean of 75.10 during 15.3-1.8 Ma period. The
CIW and PIA values are in the range of 76.79-93.78 (avg. 88.27) and
72.74-92.34 (avg. 85.85), respectively. The values of o®'Na, ICV, Na/Al
and SiO2/Al,03 ratios separately vary within 1.49-8.98 (avg. 3.78),
0.78-1.23 (avg. 0.96), 0.04-0.24 (avg. 0.12) and 2.71-5.79 (avg. 3.82).
According to these results, the northern Qaidam Basin has experienced
moderate chemical weathering since the middle Miocene. It is further
confirmed by the data plotted in the A-CN-K diagram (Fig. 7) and the
evolution trends of Na/Al, Na/K, K/Al and Ca/Al ratios (Fig A. 5).
Anorthite (Ca-rich) is preferentially weathered than albite (Na-rich),
and finally K-feldspar (K-rich), resulting in the sequential loss of Ca, Na
and K during chemical weathering (Nesbitt et al., 1996). Thus, the
depleted Ca, Na and stable K contents illustrate that chemical weath-
ering was in plagioclase-weathering stage with moderate intensity.

The geochemical proxies and the KI values show consistent evolution
trends of chemical weathering intensity over time. Chemical weathering
was relatively strong in 15.3-12 Ma, weakened in 12-9 Ma, enhanced in
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9-6 Ma and slightly weakened after 6 Ma (Fig A. 8; Fig. 8). Collectively,
we suggest an overall moderate chemical weathering intensity in the
northern Qaidam Basin since the middle Miocene. The regional devel-
opment of chemical weathering can be further divided into four stages,
including phased intensification in 15.3-12 Ma and 9-6 Ma, and phased
repression in 12-9 Ma and < 6 Ma.

5.3. Controlling factors of chemical weathering process in the NE Tibetan
Plateau

The late Cenozoic climatic and tectonic changes have long been
considered as the principal driving forces of chemical weathering evo-
lution in the northeastern Tibetan Plateau (e.g., Bao et al., 2019; Fang
et al.,, 2019; Ren et al., 2019). Furthermore, the global cooling-
controlled long-term reduction of chemical weathering intensity across
the NE Tibetan Plateau was also suggested by previous studies (e.g., Bao
et al., 2019; Liu et al., 2020), however, is not reflected by the results in
this study. Our geochemical and mineralogical records (Fig. 8E-G, Fig A.
8) demonstrate an inspiriting positive shift of chemical weathering in-
tensity in 9-6 Ma interval. The phased chemical weathering changes
(15.3-12 Ma, 12-9 Ma, 9-6 Ma, <6 Ma) can be attributed to diverse
influencing factors of both climate change and tectonics.

5.3.1. 15.3-12 Ma

Our results indicate relatively high chemical weathering intensity in
the 15.3-12 Ma interval (Fig. 8E-G). The intense chemical weathering in
the early stage (15.3-14 Ma) corresponded well to high precipitation
and temperature in the MMCO (18-14 Ma) (Miao et al., 2013). After
that, the Earth’s climate has experienced a rapid cooling during 14-12
Ma with significant increase of the deep-sea 5180 value (Fig. 8A) and
sharp drop of the sea surface temperature (Zachos et al., 2001, 2008;
Shevenell et al., 2004; Ma and Jiang, 2015). However, the intensity of
chemical weathering documented in the HT section has not reduced in
the context of global cooling. The decoupling of global cooling and
chemical weathering may imply an overwhelming effect of local climate
on chemical weathering in the Qaidam Basin, rather than global climate.
We assume that the local climate is not completely controlled by the
global climate, and hence the NE Tibetan Plateau could keep wet and
warm climate for maintaining the strong chemical weathering in 14-12
Ma. Perhaps the tectonic and topographic factors played a vital role in
this event. The specific reason remains to be fully explored and
understood.

5.3.2. 12-9 Ma

We suggested that the dramatic decrease of chemical weathering
intensity in 12-9 Ma is intimately associated with rapid tectonic uplift
and exhumation of the Qilian Shan. The Qilian Shan thrust belt was
tectonically active since ~ 16 Ma and reached a peak at 13-12 Ma
(Fig. 8D, Li et al., 2020). Published thermochronological, magneto-
stratigraphic and sedimentological data suggest a prominent tectonic
uplift in the South Qilian Shan and topographic growth southward to the
northern margin of the Qaidam Basin occurred at ~ 12 Ma (Lu and
Xiong, 2009; He et al., 2018; Meng et al., 2020). Surface uplift amplitude
of the northern Tibetan Plateau since the middle Miocene is inferred to
be approximately 1700 m with the initial elevation of 2700 m (Li et al.,
2011). The paleo-altimetry studies based on carbon and oxygen isotope
analysis show that the average altitude of Qilian range in the early
Miocene was 2848 m, and after intensive exhumation, it was uplifted to
3586 m in the middle Miocene (Qi et al., 2015). In addition, the adjacent
Qaidam Basin has raised by ca. 250 m (2100 m-2350 m) during 12-9 Ma
period for sedimentary accumulation and crustal shortening (Li et al.,
2017; Yu et al., 2021). Based on these backgrounds, we favor that the
intensive exhumation and denudation of the South Qilian Shan at 12-9
Ma induced strong and rapid physical erosion, resulting in over-
saturation of fresh material supply and reduction of sediment residence
time. And the chemical weathering regime in this period might to be
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kinetic-limited, rather than supply-limited. Previous studies suggest that
kinetic-limited weathering processes are quite common in tectonically-
active orogenic regions (Riebe et al., 2004, 2017; West et al., 2005;
Sun et al., 2019). Under kinetic-limited weathering conditions, chemical
weathering rates no longer increase proportionally with the supply rates
of fresh minerals, but are tightly coupled to the kinetic dissolution rates
of minerals (Ferrier et al., 2016). It is unconducive to facilitate chemical
weathering because the limitation has transformed from supply of fresh
material to climatic factors (i.e., temperature and precipitation) (Gabet
and Mudd, 2009; Dixon et al., 2012).

In addition, water limitation in the Qaidam Basin further decouples
the positive correlation between chemical weathering and physical
erosion, thereby promoting the transition of weathering regime to
kinetic-limited (Rasmussen et al., 2011). The tectonics-driven intensi-
fied aridity (Cheng et al., 2019; Zhang et al., 2021b) has been revealed
by the ~ 2.5%o positive shift in the 5'%0 values (Fig. 8A) from pedogenic
and lacustrine carbonates in the Qaidam Basin (Zhuang et al., 2011b; Li
etal., 2016), synchronous in the Tarim (Kent-Corson et al., 2009), Linxia
(Dettman et al., 2003) and Xunhua basins (Hough et al., 2011). The
regional aridity probably resulted from the retreat of the Paratethys
(Ritts et al., 2008; Zhang et al., 2007), blockage of moisture from the
Indian and Pacific oceans by the elevated Himalaya (Spicer et al., 2003),
and blockage of westerlies air mass and moisture from the Atlantic and
Arctic oceans by uplift of basin-bounding mountains in the northern
Tibetan Plateau (Altyn Shan, Qilian Shan, Tian Shan and Pamir)
(Zhuang et al., 2011b; Liu et al., 2015; Hou et al., 2021).

5.3.3. 9-6 Ma

Although the traditional opinion suggests that chemical weathering
in the NE Tibetan Plateau was persistently weakened since the MMCO
(Yang et al., 2016; Bao et al., 2019), our results reveal increased
chemical weathering intensity in the Qaidam Basin during 9-6 Ma
(Fig. 8E-G). As several studies suggest relatively high precipitation
around the HT section regions and in the South Qilian Shan (Nie et al.,
2017, 2020), we believe that the intensification of chemical weathering
is a response to increasing humidity during this period, rather than
changes in temperature and tectonic activities. Recently, many studies
emphasized the importance of humidity to chemical weathering evolu-
tion, instead of temperature (Graly et al., 2014; Scribner et al., 2015;
Calabrese and Porporato, 2020). The magnetic susceptibility y and yfd/
HIRM records, which are sensitive to rainfall variation, exhibited rela-
tively high precipitation values during the 9-6 Ma period (Fig. 8B-C).
Recent calculation results demonstrate that the mean summer precipi-
tation around the HT section area during 8.25-7.45 Ma (62 mm) is twice
of the current level (ca. 32 mm) (Gao et al., 2021). Regionally, the sig-
nificant increase in precipitation is also observed simultaneously at the
Mojiazhuan (MJZ) section in the Xining basin (Zan et al., 2018), Qinan
loess-soil sequence in the Loess Plateau (Guo et al., 2002), and Wushan
(WS) section in the Wushan basin (Wang et al., 2021). The mineralogical
proxies of red clay sequence from the western Loess Plateau, including
large fluctuations of calcite content, low protodolomite content,
increasing illite and decreasing chlorite contents, indicate that the
climate was relatively humid with seasonal wet-dry fluctuations in the
late Miocene (9.5-5 Ma) (Sun et al., 2015). Additionally, the fossil wood
data also suggested that the climate was moist enough to support forest
ecosystem in the northern Qaidam Basin during the late Miocene (Cheng
and Yang, 2016; Ren et al., 2020).

Although all the evidences reveal intensified humidity in the
northeastern Tibet and in the surrounding regions during 9-6 Ma, for-
mation mechanism of the wetting period in the HT section still remains
an open question. There are at least two possibilities. 1) The increased
humidity was a regional climatic event and was probably attributed to
the strengthened East Asian summer monsoon by uplift-driven high
topography of the northern and eastern Tibet through intensification of
the thermal contrast and pressure gradient between land and ocean. This
hypothesis is supported by magnetic and paleontological evidences and
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Fig. 9. Conceptual models showing the evolutionary mechanism of the late Cenozoic chemical weathering in the NE Tibetan Plateau controlled by (A) tectonics
(12-9 Ma) and (B) climate (9-6 Ma). Two sediment sinks are arranged in each picture. The sedimentary sink 2 (red star) is set as the control group with moderate
chemical weathering intensity, and the sedimentary 1 (blue star) is set to respond to tectonic or climatic changes. Igneous (red cross) and metamorphic (black tilde)
basements are drawn on grey background. In tectonic-control period (A), strong tectonic uplift and deformation of mountains (right) reduce chemical weathering
intensity in sedimentary sink 1 by enhanced physical denudation and shortened residence time. The chemical weathering regime change from supply-limited (a, sink
2) to kinetic-limited (b, sink 1) for the excessive physical erosion rate, and thus inhibiting chemical weathering in sink 1. The moisture is blocked by the growing
mountains, resulting in the enhancement of aridity and further reduction of chemical weathering. Note that, the supply-limited (a) and kinetic-limited (b) figures are
modified after Gabet and Mudd (2009). In the climate-control period (B), the regional chemical weathering is intensified by the increased precipitation in the sink 1.
There exist two possibilities for the increase of regional precipitation, i.e., (1) the intensified East Asian summer monsoon or (2) the orographic rainfall on the
windward slopes by high elevation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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by numerical modeling results (An et al., 2001; Nie et al., 2017; Ren
et al., 2020; Zhao et al., 2020; Hui et al., 2021; Wang et al., 2021).
Moreover, the expansion of evergreen broadleaf forests in southeastern
Asia during the Miocene recorded in floral fossils indicate a possibility of
increased winter precipitation due to weakening of the Asian winter
monsoon (Li et al., 2021). 2) The increased humidity was a local event
that happened in the northern Qaidam Basin. In this case, orographic
rainfall is a reasonable explanation for local humidification in the
context of intensified regional aridity (Miao et al., 2012; Nie et al.,
2020). The dynamics of orographic precipitation in an alpine terrain
show forced ascending of air and increased rainfall on the windward
slopes, and conversely, formation of the rain shadow and decreased
rainfall on the leeside (Roe et al., 2003; Liu et al., 2015; Geng et al.,
2017). The high topography of the South Qilian Shan in the late Miocene
forced the northward air mass to climb, resulting in the humidification
in the northern part of the Qaidam Basin.

5.3.4. 6 Ma to present

The variations of chemical weathering intensity since 6 Ma include a
rapid decrease at ~ 5 Ma, steady increase in 5-3 Ma and decrease < 3
Ma. The northwestward shift of EASM during the Pliocene warm period
provided a warm climate and enhanced precipitation in the NE Qaidam
Basin (Mutz et al., 2018; Huang et al., 2019; Ren et al., 2020), which is
evidenced by the occurrence of Ostracod faunas in the Qinghai Lake
sediments during 4.6-3.6 Ma period (Lu et al., 2017). The warm and wet
climate may promote the development of chemical weathering in the
Qaidam Basin in 5-3 Ma. Published models show that the expansion of
Arctic ice-sheet (<3 Ma) strengthened the East Asian winter monsoon
and induced southward shift of the westerlies by intensifying the Sibe-
rian High, and thus enhanced aridification in the NE Tibetan Plateau (Ge
et al., 2013; Lu et al., 2020). In this case, the onset (ca. 3.6 Ma) and
intensification (ca. 2.6 Ma) of Northern Hemisphere Glaciation (NHG)
probably exercised a primary control over the weakened chemical
weathering (<3 Ma) of the Qaidam Basin (Lu et al., 2020; Koutsodendris
etal., 2019). The analyzed samples in < 6 Ma interval are insufficient to
do analysis with high temporal resolution. Therefore, the history of
chemical weathering intensity and controlling factors from 6 Ma to
present remain uncertain and require further investigation.

In summary, the history of chemical weathering intensity in the
northern Qaidam Basin during the late Cenozoic can be divided into four
stages with distinctive controlling factors: (1) In 15.3-12 Ma, regional
climate took a main control of chemical weathering. (2) In 12-9 Ma, as
shown in the conceptual model (Fig. 9A), the strong orogenic uplift
significantly restricted chemical weathering by reinforcement of phys-
ical denudation, regional aridification and reduction of fresh mineral
residue time. (3) In 9-6 Ma, the complex tectonics-climate interactions
(Fig. 9B), namely, orographic rainfall and/or intensified East Asian
monsoon precipitation by high elevation, resulted in humid climate and
enhanced chemical weathering. (4) 6 Ma to present, the evolution of
regional chemical weathering was synchronous with global climate
change including the expansion of EASM during the Pliocene warm
period and the onset of NHG in the Quaternary.

5.4. Implications

The paleo-chemical weathering intensity is commonly used to
reconstruct regional paleoclimatic and paleoenvironmental history
(Kump et al., 2000; Zhai et al., 2018; Cao et al., 2019; Wang et al.,
2020a). We argue that the fluctuations of chemical weathering intensity
from sedimentary records should not be simply attributed to climatic
factors, especially in those regions with high erosion rates. Tectonic
uplift and deformation can significantly vary physical denudation rates
and patterns, local topography, clastic material supply pathways and
rates and sedimentary environments (Zhang et al., 2017; Zhu et al.,
2017), and thus result in variations in chemical weathering intensity.

The petrological and mineralogical proxies, i.e., the ratios of
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framework grains (Q/(Q + F)) and clay mineral contents in sediments,
exhibit low sensitivity to chemical weathering evolution in the study
area. For example, the Q/(Q + F) values remain stable only with a few
rapid shifts at 13-12 Ma and ~ 7 Ma (Fig A. 4G). The values of smectite,
illite, kaolinite and chlorite contents (Fig. 6) and clay mineral ratios (e.
g., Kln/Ill, Kln/Sme, Fig A. 4) are decoupled with chemical weathering
in most analyzed samples, except for samples in 9-6 Ma and ~ 15 Ma
intervals which were under the control of relatively warm and wet cli-
matic conditions. This study shows that geochemical proxies (e.g., CIA,
CIW, PIA, ocAlNa; Fig A. 8) and illite crystallinity index (KI) are robust
indicators for chemical weathering intensity. Note that, a comprehen-
sive use of multiple methods is necessary to evaluate the influences from
provenance changes, hydraulic sorting and even burial diagenesis in
order to effectively reconstruct paleo-chemical weathering and to
distinguish controlling factors.

6. Conclusions

This study conducted petrography, heavy mineral analysis, clay
mineralogy, and element geochemistry on the Cenozoic sedimentary
strata from the Huaitoutala section of the Qaidam Basin to reconstruct
chemical weathering history and its driving forces in the northeastern
Tibetan Plateau. We yield the following conclusions:

(1) The northern Qaidam Basin sediments were sourced from the
South Qilian Shan and the North Qaidam belt and experienced an
overall moderate chemical weathering since the middle Miocene,
showing a high chemical weathering intensity in 15.3-12 Ma and
continuous evolution of weakened-intensified-weakened weath-
ering intensity in the 12-9 Ma, 9-6 Ma, and < 6 Ma periods,
respectively.

(2) The late Cenozoic chemical weathering intensity in the north-
eastern Tibetan Plateau was controlled both by climatic and
tectonic factors. Local and global climate were the principal
driving forces for the development of chemical weathering in-
tensity in 15.3-12 Ma and < 6 Ma, respectively. Strong tectonic
activity in the NE Tibetan Plateau, especially rapid uplift and
southward expansion of South Qilian Shan, significantly reduced
the intensity of chemical weathering in 12-9 Ma by intensifying
physical erosion and regional aridity. The enhanced chemical
weathering in 9-6 Ma was tightly associated with the increasing
precipitation induced by orographic rainfall and/or intensifica-
tion of the East Asian summer monsoon. Our study emphasizes
the importance of the tectonics-climate interactions for the evo-
lution of regional chemical weathering degrees.
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