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Abstract The uplift of the Tibetan Plateau (TP) during the late Cenozoic is thought to be one of crucial
factors controlling Asian climate. However, the complex interaction between tectonics and climate change
is still unclear. Here we present the first record of clay mineralogy and elemental geochemistry covering
~12.7–4.8 Ma in a fluvial‐lacustrine sequence in the Xining Basin. Geochemical provenance proxies (Th/Sc,
Zr/Sc, and Cr/Zr) in the <2‐μm fraction show a significant provenance change at ~8.8 Ma. Silicate‐based
weathering indexes (CIA, CIW, and PIA) displayed coeval changes with provenance but discrepant changes
with regional climate. Since the clay mineralogy exhibits significant change at ~7.8 Ma uncorrelated with
modifications in provenance, it can be employed to reveal regional climate change. The rise in illite and
associated decrease in the sum of smectite and illite/smectite mixed layers reflect gradual and slow
aridification since ~12.7 Ma with intensified drying since ~7.8 Ma until approaching the modern climate
status. Our results, together with other regional climatic and tectonic records, clearly illustrate that
accelerated uplift of the northeastern TP since ~8–9 Ma has mainly modulated the regional erosion,
weathering, transportation, and sedimentation and amplified the global cooling and drying trend toward the
regional climate of modern conditions. Our study suggests that in the tectonically active northeastern TP, a
comprehensive mineralogical and geochemical investigation of the fine‐grained fraction of the basin
sediments could retrieve the interactions between tectonics and climate behind the complex change in
exhumed lithology and sedimentary routing systems.

1. Introduction

The paleoenvironment and paleoclimate of Asia dramatically changed during the late Cenozoic, such as
enhanced central Asian aridification (Caves et al., 2016; Ding et al., 2005; Guo et al., 2002; X. D. Liu et al.,
2015; Lu & Guo, 2014; Ruddiman & Kutzbach, 1989) and East Asian monsoon development (An et al.,
2001; Guo et al., 2002). Generally, uplift of the Tibetan Plateau (TP) could lead to those transitions of
paleoenvironmental and paleoclimatic patterns in Asia by blocking moisture from the ocean, reorganizing
Asian atmospheric circulation, and strengthening the heating difference between land and ocean
(Kutzbach et al., 1989; Li & Fang, 1999; X. D. Liu & Yin, 2002; Manabe & Terpstra, 1974; Tada et al.,
2016). Therefore, the uplift of the TP in the late Cenozoic is considered one of the major drivers forcing
the Asian paleoenvironmental changes, as evidenced from paleoreconstructions (An et al., 2001; Li et al.,
2014; Ma et al., 1998; Xiao et al., 2012; Y. B. Yang et al., 2016) and modeling work (Kutzbach et al., 1989;
X. D. Liu & Yin, 2002; X. D. Liu et al., 2015; R. Zhang, Jiang, et al., 2015). However, the complex interaction
between tectonic and climate change is still unclear. This is largely due to (1) the combined effect of aridifi-
cation of the continent by oceanic closure and uplift of the plateau and (2) the lack of temporally and spa-
tially matching tectonic and climatic records in a critical zone. The northeastern TP and its adjacent
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central Asia are thought to be ideal regions for revealing the interaction between tectonic uplift and climate
because their sediments contain abundant information of tectonics and climate change since the Miocene
(e.g., Harris, 2006; Li et al., 2014; Molnar, 2005; Y. B. Yang et al., 2016, and references therein).

A series of sedimentary basins located in the northeastern TPwith thick late Cenozoic sediments can provide
continuously long archives to reveal the regional topographic and climatic evolution. Numerous studies
have shown that widespread uplift started at approximately 8–9Ma across the northeastern TP, as evidenced
by thermochronology methods (Z. L. Chen et al., 2002; Lease et al., 2007; Zheng et al., 2003, 2006, 2010) and
sedimentation rates (Fang et al., 2007, 2016; Huang et al., 2006; Li et al., 2014; R. S. Yang, Fang, et al., 2017).
This series of contemporaneous uplift events should be attributed to the late tectogenesis of India‐Asia colli-
sion (Tapponnier et al., 2001). Meanwhile, a nearly concurrent enhancement of aridification also occurred in
the central Asian interior and manifested as intensified arid conditions and decreased precipitation amount
(Guo et al., 2002; Miao et al., 2012, and references therein). The onset of eolian red clay (fine‐grained loess
with reddish color) accumulation in the Chinese Loess Plateau (CLP; An et al., 2001; Ding et al., 2001; Qiang
et al., 2001) and a notable increase in eolian input to the fluvial basin system on the northeastern TP
(Y. B. Yang, Galy, et al., 2017), the sea of Japan (Shen et al., 2017), and the North Pacific (Rea et al., 1998;
W. F. Zhang, Chen, et al., 2016) have all been interpreted as evidences of central Asian aridification; yet a
new hypothesis interpreted them as a result of more dust supply caused by increased erosion in the Qilian
Mountains and low‐elevation eastern Asia areas (Nie et al., 2018). Intensified arid conditions and decreased
precipitation amount in the northeastern TP and its adjacent regions was also recorded by the replacement
of forest by steppe (Hui et al., 2011; J. Liu, Li, et al., 2016; Ma et al., 1998, 2005), abrupt shift of geochemical
proxies (Wan et al., 2010; Y. B. Yang et al., 2016), and sharp increase of illite/smectite ratio (Shen et al., 2017).
However, the existing tectonic and climatic evidence is temporally simultaneous (~8–9 Ma) but spatially
separated in different regions, and thus factors of local sedimentary environment and climatic conditions
may bias those records, leading to poor constraints on the exact links between tectonic and climatic forcing
mechanisms and processes. Furthermore, in this tectonically active region, other factors, such as changes in
landform, bedrock lithology, hydrographic patterns, and sedimentary sorting, may overwhelm the paleoen-
vironmental significance of proxy records (e.g., Fang et al., 2016). For example, when dealing with a long‐
term sedimentary sequence, its complex and often poorly known bedrock lithology and frequently evolving
sediment routing conditions from source to sink can profoundly bias many widely used whole‐rock paleoen-
vironmental proxies. Clay minerals and their assemblages are potential proxies to reconstruct paleoenviron-
ment in such complex sedimentary routing systems (Singer, 1984; Thiry, 2000; Ye et al., 2018).

To date, the long‐term clay mineral records that are needed to reveal the tectonic‐climate linkage during the
late Cenozoic are lacking in the northeastern TP. Recently, a newly discovered fluvial‐lacustrine sedimen-
tary sequence in the Xining Basin, located in the northeastern TP, was precisely dated by magnetostratigra-
phy and fossil mammals and has an age range from ~12.7 to 4.8 Ma (R. S. Yang, Fang, et al., 2017). Here we
present the first clay mineral and geochemical records of the clay fraction (<2 μm) to better characterize the
interplay of the regional climate and tectonic uplift changes.

2. Geographic and Geological Settings

The Xining Basin is situated on the northeastern edge of the TP and is a western subbasin of the larger
Paleocene‐Miocene basin complex named the Longzhong Basin. The basin ranges in elevation between
2,000 and 3,000 m with surrounding mountains reaching approximately 3,700–4,000 m (Horton et al.,
2004). The basin is confined by the Riyueshan Mountains, the Dabanshan Mountains, and the Lajishan
Mountains to the west, north, and south, respectively, while it is open to the east to the Lanzhou Basin
(Figure 1; Dai et al., 2006). Climatically, the basin is located in the transitional zone of the East Asian mon-
soonal humid region and the central Asian arid region and is thus dominated by a semiarid continental cli-
mate (Figure 1a; Xiao et al., 2012). Currently, the annual temperature and precipitation are approximately
6 °C and 415 mm, respectively, with more than 70% of the precipitation falling in June to September derived
from the East Asian summer monsoon (Xiao et al., 2012). Because of the large difference in altitude between
the low valleys and high mountains of the basin, the modern natural vegetation shows obvious altitudinal
gradation, from herbs, coniferous forests, and shrubs to alpine meadows in the upward direction (Chi
et al., 2013).
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The Xining Basin is bounded by two sinistral transpressional faults (the North Middle Qilian Fault to the
north and the Laji Shan Fault to the south) and a dextral transpressional Haiyan Fault to the west
(Figure 1; Dai et al., 2006). The Cenozoic stratigraphy of the Xining Basin unconformably overlies the
Cretaceous alluvial sedimentary rocks or older basement rocks (Horton et al., 2004). With a thickness of
more than 1,100 m, the Cenozoic successions are well developed and dominated by fluviolacustrine sedi-
ments and are divided into the Paleogene Xining Group and Neogene Guide Group according to previous
paleontological and lithostratigraphic studies (Qinghai Bureau of Geology and Mineral Resources
(QBGMR), 1991; Dai et al., 2006). The Paleogene Xining Group is characterized by distinct siltstone‐
mudstones and intercalated thick gypsum beds and is further subdivided into the Qijiachuang, Honggou,
and Mahalagou Formations in upward sequence based on the presence of gypsum beds and microfossils.
The Neogene Guide Group is characterized by an upward coarser grain size and an upward lighter color
and contains a limited amount of gypsum. According to the content of sandstones and conglomerates and
fossil mammals and microfossils with special age significance, the Guide Group is further subdivided into
the Xiejia, Chetougou, Guanjiashan, and Mojiazhuang (MJZ) Formations upward (Dai et al., 2006;
W. L. Zhang et al., 2017). Detailed paleomagnetic investigations in the Xining Basin show that the
Cenozoic stratigraphy of the Xining Basin spans from circa 54 to 4.8 Ma, supported by the biostratigraphic
age (Dai et al., 2006; Dupont‐Nivet et al., 2007; Horton et al., 2004; Xiao et al., 2012; R. S. Yang, Fang, et al.,
2017; Zan et al., 2015).

The position of the Xining Basin in the transitional zone between the arid Asian interior and the humid East
Asian monsoon region makes its sedimentary sequence a key archive to study Asian paleoclimatic changes.
Previous studies have successfully reconstructed paleoclimatic history from the Eocene to the middle
Miocene, such as the late Oligocene Warming, the Middle Miocene Climatic Optimum, and Eocene‐
Oligocene transition event (Bosboom, Abels, et al., 2014; Chi et al., 2013; Dupont‐Nivet et al., 2007; Zan
et al., 2015; C. X. Zhang & Guo, 2014).

The studied MJZ section (36°41′07.08″N, 102°04′15.78″E to 36°41′06.95″N, 102°03′04.47″E) is situated in
the central east Xining Basin, approximately 25 km northeast of Xining City. The 336‐m‐thick sequence is
characterized by mudstones and siltstones with thin paleosol complexes and marls (0–137 m), coarsening

Figure 1. (a) Digital elevation model map showing the location of the Xining Basin in the climatic transition region
between the arid Asian interior and the East Asian monsoon region. (b) Simplified geologic map of the Xining Basin
showing major units and structures and the location of the studied section (modified from Dai et al., 2006).
MJZ = Mojiazhuang section; HW = Houwan section; EA = East Asian; 1 = Tarim Basin; 2 = Qaidam Basin; 3 = Jiuquan
Basin; 4 = Guide Basin; 5 = Linxia Basin; 6 = Lanzhou Basin; 7 = Tianshui Basin; 8 = Chinese Loess Plateau.
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upward to thick mudstones and siltstones interbedded with thin conglomerates and sandstones (137–252 m)
and imbricated boulder conglomerates intercalated with thin siltstones (252–324m), demonstrating that this
sequence underwent stepwise changes in the depositional environments from floodplain via braided river to
alluvial (Figure 2; R. S. Yang, Fang, et al., 2017). A suspected eolian deposition (pelitic siltstone with low
density) forms the upper part of the section (324–336 m), and a thin loess unit unconformably overlies the
MJZ section (Figure 2). The lower part of the section contains abundant late Miocene fossil mammals
(Han et al., 2015; R. S. Yang, Fang, et al., 2017), for example, Parelasmotherium sp., Hipparion dongxian-
gense, and Chilotherium wimani, and together with a high‐resolution paleomagnetic study, the MJZ section
was deposited from approximately 12.7 to 4.8 Ma (R. S. Yang, Fang, et al., 2017).

3. Materials and Methods

Clay minerals are usually the products of chemical weathering of rocks and have a straightforward rela-
tionship with climate and environment, with the assumption that duration for chemical weathering is con-
stant (Singer, 1980, 1984; Thiry, 2000). Clay mineral assemblages are potentially more useful proxies for
tracing late Cenozoic regional paleoenvironmental changes on the northeastern TP for the following rea-
sons. First, sorting during transportation and deposition is greatly reduced, as clay minerals are extracted
from a narrow range of grain size fractions (e.g., <2 or <5 μm; Chamley, 1989), and the reported clay
mineral contents are normalized to the total portion of clay minerals. Second, clay minerals are the pro-
ducts of catchment weathering that are mainly controlled by regional climate change and basement rock
type (Chamley, 1989). However, the main parent minerals of clay formations (e.g., feldspar and mica
minerals) are widespread in various lithologies of the upper continental crust (Taylor & McLennan,
1985). Clay mineral distributions of modern global continental soils and Chinese soils exhibit a first‐order
climatic control rather than a lithology change (Chamley, 1989; Y. Xiong, 1986). Meanwhile, the obvious
clay mineral differentiations in large rivers (e.g., Yellow and Yangtze rivers) follow a distinct climatic gra-
dient regardless of regional lithology (Pang et al., 2018; Shen et al., 2017). Therefore, the clay mineral
assemblages are less sensitive to provenance change than other proxies. Furthermore, previous studies
have also shown that clay minerals in most fresh/saline water are almost exclusively eroded from the
drainage area with negligible contribution from their formation in the water column or at the sediment‐
water interface (Chamley, 1989). In addition, diagenetic clay minerals can be easily distinguished by
several classical methods (Dunoyer de Segonzac, 1970; Hillier, 1995; Hong et al., 2007; Huyghe et al.,
2011; Ye et al., 2018) and are always less important in continental drainage basins (Chamley, 1989; Gao,
2017). Overall, clay mineral assemblage is one of the most reliable proxies for reconstructing paleoenviron-
mental changes in stratigraphy with complex lithology and changing facies over different timescales, espe-
cially for the longer timescales in continental fluvial basins (Gylesjö & Arnold, 2006; Hong et al., 2010,
2017; Singer, 1980; Song et al., 2018; Wang et al., 2011, 2013; C. X. Zhang & Guo, 2014; C. X. Zhang,
Xiao, et al., 2015) and ocean/marginal sea basins (Z. F. Liu et al., 2003, 2010; Z. F. Liu, Zhao, et al.,
2016; Shen et al., 2017; Singer, 1984; Thiry, 2000).

X‐ray diffraction (XRD) has been performed on six mudstone‐siltstone bulk samples spanning the entire
section at large interval (~30–50 m) and on four eolian sediment samples from the Xining Basin
(Figure 3). For <2‐μm clay fractions analysis, 118 samples were chosen at 2.5‐m stratigraphic intervals,
wherever possible, along the 336‐m‐thick MJZ section. However, the interval was lengthened to ~5–10 m
for sampling only lenses of mudstones, siltstones, or sandstones where the lithology was dominated by
conglomerates. Besides, six samples from MJZ modern loess and six samples of red clay from the Houwan
(HW) section were selected for clay mineral analysis. Age constraint of samples from the HW section was
based on the chronology reported in W. L. Zhang et al. (2017).

Separation of the separating clay fractions from bulk samples used ~30 g placed into a 1‐L beaker. Twenty‐
five percent H2O2 and 1‐Macetic acid in a water bath at 50 °C was added for 12 hr with occasional oscillation
to remove organic matter and carbonate, respectively. After removing residual acetic acid and free ions using
ultrapure water (18.2 MΩ·cm at 25 °C), the clay fractions were separated by gravitational sedimentation
following Stokes' law (Zeng et al., 2010). In brief, after being well stirred, the samples were kept at room
temperature (~20 °C) for 8 hr and then the suspension liquid of the upper 10 cm was siphoned away.
Finally, the <2‐μm clay fractions were separated by centrifugation.

10.1029/2018GC007917Geochemistry, Geophysics, Geosystems

YANG ET AL. 832



To identify and quantify the clay minerals, each sample was suspended and deposited onto glass slides and
allowed to air‐dry at room temperature. After XRD analysis carried out on air‐dried (AD) samples, they were
treated with ethylene glycol vapor for 24 hr and heated at 450 °C for 2 hr after ethylene glycol solvation.
Thus, each sample includes the AD, ethylene glycol‐saturated (EG), and heated XRD patterns. XRD patterns
were measured using a Rigaku D/MAX‐2000 diffractometer (Cu, Kα, 1.5406 Å, 40 kV, 100 mA, 3–30°, step
0.02°, 10°/min) at the Micro Structure Analytical Laboratory, Peking University.

Identification of clay minerals from the three XRD patterns was performed in JADE 6.5 software and was
primarily based on the position of the (001) series of basal reflections as described by Moore and Reynolds
(1997). Kaolinite and chlorite have almost coincident peaks of a characteristic peak (7.1 Å) on EG diffracto-
gram (Figure 4). The distinction between kaolinite and chlorite is mainly based on the (002) peak (3.58 Å) of
kaolinite and the (004) peak (3.54 Å) of chlorite (Figures 4a and 4d). In addition, chlorite was also recognized
based on its characteristic (001) peak (14.2 Å) and (003) peak (4.74 Å) on the EG diffractogram. Illite is
usually recognized by peaks at 10 (001), 5 (002), and 3.33 Å (003), and those peaks display no changes on
EG diffractogram (Figure 4).

Figure 2. Sedimentology of the Mojiazhuang section. (a) Lithology and sedimentary facies; (b) virtual geomagnetic pole (VGP) latitude, magnetostratigraphy, and
its correlation with the geomagnetic polarity time scale (GPTS; Ogg et al., 2012); (c) dominant paleocurrent (all predominantly from the S); and (d) representative
photos (R. S. Yang, Fang, et al., 2017).
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According to the content of smectite in illite/smectite (I/S) mixed layers, I/S mixed layers can be divided into
regular I/S mixed layers (<50%) and irregular I/S mixed layers (>50%; Reynolds, 1980). I/S mixed layers and
smectite are typical expandable clayminerals that exhibit similar wide peaks at approximately 12–15 Å on an
AD diffractogram. The distinctions among smectite, irregular I/S mixed layers, and regular I/S mixed layers

Figure 3. X‐ray diffraction analyses of 10 bulk samples. (a) Top modern loess from the MJZ section; (b) red clay from the
HW section; (c) suspected eolian deposition from the top of the MJZ section; and (d) mudstone or siltstone from the MJZ
section. Numbers in the sample's name correspond to the stratigraphic height in meter, starting from the bottom.
MJZ = Mojiazhuang; HW = Houwan.

Figure 4. X‐ray diffraction patterns of four representative samples of clay fractions. Samples of (a) typical (002) peak of
kaolinite and (004) peak of chlorite; (b) regular illite/smectite mixed layers; (c) high content of smectite; and (d)
irregular illite/smectite mixed layers. Green, blue, and red lines represent the air‐dried, ethylene glycol‐saturated, and
heated X‐ray diffraction patterns, respectively. Arrows show the peak shifts of smectite (c) and illite/smectite mixed layers
from the air‐dried sample to the ethylene glycol‐saturated samples.
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can be recognized by a combination of the AD and EG diffractograms. After being treated with ethylene
glycol, the 12‐ to 15‐Å peak of smectite will be transferred to 17 Å, and a series of new peaks will appear
at 8.5, 5.67, and 4.25 Å (Figure 4c). The 12‐ to 15‐Å peak of the irregular I/S mixed layers on an AD diffracto-
gram will be transferred to 17 Å, but no peaks will appear on an EG diffractogram at 8.5, 5.67, and 4.25 Å
(Figure 4d), while the 12‐ to 15‐Å peak of the regular I/S mixed layers will not be transferred to 17 Å on
an EG diffractogram (Figure 4b).

After the identification of each clay mineral, semiquantitative estimates were based on peak areas of the
basal reflections following “SYT 5163‐2010” (Zeng et al., 2010), which is an improved method of Schultz
(1964). The content of illite is calculated by the area of the 10‐Å peak, while the total contents of kaolinite
and chlorite are calculated by the area of the 7.1‐Å peak. The relative proportions of kaolinite and chlorite
are calculated based on the areas of the 3.58‐Å peak for kaolinite and the 3.54‐Å peak for chlorite
(Biscaye, 1965). The remnant part should be smectite and I/S mixed layers, and the relative content of smec-
tite is calculated by the peak area of the 17‐Å peak. The proportion of smectite layers in the I/S mixed layers
was estimated based on a method derived from Reynolds (1980), and a detailed description can be found in
Ye et al. (2016).

Major and trace elements of the <2‐μm clay fractions of the MJZ section were measured by an inductively
coupled plasma optical emission spectrometer (Leeman Labs Prodigy‐H) and an inductively coupled plasma
mass spectrometer (X‐7; Thermo‐Elemental, USA), respectively, at the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences, Beijing. For this, the oven‐dried clay fractions were ground into powder and
digested by pressurized acid digestion using a mixture of nitric acid and hydrofluoric acid (Y. B. Yang et al.,
2015). Relative standard deviations from the mean value of replicate analyses were less than 5%.

4. Results
4.1. Clay Minerals

The XRD analyses of bulk rocks show that the sediments of the MJZ section have mineral compositions that
are mostly similar to local red clay and modern loess (Figure 3), even though they were collected from
different facies and lithological layers. The mineral assemblage mainly contains quartz, plagioclase,
K‐feldspar, calcite, and clay minerals.

The clay mineral results of the <2‐μm fractions show that the major components are I/S mixed layers, illite,
chlorite, and kaolinite, with limited amount of smectite (Figure 4). In this study, we group the I/S mixed
layers and smectite as “total smectite” since I/S mixed layers are often the product of the digenetic transfor-
mation of smectite to illite in old sequences (Chamley, 1989). Total smectite and illite are the dominant clay
minerals and correspond to over 75% in each sample, while chlorite and kaolinite are present as minor com-
ponents. More specifically, the range and average (in bracket) are as follows: total smectite 22–76% (50.8%),
illite 16–56% (34.6%), chlorite 0–21% (8.2%), and kaolinite 0–15% (6.4%). Illite and chlorite exhibit upward
increase. Total smectite and kaolinite display an upward declining trend along the studied section
(Figure 5). In more detail, total smectite shows a slightly decreasing trend at 12.8–7.8 Ma and a more pro-
nounced decrease since 7.8 Ma, while illite exhibits nearly the opposite trend. Chlorite shows a slight rise
with time, while kaolinite performs a general decrease since 12.7 Ma but an obvious increase at
6.3–4.8 Ma. The total smectite was well inversely correlated with illite (Figure 6). Interestingly, kaolinite
and chlorite exhibit a significantly negative relationship before 7.8 Ma but have no correlation at
7.8–4.8 Ma (Figure 6). It is worth noticing a lack of rise in the illite content of the I/S mixed layers with
depth (Figure 5).

4.2. Major Elements

The intensity of chemical weathering has been estimated by several proxies in the literature such as the
chemical index of alteration (CIA = [Al2O3/(Al2O3 + CaO + Na2O + K2O)] × 100; Nesbitt & Young,
1982), the chemical index of weathering (CIW = [Al2O3/(Al2O3 + CaO + Na2O)] × 100; Harnois, 1988),
and the plagioclase index of alteration (PIA = [(Al2O3 − K2O)/(Al2O3 + CaO + Na2O − K2O)] × 100;
Fedo et al., 1995) using the molar percentage of oxides in the silicate fraction. In this study, we calculated
these three indexes based on the carbonate‐free clay fractions of our samples. In addition, the ratios of
Ca/Al, Na/Al, and K/Al are also considered useful proxies to trace chemical weathering due to the
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Figure 5. Relative abundances of clay mineral assemblages and ratios from the MJZ and HW sections. The age assign-
ments of measured samples are interpolated based on magnetostratigraphy (R. S. Yang, Fang, et al., 2017; W. L. Zhang
et al., 2017). The bold black line displays the seven‐point running average for the MJZ section sediments (the data of
the top eolian deposits are not included in the running average). The bold blue arrows show the consistent evolutions
of clay minerals and their ratios in the post‐7.8 MaMJZ section sediments and local eolian deposits from 7.8 Ma to present.
I/S = illite/smectite mixed layers; MJZ = Mojiazhuang; HW = Houwan.

Figure 6. Correlations between different clay minerals in the Mojiazhuang section sediments. Orange, green, and purple symbols represent samples before 7.8 Ma,
after 7.8 Ma, and top eolian deposits, respectively. Red and blue fitting lines are related to samples before 7.8 Ma and after 7.8 Ma, respectively. I/S = illite/smectite
mixed layers.
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distinct mobility of Ca, Na, K, and Al in the critical zone. The results show that CIA, CIW, and PIA exhibit
similar upward evolutions characterized by an abrupt increase at ~8.8 Ma from the generally lower values in
the lower section to high values in the upper section (Figure 7). Ca/Al, Na/Al, and K/Al of carbonate‐free
clay fractions generally exhibit upward decreasing trends in contrast to those of the above three
weathering indexes (Figure 7). As shown in Figure 8, the CIA has a generally positive correlation with
Ca/Al, Na/Al, and K/Al ratios, while the CIW and PIA have positive correlations with the Ca/Al and
Na/Al ratios and poor correlations with the K/Al ratio.

4.3. Trace Elements

Trace elements and their ratios are also widely used in the provenance characterization of various sedi-
ments (McLennan et al., 1993; Taylor & McLennan, 1985). Along this section, we found an abrupt rise at
~8.8 Ma of the Th/Sc, Zr/Sc, and Cr/Zr ratios superimposed on an upward increase throughout the section
(Figure 7). The CIA, CIW, and PIA in the MJZ section show similar temporal trends with Th/Sc, Zr/Sc, and
Cr/Zr resulting in significant correlation coefficients between these parameters (Figure 9). The La‐Th‐Sc
ternary diagram shows relatively restricted distributions of top eolian deposits, the post‐8.8 Ma, and pre‐
8.8 Ma samples in the MJZ section (Figure 10c). Our samples exhibit La‐Th‐Sc distributions that are similar
to those in the <5‐μm fractions of the northern Chinese deserts but a significant La depletion compared
with Post‐Archaean average Australian Shale (PAAS; McLennan, 1989) and eolian deposition in the CLP
(Liang et al., 2009). Top eolian deposits and pre‐8.8 Ma samples have similar La‐Th‐Sc distributions and
show relative depletion of La and enrichment of Sc and Th.

5. Discussions
5.1. Origins of Clay Minerals in the MJZ Section

In general, clay minerals in basin sediments can be generated by erosion and weathering of fresh bedrocks
and soils, produced in situ in river and lake water, and formed by diagenetic modifications shortly after
deposition and during burial (Chamley, 1989; Fagel, 2007; Thiry, 2000). In rare cases, clay mineral formation
in riverine and lake systems and diagenesis can blur the climate sensitivity of detrital clay minerals in the
basin associated with the weathering of bedrocks catchment (Q. Chen et al., 2017; Huyghe et al., 2011;
Singer, 1984; Thiry, 2000; Ye et al., 2018), and we will discuss these aspects in detail.

First, burial diagenesis can result in the transformation of detrital clay minerals such as smectite to illite,
which may bias the climatic significance of clay mineral assemblages (Chamley, 1989; Ye et al., 2016) since
the most widespread diagenetic modification of clay minerals in sedimentary basins is the illitization of
smectite (Chamley, 1994). According to the classical diagenesis model by Weaver (1984), when digenesis
plays a major role in regulating illite and smectite contents, the illite proportion in I/S mixed layers and illite
content are expected to exhibit gradual increases with rise of temperature and pressure caused by the rise of
the burial depth. Two main potential mechanisms were proposed to explain this transition: (1) smectite
layers are converted into I/S mixed layers and/or illite layers using Al3+ and K+ released on the

Figure 7. Depth profiles of various weathering and provenance proxies in the <2‐μm fraction of the MJZ section sediments. Note the significant changes in all
proxies at ~ 8.8 Ma and the sharp difference between the clay and the eolian deposits in the MJZ section sediments. MJZ = Mojiazhuang
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decomposition of K‐feldspar and mica (Ahn & Peacor, 1986; Hower et al., 1976); (2) the illitization of
smectite results from two paralleled processes of solution of smectite and recrystallization of illite
(Nadeau et al., 1984). Our results show an opposite trend compared with the classical depth profile of clay
mineral diagenesis. Specifically, a downward decrease in illite content and relatively stable illite
proportion in the I/S mixed layers (Figure 5) indicates very little diagenetic change that occurred during
and after deposition of the studied MJZ section sediments. This may be mostly due to the fact that the
burial depth of the studied section is limited to only 336 m, while the diagenetic transformation of
smectite to illite always occurs within a burial depth of more than 1,500 m (Chamley, 1989) with
pressures and temperatures over 900–920 kg/cm2 and 100–140 °C, respectively (Aoyagi & Kazama, 1980).

Figure 8. Relationships between classic silicate weathering proxies (CIA [a–c], CIW [d–f], and PIA [g–i]) versus oxide ratios (e.g., Ca/Al, Na/Al, and K/Al). Orange,
green, and purple symbols represent samples before 8.8Ma, after 8.8Ma, and top eolian deposits, respectively. Red and blue fitting lines are based on samples before
8.8 Ma and after 8.8 Ma, respectively. CIA = chemical index of alteration; CIW = chemical index of weathering; PIA = plagioclase index of alteration.
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Second, regarding authigenic clay minerals formed from the paleowater body, previous investigations of clay
mineral origins of modern worldwide terrigenous basins have indicated that fluvial and lacustrine clay
minerals have predominant detrital characteristics similar to their surrounding drainage basins (Chamley,
1989; Court et al., 1972; McMurtry & Fan, 1974; Tomadin et al., 1986). A lack of sufficient prerequisite
cations in rivers and freshwater lakes and silicon in saline lakes may be the reason why authigenic clay
minerals are scarce in most fresh and saline water (Gao, 2017). Therefore, we reasonably assume that there
are minor authigenic clay minerals in the fluviolacustrine sediments of the MJZ section. In addition, the
amount of insoluble trace element such as La or Th (supporting information table) in the clay fraction is

Figure 9. Relationships between classic silicate weathering proxies (CIA [a–c], CIW [f–f], and PIA [g–i]) versus provenance proxies (Th/Sc, Zr/Sc, and Cr/Zr).
Orange, green, and purple symbols represent samples before 8.8 Ma, after 8.8 Ma, and top eolian deposits, respectively. Correlation analysis is always based on
all samples, and in all cases P values are less than 0.001. CIA = chemical index of alteration; CIW = chemical index of weathering; PIA = plagioclase index of
alteration.
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close to the upper continental crust composition and therefore is not compatible with a significant
occurrence of clay minerals directly precipitated in rivers and freshwater lakes. After excluding diagenetic
and authigenic influence, most of the clay minerals of the studied MJZ section should be of detrital origin
and can be exploited to retrieve the late Miocene catchment changes in the Xining Basin.

5.2. Provenance Change in the MJZ Section

Provenance change should be assessed in advance when proxies based on clay mineral and element ratios of
the <2‐μm fractions are used to reconstruct paleoclimate. The Th/Sc ratio is useful for tracing igneous
differentiation because Th is a typically incompatible element in igneous systems, yet Sc is compatible
(McLennan et al., 1993). The Zr/Sc ratio is regarded as an index of zircon enrichment since Zr is strongly
enriched in zircon but not Sc (McLennan et al., 1993; Taylor & McLennan, 1985). Zircon enrichment since
~8.8 Ma in the MJZ section, as indicated by the increased Zr/Sc ratio, may result from provenance change
and/or an increase in grain size (Figures 2 and 7). However, the nearly parallel curves and positive relation-
ship between the Th/Sc and Zr/Sc ratios (R2 = 0.77) of the studied section imply that provenance change is
the primary control rather than an increase in grain size (McLennan et al., 1993). The Cr/Zr ratio is also a
widely used proxy for provenance change because it is an indicator of the mafic versus felsic rocks
(Wronkiewicz & Condie, 1987). Concurrent apparent shifts of the Th/Sc, Zr/Sc, and Cr/Zr ratios jointly
indicate a provenance change at ~8.8 Ma during the sedimentation of sediments (Figure 7). Increases in
the Th/Sc, Zr/Sc, and Cr/Zr ratios suggest an increase in the felsic and/or a decrease in the mafic provenance
contribution since ~ 8.8 Ma. This interpretation is supported by the modern distribution of rocks around
the Xining Basin. According to detailed geologic map of the Xining Basin, much more Paleozoic felsic rocks
outcrops in the northwest of the studied section rather than in the southwest (J. Zhang, Wang, et al., 2016).
This distribution of felsic rocks around our section matches tectonic uplift of the northern boundary of the

Figure 10. Comparison of the Sc, La, and Th abundances between the clay fraction of the MJZ section (this study) and the <5‐μm Chinese northern desert
sand (data available from W. F. Zhang, Chen, et al., 2016). (a) Digital elevation model map showing La/Th and Th/Sc ratios of <5‐μm Chinese northern desert
sand; (b) relationship between La/Th and Th/Sc ratios and longitudes of Chinese northern deserts; (c) La‐Th‐Sc ternary diagram of top eolian deposits, post‐8.8 Ma,
and pre‐8.8 Ma samples in the MJZ section; bulk loess and red clay in the Xifeng section (Liang et al., 2009); and <5‐μm fractions of Chinese northern desert sand,
upper continental crust (UCC, Taylor & McLennan, 1985) and Post‐Archaean average Australian Shale (PAAS; McLennan, 1989). MJZ = Mojiazhuang.
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Xining Basin (the Dabanshan Mountains; Figure 1) at ~8.6 Ma (R. S. Yang, Fang, et al., 2017), which may
lead to more felsic rocks input and thus the rise of those ratios.

Windblown dust is an important source of fine (clays size) sediment in the semiarid and arid regions and can
reflect the average conditions of physical and chemical weathering across a broad Earth surface. There was
an obvious increase in dust accumulation in the downwind region at approximately 8–9Ma due to enhanced
central Asian aridification (e.g., An et al., 2001; Rea et al., 1998; Y. B. Yang, Galy, et al., 2017) or enhanced
precipitation‐driven eolian production (Nie et al., 2018). However, the unit at the top of the MJZ section,
which is suspected to be heavily influenced by eolian dust, exhibits quite low Th/Sc and Zr/Sc and high
Cr/Zr ratios by comparison with the clay fraction of the MJZ section (Figure 7). Interpreting the differences
in Th/Sc, Zr/Sc, and Cr/Zr ratios as differences in provenance, the clay fraction of the MJZ section is poorly
influenced by dust deposition. In addition, post‐8.8 Ma samples of the MJZ section are within the field con-
strained by the <5‐μm fraction of desert sands in North China in the La‐Th‐Sc plot (Figure 10; data available
from W. F. Zhang, Chen, et al., 2016), allowing to distinguish sediments derived from the silicic and basic
source rocks (Cullers, 1994). Moreover, the La/Th and La/Sc ratios in those deserts are generally positively
correlated with the longitude (Figure 10;W. F. Zhang, Chen, et al., 2016), suggesting distinct dust source pro-
venance between the northwestern and northeastern deserts or a sorting effect. And the post‐8.8 Ma data in
the MJZ section sediments are characterized by La/Th and La/Sc ratios that are higher than those in the
<5‐μm fraction from the deserts in northwest China, which are the potential dust sources for the Xining
Basin. However, the deserts and likely the low‐elevation areas in northeastern China characterized by
higher La/Th and La/Sc ratios than post‐8.8 Ma data have been recently regarded as dust sources (Nie et al.,
2018) and the data of the MJZ section would, in that case, suggest that the Xining Basin was subjected to the
combined effects of northeasterly and westerlies wind transport of dust to the basin. Such combined influ-
ence of dust source is not supported by the Th/Sc ratio, significantly higher in the clay fraction of the
post‐8.8 Ma data of the MJZ section (1.17 ± 0.11) than in the eolian deposits of the upper part of the section
(1.00 ± 0.03) or the deserts of low‐elevation areas in northeastern China (0.88 ± 0.12). Therefore, the poten-
tial provenance change is (1) unlikely to be related to changes in the wind direction with a prevailing wes-
terlies system already dominant for the bottom age of theMJZ section and (2) most likely caused by the uplift
of the northeastern TP at approximately 8.8 Ma, which leads to exposure and erosion of more felsic material
in the drainage area.

5.3. Assessment of Provenance Control on Elemental and Clay Mineral Records

The intensity of chemical weathering is often estimated by the CIA (Nesbitt & Young, 1982), CIW (Harnois,
1988) and PIA (Fedo et al., 1995). The CIA is themost widely used index of chemical weathering that is based
on the easy removal of labile elements such as Ca, Na, and K relative to a stable residual element such as Al
during weathering processes (Nesbitt & Young, 1982). Because K displays less mobile characteristics com-
pared to Ca and Na during weathering and is also involved in postdepositional change, the CIW and PIA
were used to evaluate weathering intensity excluding K (Fedo et al., 1995; Harnois, 1988). Similarly, the
Ca/Al, Na/Al, and K/Al ratios can also be used to trace chemical weathering due to the substantial differ-
ences in mobility during weathering among Ca, Na, K, and Al (S. F. Xiong et al., 2010). However, these
indexes are also prone to be affected by sedimentary sorting during transportation, burial diagenesis,
and provenance.

All weathering proxies in the MJZ section show an apparent rise at ~8.8 Ma unlikely to be attributed to
“intense chemical weathering” for the following reasons. First, this transition of proxies is inconsistent with
the long‐term aridification of central Asia during the late Cenozoic (Caves et al., 2016; Ding et al., 2005; Guo
et al., 2002; Ruddiman & Kutzbach, 1989), which should lead to reduction in the intensity of chemical
weathering. Although a new hypothesis suggests that East Asian summer precipitation increased in the dis-
crete intervals of ~8–7.5 and ~6.5–6 Ma (Nie et al., 2018), it is still obviously discrepant with the weathering
proxies in the Xining Basin showing a rather monotonous pattern during the 8.8–5.2 Ma interval (Figure 7).
Further, the increase of uplift‐drivenmonsoon‐induced precipitation is quite obvious in the typical monsoon
region, for example, the central CLP, but shows a complex pattern in marginal monsoon regions especially
the mountainous basins on the northern TP (X. D. Liu et al., 2015). Therefore, all the conventional weath-
ering intensity records are likely to be biased by other factors. First, sedimentary sorting may redistribute
minerals in different grain size fractions. However, the elemental compositions are restricted within the
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<2‐μm fraction, and sedimentary sorting seems to have a minor influence. Second, the weak diagenesis as
shown by clay mineral assemblages may suggest a limited effect on the major element composition in the
<2‐μm fraction. Third, the tight correlation between the weathering indexes and the provenance tracers,
for example, the Th/Sc, Zr/Sc, and Cr/Zr ratios and their evolutional patterns, suggests the dominating pro-
venance control of the weathering indexed transitions at 8.8 Ma (Figure 7). This is supported by the observa-
tions that the post‐8.8 and pre‐8.8 Ma data exhibit different distributions between the weathering indexes
(CIA, PIA, and CIW) and the elemental ratios (Ca/Al, Na/Al, and K/Al; see different fit lines in Figure 8),
except for the plots of CIW versus Ca/Al and PIA versus Ca/Al (Figure 8). Moreover, chlorite and kaolinite
both have high CIA, CIW, and PIA values but with opposite environmental implications. The concurrent
increases in chlorite and kaolinite contents since ~6.3 Ma possibly suggest another provenance change since
then and contribute to the increases in the CIA, CIW, and PIA to some extent (Figures 5 and 6).

Despite the dominance of provenance control on the elemental geochemistry of the <2‐μm fraction in the
MJZ section, provenance change showed a very limited effect on clay mineral assemblages. Clay minerals
and their assemblages have poor correlation with provenance proxies in our section, and obvious changes
in the total smectite and illite that occurred at ~7.8 Ma are not consistent with the apparent provenance
change at ~8.8 Ma (Figures 5 and 7). In addition, the significant increase in kaolinite at 6.3–4.8 Ma is likely
to be related to a modification of the catchment detrital input, but its quite low content will not modify the
general evolution of clay mineral assemblages. Moreover, the major clay minerals (total smectite, illite, and
chlorite) exhibit fairly uniform distributions (similar fit lines in terms of slope) between pre‐7.8 and post‐
7.8 Ma data (Figure 6), which is quite different from those for the weathering indexes (Figure 8).
Therefore, after excluding the effects of authigenesis, diagenesis, and provenance, the clay mineral assem-
blage in theMJZ section is considered to reflect changes in the weathering conditions at the catchment scale,
which may be controlled by climate (controlling reaction rates) and/or the duration for weathering (partly
controlled by tectonic via physical erosion).

5.4. Late Miocene Aridification on the Northeastern TP

Chlorite in the clay fraction can be produced by physical weathering and the grinding of metamorphic
chlorite or weak chemical weathering in arid and cold environments (Ducloux et al., 1976;
Vanderaveroet, 2000). Similarly, illite is usually derived from silicate minerals such as mica minerals under
dry and cold climates and weak alkaline conditions (e.g., Wang et al., 2013). Smectite may originate from
direct alteration of volcanic materials regardless of climatic condition or by the weathering of illite under
drier climate (Chamley, 1989; Hong et al., 2007). I/S mixed layers usually correspond to the incomplete
transformation of illite or smectite (Hong et al., 2007). Therefore, the very small amount of pure smectite
associated to the large occurrence of I/S mixed layers suggests that the smectite from the MJZ section origi-
nated from weathering. And the total smectite that is the combination of smectite and I/S mixed layers can
be considered as the product of the intermediate stage of chemical weathering, which often develops in tem-
perate and humid climates (Wang et al., 2011; C. X. Zhang & Guo, 2014). Kaolinite is usually rapidly formed
in regions with hot and wet climates, such as red earth, which provide conditions for intense weathering by
active hydrolysis and ion leaching (Singer, 1980; Wang et al., 2011; C. X. Zhang & Guo, 2014). Chlorite and
illite represent minerals in the early stage of weathering and can be altered into smectite and further trans-
form to kaolinite under warm and humid climate conditions (Chamley, 1989). Apart from the climate, the
duration is another factor to influence chemical weathering (e.g., Clift et al., 2014; Nie et al., 2014). Under
constant climate conditions, short duration of weathering likely results in clay mineral assemblages of
earlier stage than long duration (Thiry, 2000). As a result, chlorite and illite can be considered as character-
istic of early weathering, while smectite and kaolinite are products of intermediate and late stages of weath-
ering, respectively. Based on this, clay mineral assemblages, such as (kaolinite+smectite)/(illite+chlorite)
and smectite/illite, are excellent indicators for tracing the weathering and climate of a source area (e.g.,
Bouquillon et al., 1990; Kemp et al., 2016; Z. F. Liu et al., 2003; Shen et al., 2017; Thiry, 2000). However,
in our study, the increase in the kaolinite content may be derived from detrital input from old
sedimentary sequences in the catchment. By further considering the inverse relation between the total
smectite and illite, as well as chlorite, and the generally positive relation between illite and chlorite
(Figure 6), we thus chose (smectite+I/S mixed layers)/(illite+chlorite) and (smectite+I/S mixed layers)/illite
to identify the changes in the weathering conditions at catchment scale.

10.1029/2018GC007917Geochemistry, Geophysics, Geosystems

YANG ET AL. 842



Arid conditions and duration for chemical weathering are the two potential factors to influence clay mineral
assemblages. In northeastern TP, erosion rates and sediment accumulation rates are higher due to wide-
spread tectonic activities at ~8–9 Ma (Fang et al., 2016; Lease et al., 2007; Li et al., 2014; Zheng et al.,
2006, 2010). In the MJZ section, uplift of the northern Dabanshan Mountains at ~8.6 Ma led to higher sedi-
mentation rates (R. S. Yang, Fang, et al., 2017), indicating a faster erosion rate and thus less duration time for
chemical weathering. Therefore, the sharp decreases of the total smectite/(illite+chlorite) and total
smectite/illite ratios and the content of total smectite at ~7.8 Ma may be also influenced by faster erosion
induced by uplift of the Dabanshan Mountains. However, the lag time of ~1 Ma between tectonic uplift
(~8.6 Ma) and clay mineral evolution (accelerating at ~7.8 Ma) is too long to link the evolution of the clay
assemblage to a change in the duration of chemical weathering. If the duration for weathering was the pri-
mary factor, the near‐simultaneous appearances of uplift and clay minerals change should be expected. The
duration time is thus assumed to play a minor role, which might be due to a weathering regime being
already kinetically limited (e.g., West et al., 2005) by the time of the initiation of the deposition at the base
of the MJZ section related to an overall tectonically active pattern (relatively high erosion) on the northeast-
ern TP (Li et al., 2014). So clay mineral transition at ~7.8Mawas primarily controlled by climatic drying with
minor influence from shorter duration for chemical weathering.

The ratios of the total smectite/(illite+chlorite) and total smectite/illite and the content of total smectite
exhibit long‐term slight decreases from ~12.7 to 7.8 Ma and significantly decline at 7.8 Ma toward the range
of clay minerals from Pliocene andmodern eolian deposition, indicating a rather gradual aridification in this
region since ~12.7 Ma and enhanced aridification since 7.8 Ma. As we have mentioned above, smectite is
formed in warmer and wetter environments compared with illite. Generally, compared with dominant total
smectite (33.5% on average) and illite (45.1% on average) in Pliocene and Quaternary eolian deposits in the
Xining Basin, the dominant total smectite (50.8% on average) and illite (34.6% on average) in theMJZ section
indicate that the climate was relatively warmer and more humid than the present climate (Figure 11). When
combining the younger HW red clay to the MJZ top loess and the evolution of clay minerals, the Xining
Basin displays a continuous aridification trend since ~7.8 Ma. The strong agreement between the eolian
and fluvial records suggests that clay minerals correspond to the very fine product of the regional erosion
and weathering controlled by climate change, and as such they can reflect a broad source area condition
regardless of the specific transport agent (wind or river). For the older period, two wetting intervals occurred
in ~11.1–10.5 and ~9–7.8 Ma superimposed to the long‐term aridification since 12.7 Ma (Figure 5).

Clay minerals are usually formed slowly for several centuries to several million years (Meunier, 2005), and
thus clay minerals are not sensitive to precipitation of seasonal variation. Therefore, aridification recon-
structed by clay minerals may represent a decrease of precipitation amount. This is supported by the rise
in the xerophytic plants and the almost disappearance of aquatic plants at ~8 Ma across the northeastern
TP that also indicate decreased precipitation amount (J. Liu, Li, et al., 2016; Ma et al., 1998, 2005; Miao
et al., 2012). However, we cannot exclude the possible intensified precipitation seasonality which may be
induced by tectonic uplift‐driven intensified East Asia monsoon (e.g., X. D. Liu et al., 2015). The intensified
drying event at ~7.8 Ma in the Xining Basin is highly consistent with other climatic and sedimentary records
from adjacent regions (Figure 12). Clay mineral assemblages from the Japan Sea show an abrupt change at
~8 Ma, indicating that intensified drying of central Asia occurred at that time (Shen et al., 2017).
Palynological evidence from the nearby Qaidam Basin (Miao et al., 2012), Jiuquan Basin (Ma et al., 2005),
Linxia Basin (Ma et al., 1998), and Tianshui Basin (Hui et al., 2011; J. Liu, Li, et al., 2016) show replacement
of forest by steppe at 8, 8.5, 8.4, and 7.4 Ma, respectively. Meanwhile, previous studies have also revealed
enhanced aridification events in the northeastern TP and its adjacent regions at approximately 8 Ma using
geochemical (Wan et al., 2010; Y. B. Yang, Galy, et al., 2017) and grain size (Fan et al., 2006) records.

At ~8 Ma, the onset of eolian red clay accumulation occurred in the CLP (An et al., 2001; Ding et al., 2001;
Qiang et al., 2001), and there was a notable increase in eolian input to the northeastern TP (Guo et al., 2002;
Y. B. Yang, Galy, et al., 2017), the North Pacific (Rea et al., 1998), the South China Sea (Wan et al., 2007), and
the Japan Sea (Shen et al., 2017), indicating enhanced aridification in central Asia and/or more dust avail-
able on the source areas (e.g., Nie et al., 2018). Magnetic enhancements could also be seen in the Qaidam
Basin (Nie et al., 2017), the Jianzha Basin (Fu et al., 2017), the Xining Basin (Zan et al., 2018), the Linxia
Basin (Yan et al., 2014), and the CLP (Nie et al., 2018) at ~8 Ma, yet the mechanisms of this enhancement
are still debated. Eolian dust input (Fu et al., 2017; Nie et al., 2018), provenance change (Yan et al., 2014),
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and pedogenic enhancement (Zan et al., 2018) are all thought to be the main potential factors. Despite
multiple mechanisms, such modifications may reflect complex responses of fluvial and atmospheric
systems to climate‐tectonic coupling at ~8 Ma on the northeastern TP and the CLP (e.g., Nie et al., 2018).
Anyway, the drying event starting at ~7.8 Ma reconstructed by clay minerals in the Xining Basin
manifests an intensified central Asian aridification event. The long‐term drying trend since ~7.8 Ma,

Figure 12. Terrestrial and marine records in the late Miocene showing global climate change, climatic aridification, and uplift of the northern Tibetan Plateau.
(a, b) (smectite+I/S mixed layer)/(illite+chlorite) and (I/S mixed layer)/illite ratios showing enhanced aridification at ~7.8 Ma in the Xining Basin (this study);
(c) Illite/smectite ratio at IODP Site U1430 in the Japan Sea (Shen et al., 2017); (d) contents of xerophytic taxa and herbs in the Qaidam Basin (Miao et al., 2012)
and the Tianshui Basin (J. Liu, Li, et al., 2016); (e) ratio of arbor to nonarbor trees (AP/NAP) in the Jiuquan and Tianshui basins (Li et al., 2014); (f) oxygen isotope
from pedogenic and lacustrine carbonates in the Qaidam Basin (Zhuang et al., 2011) and the Linxia Basin (Fan et al., 2007); (g) eolian sediment mass
accumulation rates (MAR) in the Linxia Basin showing intensification of the Asian winter monsoon (Fan et al., 2006); (h, i) eolian MAR at ODP Site 1146 in the
South China Sea (Wan et al., 2007) and ODP Site 885/886 in the North Pacific (Rea et al., 1998); (j) compiled global deep‐sea δ18O values (Zachos et al., 2001).
I/S = illite/smectite; IODP = Integrated Ocean Drilling Program; ODP = Ocean Drilling Program.

Figure 11. (a) Major element Al2O3‐(CaO + Na2O)‐K2O (A‐CN‐K) ternary diagram of the <2‐μm fraction of the MJZ sec-
tion sediments, <5‐μm fraction of typical loess and red clays in the CLP (S. F. Xiong et al., 2010), <2‐μm fraction of
sediments in the Red and Mekong Rivers, Thailand rivers, and Taiwan rivers (Z. F. Liu, Zhao, et al., 2016). (b) Ternary
diagram of major clay mineral groups (illite + chlorite)‐kaolinite‐smectite showing variation in clay mineral composition
of the MJZ section, loess from the CLP (Shen et al., 2017; Shi et al., 2005), mu Us Desert (Niu et al., 2015), eastern
China (Du et al., 2012), Yellow River (S. F. Liu et al., 2014; Pang et al., 2018; Shen et al., 2017), Yangtze River (S. F. Liu
et al., 2014; Shen et al., 2017; Wan et al., 2007), Thailand rivers (Z. F. Liu, Zhao, et al., 2016), and Taiwan rivers (Z. F. Liu
et al., 2010; Shen et al., 2017). MJZ = Mojiazhuang; CLP = Chinese Loess Plateau; PAAS = Post‐Archaean average
Australian Shale.
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constrained by clay minerals of theMJZ section together with eolian deposition in the Xining Basin, suggests
that the modern pattern of climate was initiated at that time.

5.5. The Driving Mechanisms

The main drivers of the central Asia aridification in the late Cenozoic have long been debated. The retreat of
the Paratethys (Ramstein et al., 1997; Z. S. Zhang et al., 2007), global cooling (Ding et al., 2005; Lu & Guo,
2014), and uplift of the TP (Kutzbach et al., 1989; Manabe & Terpstra, 1974; Tada et al., 2016) are considered
to be three major drivers accounting for this dramatic change. Here we compare the history and timing of
major climatic and tectonic events from global and regional records with our record to explore the main
drivers and mechanisms.

Previous studies have proven that the westward retreat of the Paratethys in the Cenozoic, especially from the
late Eocene to the late Oligocene, had a significant contribution to the central Asia aridification (Bosboom,
et al., 2014a; Carrapa et al., 2015; Ramstein et al., 1997; Sun et al., 2015, 2016; Z. S. Zhang et al., 2007).
However, the retreat of the Paratethys from the Tarim Basin should be earlier than the Oligocene, although
the exact timing of the regression of seawater from the Tarim Basin is still uncertain (Bosboom, et al., 2014a,
Bosboom, et al., 2014b; Carrapa et al., 2015; Sun et al., 2015, 2017). Hence, the retreat of the Paratethys is
expected to have a very limited influence on the studied period (since ~12.7 Ma).

Global cooling is considered to be an important factor that led to Asian drying through the strengthening of
the winter Siberian High, the reduction of moisture level, and the increase in continental surface area by the
of sea level (Ding et al., 2005; Lu & Guo, 2014). After the end of the Middle Miocene Climatic Optimum at
~15 Ma, the Middle Miocene Climatic Cooling occurred, characterized by an abrupt average temperature
drop of more than 5 °C and the development of the East Antarctic ice sheet (Flower & Kennett, 1994;
Holbourn et al., 2014; Lewis et al., 2008). The global temperature, constrained by the marine benthic δ18O
record, continued to slightly drop between the late Miocene and early Pliocene with the development of
small‐scale ice sheet expansion in the West Antarctic and the Arctic (Zachos et al., 2001). However, we
noticed that the benthic δ18O values between ~7.9 and 7.2 Ma are lower than the values in 8–9 Ma, suggest-
ing the global temperature tended to increase rather than decrease in this period (Figure 12). Another global
sea surface temperature record showed a global cooling event only starting at ~7 Ma (Herbert et al., 2016).
Thus, global cooling was not the trigger of the intensification of aridification at ~7.8 Ma in the Xining
Basin, while global cooling may have contributed after ~7 Ma.

Intensified aridification in central Asia may also be induced by the uplift of the TP, which blocked moisture
from the ocean, reorganized Asian atmospheric circulation, and enhanced the heating difference between
land and ocean (Kutzbach et al., 1989; Li & Fang, 1999; X. D. Liu & Yin, 2002; Manabe & Terpstra, 1974;
Tada et al., 2016). Uplift of the different parts of the TP is diachronous. Major uplift of the northeastern
TP started from the Miocene, later than the uplift of the southern and central TP (Li et al., 2014;
X. H. Liu, Xu, & Ding, 2016). Changes in sedimentary facies and the appearance of conglomerates together
with changes in the sedimentation rate in the MJZ section indicate tectonic uplift of the northern boundary
of the Xining Basin (the DabanshanMountains) at ~8.6 Ma (Figure 13; R. S. Yang, Fang, et al., 2017). On the
other part of the northeastern TP, increase in sedimentation rate also occurred at ~8 Ma (Figure 13) in the
western Qaidam Basin (Fang et al., 2007), the Guide Basin (Li et al., 2014) and the Linxia Basin (Fang
et al., 2016). Rapid exhumation occurred across the northeastern TP between 10 and 7 Ma, specifically in
the Altyn Tagh (Z. L. Chen et al., 2002), the Haiyuan Fault (Duvall et al., 2013), the north Qilianshan
Mountains (Zheng et al., 2010), the Lajishan Mountains (Lease et al., 2007), the Liupanshan Mountains
(Zheng et al., 2003), and the Jishishan Mountains (Zheng et al., 2006). At the same time, the Qaidam
Basin and the Linxia Basin underwent significant rotation (Figure 13; Fang et al., 2016). Moreover, the
εNd in sediments in the Linxia Basin (Y. B. Yang, Galy, et al., 2017), the CLP (Z. Chen & Li, 2013), the
Japan Sea (Shen et al., 2017), and the North Pacific (Pettke et al., 2000, 2002; W. F. Zhang, Chen, et al.,
2016) collectively display a remarkable change at approximately 8–9 Ma (Figure 13), implying a significant
provenance change in the regional riverine and windblown sediments due to tectonic uplift of the
northeastern TP. The rapid exhumation in the northern TP associated with the aridification is likely to have
led to a greater production of dust, with the concomitance of higher altitude and aridity more favorable to
eolian erosion and the transport of dust to the Linxia Basin, the CLP, the Japan Sea, and the North
Pacific. However, in the MJZ section, climate proxies lag behind provenance proxies about 1 Myr. This
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time lag may correspond to the time needed to establish a new stable state of climate after the tectonic uplift
of the DabanshanMountains (~8.6 Ma). Therefore, temporally and spatially concurrent climate and tectonic
proxies in the Xining Basin, together with other regional climatic and tectonic records, clearly show that the
uplift of the northeastern TP was the primary driver that influenced the regional climate since the late
Miocene. The uplift of the northeastern TP has forced the regional climate and landscape to approach a
new regime during which the deteriorated ambient temperature and moisture conditions and short
duration of soil development will yield a reduced intensity of catchment silicate weathering.

6. Conclusions

Clay minerals in the MJZ sequence are characterized by dominant I/S mixed layers and illite, with minor
kaolinite, chlorite, and smectite. Clay minerals of the MJZ section are all detrital and record limited influ-
ence from provenance change. Provenance changes at ~8.8 Ma caused by the uplift of the northern
Dabanshan Mountains exhibited a primary control of the commonly used geochemical weathering indexes.
The clay mineral assemblages show that a long‐term gradual aridification between 12.7 and 4.8 Ma and an
enhanced drying since ~7.8 Ma occurred in the Xining Basin. Temporally and spatially concurrent climate
and tectonic proxies in the Xining Basin, together with other regional climatic and tectonic records, show
that the uplift of the northeastern TP was the major driver of the evolution of the regional climate since
the late Miocene and further drove the regional landscape and climate to the modern regime.
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