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Few earlyMiocene terrestrial climate records exist from the Asian interior and as a result the evolution of Central
Asian aridification and the driving forces behind it remain unclear. Here we report sedimentary, mineralogy and
geochemical proxies from an earlyMiocene sedimentary sequence (ca. 22.1 to 16.5Ma) fromXining Basin on the
northeastern side of the Tibetan Plateau. Multiple proxies indicate a change of sedimentary facies of a distal
alluvial fan from subfluvial to subatmospheric under a dominantly arid climate coupled with a clear two-stage
climate change. During ~22.1–19.7 Ma (Unit I), the enrichment of I/S (irregular mixed-layers of illite and
smectite) content, high values of a*/L* (redness/lightness), and stronger degree of chemical weathering suggest
relatively warm and humid climate conditions during a generally arid climate. During 19.7–16.5Ma (Unit II), the
increase of chlorite and dolomite content, the upward decrease of a*/L*, and weaker degree of chemical
weathering than Unit I suggest gradually increasing aridity since ca. 19.7 Ma. Comprehensive comparisons
among records from central western China demonstrate that the aridification since ca. 19.7 Ma is widespread
in northeastern part of the Tibetan Plateau. The climate changes in inner Asia are different to that of global-
scale changes, which indicates that global climate changes and the retreat of the Para-Tethys Sea possibly had
little influences on this region. The episodic, but persistent tectonic uplift of the north and northeastern Tibetan
Plateau during the early Miocene likely played a key role in the aridification of the Xining Basin.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The north side of the Tibetan Plateau in Central Asia is, at present, a
typical inland arid region. However, the evolutionary history and
driving forces of the aridification in this area, the largest mid-latitude
arid zone in the Northern Hemisphere, remain controversial. The
aridification history of the Asian interior has been extended to the
early Miocene using long records from eolian sequences in the Loess
Plateau (Guo et al., 2002; Qiang et al., 2011), which has led to the
suggestion that the climate transformed from a “planetary” subtropical
aridity zonal pattern to a monsoon-dominated “inland” aridity pattern
by the early Miocene (22–25 Ma) (Guo et al., 2002, 2008; Sun and
Wang, 2005). Studies on eolian deposition rates and deposition fluxes
in the North Pacific (Rea, 1994), the Loess Plateau (Guo et al., 2002),
the Lanzhou Basin (Zhang et al., 2014), and in Xinjiang Province (Sun
et al., 2010) all indicate that the aridification of inland Asia intensified
markedly in the late Oligocene to early Miocene period. Therefore, this
time period has been suggested to be a turning point of Inner Asian
eophysics, Chinese Academy of
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aridification. However, the evolutionary history of aridification during
the early Miocene is still debated. Plant fossils and mineralogy records
from inland basin sediments in central Asia indicate a drying trend
during the Miocene long term global cooling (Dong et al., 2013; Tang
et al., 2011). However, Miocene climate records from basin sediments
and the Loess Plateau in the northeastern side of the Tibetan Plateau
õindicate a wetting period during the early Miocene (Ma et al., 1998;
Zhang et al., 2014) followed by a drying trend during the late early
Miocene as suggested by pollen data, mineralogy, magnetic suscep-
tibility and carbon–oxygen isotope records (Guo et al., 2008; Liang
et al., 2012; Qiang et al., 2011; Yin et al., 2010; Zhang et al., 2011).
Until now, only several terrestrial climate records from the Asian interi-
or have been extended to the earlyMiocene, and twodifferent evolution
trends of aridification have been identified (Guo et al., 2002; Ma et al.,
1998; Tang et al., 2011). At present, three main views about the driving
forces of the aridification in interior Asia exist. (1) A stepwise uplift of
the Tibetan Plateau following the India–Asia collision and associated
tectonic events, which altered the atmospheric circulation (An et al.,
2001; Kutzbach et al., 1989; Liu et al., 2006; Manabe and Broccoli,
1990; Manabe and Terpstra, 1974; Raymo and Ruddiman, 1992;
Ruddiman and Kutzbach, 1989; Song et al., 2013; Zhang et al., 2013)
and initiated rapid silicate weathering (Edmond and Huh, 1997),
while the global cooling only plays a secondary role. (2) Global cooling
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reduced the amount of the precipitation and the effectivemoisturewith
the Tibetan Plateau uplift playing a less important role (Hui et al., 2011;
Jiang and Ding, 2008; Miao et al., 2011, 2012, 2013b; Song et al., 2014;
Tang and Ding, 2013; Tang et al., 2011). (3) The retreat of the shallow
Paratethys Sea (Ramstein et al., 1997; Wang et al., 2014; Zhang et al.,
2007), which may have occurred before the early Cenozoic (Bosboom
et al., 2011; Sun and Jiang, 2013), decreased the precipitation in Central
Asia. The complexity of possible causes and the different proxies for
reconstructing evolution of arid zone make it challenging to pin down
the exact drivers of Inner Asian aridification and their relative impor-
tance and more climate records are needed during the early Miocene
in Inner Asia.

The Xining basin in the interior of Asia, which records Eocene to
Middle Miocene sequences (Dai et al., 2006; Xiao et al., 2010a, 2012),
provides an excellent continental record. In recent decades, magnetic
properties, palynology and plant fossils (Hoorn et al., 2012; Miao et al.,
2013a), n-alkane (Long et al., 2011), organic carbon isotope (Chi et al.,
2013) and sedimentary environment (Abels et al., 2011) have been
studied in the Xining Basin. Aridification in this area has been linked
to the Eocene/Oligocene transition global cooling (Dupont-Nivet et al.,
2007; Xiao et al., 2010a; Zhang and Guo, 2014) and Mi-1 Glaciation
(Miao et al., 2013a; Tuo et al., 2013). Notably, the Xining basin is located
in the northeastern margin of the Tibetan plateau, where the effects of
global temperature, Tibetan Plateau uplift, and development of the
Asian monsoon are potentially preserved in the long and continuous
sequence of Cenozoic sediments. However, only few studies include
the early Miocene (Chi et al., 2013; Miao et al., 2013a; Tuo et al.,
2013), and they do not have sufficient resolutions for high-fidelity
records. To reveal the evolution of aridification anddriving forces during
the early Miocene to middle Miocene in inner Asia, in this study, the
Tashan (TS) section in the Xining Basin (Xiao et al., 2012) was selected
for mineralogical and geochemical analyses.

2. Geological setting and Cenozoic stratigraphy

The Xining basin is located in the northeastern margin of the Tibetan
Plateau at elevations mainly between 2250 and 3000 m. It is part of a
larger Paleocene–Miocene basin system that is bounded to the north
and south by two sinistral transpressional fault systems (middle Qilian
Shan Fault to the north and the Laji Shan Fault system to the south)
(Fig. 1). Proterozoic metamorphic rocks, which include gray staurolite-
mica schist and tarnet-biotite schist and Early Palaeozoic fine- to
medium-grained granodiorite directly underlie the Xining basin (Zhang
and Cunningham, 2013). With a thickness of more than 800 m, the
well-developed Cenozoic stratigraphy in the Xining basin consists of
basal sandy successions (Qijiachuan formation) overlain by reddish
mudstones with distinctive gypsiferous intercalations (Honggou
and Mahalagou formations), which are themselves overlain by light
brown to yellow mudstones with occasional sandy lenses (Xiejia,
Chetougou and Xianshuihe formations) (QBGMR, 1991). A basin-wide
lithostratigraphic framework, especially sedimentary facies, has been
established in the Xining Basin (Abels et al., 2011; Dai et al., 2006;
Dupont-Nivet et al., 2007; Xiao et al., 2012). Based on the characteristics
of the stratigraphic sequence in the Xining basin, regional depositional
environments have been reconstructed: gypsum layers indicating a
playa lake environment and red mudstones indicating a distal alluvial
fan environment (Dupont-Nivet et al., 2007; Xiao et al., 2010b). At
present, the basin is subjected to a semiarid continental climate. The
mean annual precipitation (MAP) is 478.2 mm, with over 70% of the
precipitation from June to September (Wang and Zhang, 2012), and
the mean annual temperature is 6.1 °C. The basin lies in the transitional
belt of the East Asian monsoonal humid areas and the northwest arid
areas. The areas with elevations b3000 m in Xining are dominated by
chestnut soil.

In this study we focus on the terrestrial record from the Xiejia, the
Chetougou and the Xianshuihe Formations in the Tashan (TS) section
(101°50′E, 36°33′N) (Figs. 1, 2). This section is located 13 km south of
the Shuiwan section and 3 km west of the Xiejia section (Dai et al.,
2006; Dupont-Nivet et al., 2007) in the Xining basin (Fig. 1b). The lithol-
ogy and the thickness of each formation have been reported by Xiao
et al. (2012): Xiejia (160–260 m), Chetougou (90–160 m), and
Xianshuihe (N90 m) Formations (Fig. 2). An abrupt sediment change
found at a depth of ~160m (Fig. 2), which forms a clear unconformable
contact, is taken as the boundary between the Xiejia and the Chetougou
Formations (Xiao et al., 2012). Magnetostratigraphic dating yields an
age of ca. ~22.1 Ma to 16.5 Ma for the 30 to 185 m interval (Fig. 2)
and sediments of ~20.0–21.7 Ma are missing in this section (Xiao
et al., 2012). The conversion from stratigraphic levels to ages was per-
formed using magnetostratigraphic polarity boundaries as time
markers and linear interpolation between them (Figs. 2–4, 7–8).
3. Materials and methods

The whole section we studied in this paper is 155 m thick. The
Xianshuihe Fm. (30–90 m, ca. 16.5–18.1 Ma) conformably overlies the
Chetougou Fm. and contains grayish-yellow to yellowish-brown clayey
siltstone without gypsum (Fig. 2). The 70 m thick Chetougou Fm.
(90–160m, ca. 18.1–20.0Ma) overlies the Xiejia Fm. in a parallel uncon-
formity (Fig. 2) and contains reddish-brown to tanned clayey siltstone
with two sandstone layers and an abrupt grayish green clayey siltstone
belt (Fig. 2). The Xiejia Fm. (160–185 m, ca. 21.8–22.1 Ma) primarily
consists of reddish-brown clayed siltstone with small amounts of
sandy beds (Fig. 2). Bulk samples were taken at 0.5 m intervals in the
TS section and a total of 520 bulk samples were collected.

All samples were air dried in the laboratory. The color reflectance
and grain size distributions were measured for all samples using
a Konica Minolta CM-700d spectrophotometer and a Malvern
Mastersizer-2000 laser particle analyzer, respectively. The derived
color parameters L*, a* and b* (CIE, 1978) were obtained for all samples.
The chromaticity L* reflects the lightness (i.e., the degree between
whiteness and darkness): zero values correspond to black and 100%
corresponds towhite. The chromaticity a* reflects the red–green degree,
positive a* is towards red and negative a* is towards green. The chroma-
ticity b* reflects the yellow–blue degree, positive b* is towards yellow
and negative b* is towards blue. In this paper, the grain sizes b2 μm,
2–63 μm and N63 μm are used for clay, silt and sand, respectively.

Claymineralogy andmajor elements of the clay fractionsweremea-
sured at 2–5 m intervals, and bulk mineralogy and major elements of
bulk samples were measured at 5 m intervals. Clay mineralogy and ele-
ment geochemistrywere analyzed on carbonate-free particles, and bulk
mineralogy was analyzed on bulk samples that were ground to b45 μm.
Clay and bulk mineralogy were analyzed by X-ray diffraction (XRD)
using a PANAlytical diffractometer fitted with CuKα-radiation at
40 KV and 40 mA.

Clay minerals were identified on oriented slides of clay-sized
(b2 μm) particles. The oriented slides were obtained following the
methods described in detail by Zhang and Guo (2014). Three XRD
runs were performed, following air-drying, ethylene-glycol solvation,
and heating at 550 °C for 2 h. Identification of clay minerals was made
mainly according to the position of the (001) series of basal reflection
on the three XRD diagrams. Detailed descriptions of the identification
procedure are given by Zhang and Guo (2014). Semi-quantitative esti-
mates of peak area of the basal reflections for the main clay mineral
groups of irregular mixed-layers of illite and smectite (I/S, R = 0)
(15–17 Å), illite (10 Å), and kaolinate/chlotite (7 Å) were carried out
on the glycolated curve using the MacDiff software (Petschick, 2000)
with the weighting factors introduced by Biscaye (1965). Relative pro-
portions of kaolinite and chlorite were determined based on the ratio
from the 3.57/3.54 Å peak areas. Additionally, somemineralogical char-
acteristics of illite were determined on the glycoled curve. Illite crystal-
linity (IC) was obtained from half height width of the 10 Å peak.



Fig. 1. (a) Locations of the Tashan (Licht et al., 2014; Xiao et al., 2012) section inXining Basin, alongwith theQA-I (Guo et al., 2002, 2008), Sikouzi (Jiang andDing, 2008;Wang et al., 2011),
ZL (Qiang et al., 2011) and Maogou (Ma et al., 1998) sections. (b) Geologic map of the Tashan section.
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Bulk samples were scanned at a scan speed of 1°/min from 2.5 to 55°
2θ. All samples were identified based on the following peaks: gypsum,
7.60 Å, quartz, 4.26 Å, K-feldspar, 3.23 Å, plagioclase, 3.18 Å, calcite,
3.03 Å, dolomite, 2.89 Å and halite, 2.82 Å. In the case of the coarse frac-
tions, mineral abundances were determined using peak heights. Given
that the intensity of the diffraction pattern (generally expressed as peak
height or peak area) of a mineral in a mixture is proportional to its con-
centration, the relative proportions (semi-quantitatively expressed as
vol%) of the identified minerals can be roughly determined using their
peak intensities by measuring the heights of the main reflections with
MacDiff software (Petschick, 2000). The detection limit for quartz and
feldspars are 1%, for calcite is 3% and for other minerals around 5%.
Fig. 2.Magnetostratigraphy and lithologyof the Tashan section based on theGTS12 polarity time
(Xiao et al., 2012). (For interpretation of the references to color in this figure, the reader is refe
Major elements analysis of the bulk samples and clay fractions were
measured by X-Ray Fluorescence (XRF) using the PANAlytical equip-
ment on carbonate-free bulk particles. Organic matter and calcite
were removed using 10% H2O2 and 1% CH3COOH, respectively, in
order to purify granule silicate particles. About 100 mg of pre-treated
sediments were heated at 600 °C to obtain the loss on ignition (LOI),
and then were dissolved using a mixture of HNO3 + HF on a hot plate.
The eluted sample was diluted with 2% HNO3 for the major-element
measurement. Replicate analyses of selected samples gave a precision
of ±2% (2σ) for bulk particles.

The log-ratio transform developed by Aitchison (1982) was used for
compositional data in this study. Statistical analysis of the results
scale (Gradstein et al., 2012). Thedepth of the TS section is the same as thedepths given by
rred to the web version of this article.)



Fig. 3.Vertical variations of a) grain size concentration, b)Median grain size (MGS), the color parameters c) a*, d) b* and e) L*, and f)mineral compositions (Vol. %) for bulk samples from heXining Basin. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

35
C.Zhang

etal./G
lobaland

Planetary
Change

128
(2015)

31
–46
t



Fig. 4. Variation of a) clay mineral compositions (%), b) IC, c) Ch/I and d) (I/S + Kao)/Ch for the clay-fraction samples in the Tashan section. Illite crystallinity (IC) refers to a half height width of the 10 Å peak. Ch: Chlorite, I: Illite; I/S: irregular mixed-
layers of illite and smectite; and Kao: Kaolinite.
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Pearson's correlation coefficient analysis was performed with the com-
mercial statistics software package SPSS version 13.0 for Windows. All
laboratory measurements were performed at the Laboratory of Soil
Geology and Environment, Institute of Geology andGeophysics, Chinese
Academy of Sciences.

4. Results

4.1. Sedimentary properties and bulk mineralogy

The variations of grain size concentration, color reflectance, and
mineral concentration are shown in Fig. 3. The concentration of silt is
predominant and the concentration of clay is near constant throughout
the whole section (Fig. 3a). A two-stage change is found as the overall
pattern of above records (e.g. Unit I from 185–140 m and Unit II from
140–30m). InUnit I (ca. ~22.1–21.7 and 20.0–19.7Ma), high concentra-
tions of sand andMGS values of N 100 μmare present at depths of ~160–
145 m, which corresponds to sandstone layers. The average MGS value
for the remaining parts of the section is 10.2 μm and no obvious trend is
found in grain size concentration (Fig. 3a) and MGS (Fig. 3b). The color
reflectance parameters (L*, a* and b*) of Unit I have approximately
constant values with average values of 60.46, 8.82 and 26.23, respec-
tively. There are, however, noticeable excursions at sandstone layers,
especially at ~160 m depth (ca. 20.0/21.7 Ma) (Fig. 3c–e). In Unit II
(ca. 19.7–16.5 Ma), the proxies exhibit an upward persistent increase
in L* and a persistent decrease in a* and b*, though superimposed
small fluctuations are evident (Fig. 3); the average values of L*, a*, b*
and MGS are 64.7, 6.8, 25.0 and 11.1 μm, respectively. The highest
value of L* and the lowest values of a* and b* all occur at the abrupt
grayish green clayey siltstone belt at ~45 m depth (ca. 17.0 Ma).

X-ray diffraction analyses of the bulk rock samples indicate that
the main mineral constituents are gypsum, calcite, dolomite, quartz,
feldspar (K-feldspar and plagioclase), and phyllosilicate (e.g., illite and
chlorite) with little halite. As shown in Fig. 3f, gypsum is present in
the Xiejia and Chetougou Formations, but is absent in the Xianshuihe
Formation. Dolomite and calcite are the main carbonate minerals in
the studied section and dolomite concentrations are less than calcite
concentrations at 60–185 m depth (the age of 17.4–22.1 Ma). Calcite
disappears and dolomite is abundant at 30–50 m (ages of 16.5–
17.1 Ma) (Fig. 3f). Quartz and feldspar are the most common detrital
minerals and are present in all formations (Fig. 3f). The allogenic detrital
rock content, which normally includes quartz and feldspar, is not signif-
icantly correlated with gypsum (r = 0.03, p = 0.86) or dolomite
(r = −0.02, p = 0.89). This suggests that gypsum and dolomite are
authigenic minerals. In this study, lightness, L*, has a significant positive
correlation with dolomite (r = 0.61, p b 0.0001) and negative correla-
tion with calcite (r = −0.53, p = 0.002).

4.2. Clay mineralogy

Fourmain clay minerals (I/S, kaolinite, chlorite and illite) are identi-
fied by X-ray diffraction analyses on the clay fractions (b2 μm). Illite is
the dominant clay mineral with an average of 77.9%. Chlorite has lesser
abundance with an average of 11.3% and I/S is variable with an average
of 6.6%. The concentration of kaolinite is generally low, with an average
of 4.2%. The IC values are all in the range of 0.25–0.77with an average of
0.38.

The variations of the clay minerals assemblages, IC, and the ratios of
Chlorite/Illite (Ch/I) and (I/S+ Kaolinite)/Chlorite ((I/S + Kao)/Ch) are
shown in Fig. 4, and the same two-stage change is also present in
the overall pattern of clay minerals. In Unit I (ca. ~22.1–21.7 and 20.0–
19.7 Ma), the median concentrations of clay minerals display the
following order (Fig. 3a): illite (75.7%) N I/S (11.3%) N chlorite
(8.1%) N kaolinite (4.4%). In Unit II (ca. 19.7–16.5 Ma), concentrations
of clay minerals display much smaller fluctuations, the median
values have the following order (Fig. 3a): illite (77.2%) N chlorite
(12.9%) N kaolinite (4.2%) N I/S (2.7%). Unit I has much higher IC values
(N0.4), lower Ch/I ratios and higher (I/S + Kao)/Ch ratios with more
obvious fluctuations than in Unit II (Fig. 3b–d).

4.3. Geochemical properties of bulk and clay-fraction samples

The bulk carbonate-free sediments and clay-fractions in all forma-
tions are characterized by high SiO2, Al2O3 and Fe2O3 content and low
concentrations of CaO, Na2O, P2O5, TiO2 andMnO (Table 1). By compar-
ing bulk to clay-fraction major element compositions, it is found that
clay-fraction sediments contain higher Al2O3, Fe2O3, MgO, K2O and
MnO, and lower SiO2 and Na2O than bulk sediments (Table 1).

The chemical mobility of major elements is usually identified and
evaluated by using elemental ratios calculated with respect to Al. The
ratio of the content of element X and Al2O3 in sediments divided by
the ratio of the same element content of upper continental crust
(UCC) (Taylor and McLennan, 1985) gives the following elemental
ratio (Singh et al., 2005):

Elemental ratio Xð Þ ¼ X=Al2O3 sedimentsð Þ½ �= X=Al2O3 UCCð Þ½ �:

The elemental ratio refers to the relative enrichment or depletion of
the elementX duringweathering (i.e., N1 indicates enrichment, b1 indi-
cates depletion, and 1 indicates no change in the relative abundance of
the element). The ranges and average values of major elemental ratios
are shown in Fig. 5. The SiO2 content is depleted in the clay-fraction sed-
iments, but no change is obvious in the bulk sediments (Fig. 5), which
suggests that moderate chemical weathering processes occurred in
this section. Alkaline element Ca and alkali elements Na and K have an
extreme depletion with respect to the upper crust, which may arise
from the chemical weathering of calcite and feldspar. The chemical mo-
bility of Ti, Mn, and Fe is mostly stable. Al is used to calculate the ele-
mental ratio, so the results cannot evaluate the chemical mobility of
Al. Ti in the bulk sediments is moderately enriched, and Fe in the bulk
and clay-fraction sediments is enriched, however,Mn is clearly depleted
in the bulk and clay-fraction sediments. Enrichment of Fe2O3 during the
formation of clay minerals suggests that, along with the strengthening
of chemical weathering, Fe is easily enriched in weathering products
that form red soils, which are widely distributed in the Xining Basin.
The enrichment of MgO in clayminerals is consistent with the presence
of illite in Xining Basin.

All main elements from the bulk samples and clay-fractions are plot-
ted on variation diagrams using Al2O3 along the x axis (Fig. 6), and data
for UCC from Taylor and McLennan (1985) are plotted for reference.
Bulk sediments have stronger correlations and wider Al variations
than the clay-fractions. Relatively strong negative correlations between
Al2O3 and SiO2 and Na2O indicate that, along with an increase of Al2O3

(Fig. 6a, b; i.e. during the formation of Al-rich clayminerals), Si-richma-
terials reduce gradually, and the concentration of mobile alkaline ele-
ments (the most leachable element being Na) decrease accordingly.
Diagrams of Al2O3 versus MgO, K2O, Fe2O3 and MnO display moderate
to strong positive correlations in the bulk sediments (Fig. 6c–f), which
indicates enrichment of the elements Fe, K, Mg andMn in clay fractions
during chemical weathering of sediments. Diagrams of Al2O3 versus
CaO, TiO2 and P2O5 display a dispersed pattern indicative of weak to
no relationships (Fig. 6g–i).

Previous studies indicate that the ratios of a group of mobile oxides
to one or more immobile oxide are sensitive indices of the degree of
chemical weathering (Song et al., 2013; White et al., 1999). During
chemical weathering, plagioclase is more preferentially removed than
K-feldspars and part of the K is tightly bound in the illite clay lattice,
which makes K less mobile than Na in the weathering process. In re-
sponse to advanced chemical weathering, the ratio of Na2O/K2O (Na/K)
decreases as a result of rapid loss of Na, and Na2O/Al2O3 (Na/Al)
decreases due to the enrichment of Al2O3 (Clift et al., 2008; Nesbitt
et al., 1996).



Table 1
Major element compositions (%) of the bulk and clay-fraction (b2 μm) samples from the Tashan section in Xining Basin.

Sample ID Depth
(m)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O P2O5 TiO2 MnO LOI Total

Bulk sediments
07TS-180 30.0 62.6 14.73 6.78 0.84 4.15 2.93 1.51 0.24 0.89 0.05 6.69 101.56
07TS-185 35.0 52.08 15.31 6.69 3.99 5.91 3.24 1.03 0.15 0.71 0.06 12.39 101.82
07TS-190 40.0 60.36 15.99 6.8 0.79 3.66 3.35 1.28 0.16 0.83 0.04 6.11 99.55
07TS-200 50.0 66.57 13.83 5.43 0.77 2.66 2.72 1.9 0.27 0.84 0.04 5.12 100.33
07TS-205 55.0 57.57 17.39 7.5 0.67 3.77 3.68 1.27 0.20 0.80 0.07 6.05 99.14
07TS-210 60.0 58.59 17.48 7.47 0.67 3.8 3.67 1.34 0.24 0.81 0.08 7.08 101.43
07TS-215 65.0 61.81 14.92 6.92 0.98 3.71 2.85 1.61 0.21 0.87 0.06 5.75 99.85
07TS-220 70.0 56.56 17.63 7.73 0.64 4.34 3.76 1.16 0.15 0.82 0.08 7.97 101.02
07TS-225 75.0 58.37 17.5 7.45 0.6 4.18 3.71 1.21 0.17 0.79 0.08 7.78 102.03
07TS-230 80.0 61.43 16.22 6.65 0.65 3.60 3.4 1.51 0.21 0.81 0.07 6.53 101.24
07TS-235 85.0 57.6 17.84 7.68 0.66 3.95 3.73 1.23 0.18 0.81 0.08 7.64 101.56
07TS-240 90.0 58.39 16.63 7.08 1.34 3.92 3.48 1.36 0.18 0.80 0.07 7.33 100.80
07TS-245 95.0 54.28 17.62 7.49 1.75 4.23 3.76 1.13 0.16 0.74 0.08 7.72 99.18
07TS-250 100.0 57.06 17.97 7.5 0.7 4.06 3.78 1.12 0.19 0.77 0.07 6.77 100.16
07TS-255 105.0 57.74 17.46 7.44 0.8 4.18 3.76 1.29 0.20 0.79 0.08 7.49 101.43
07TS-260 110.0 60.27 16.11 6.91 0.86 3.63 3.37 1.38 0.14 0.82 0.06 5.59 99.36
07TS-265 115.0 55.1 18.51 7.94 0.62 4.33 3.92 1.14 0.20 0.80 0.08 7.30 100.11
07TS-270 120.0 54.06 19.28 8.47 0.71 4.19 4.1 0.98 0.22 0.77 0.09 6.85 99.95
07TS-272 122.0 50.98 20.21 8.91 0.68 4.36 4.43 0.75 0.15 0.78 0.09 9.55 101.08
07TS-280 130.0 54.39 18.96 8.13 0.7 4.6 4.05 1.01 0.18 0.78 0.10 8.00 101.04
07TS-285 135.0 57.00 18.13 7.64 0.71 4.17 3.74 1.25 0.17 0.77 0.10 4.96 98.80
07TS-290 140.0 65.46 14.78 6.02 0.9 2.94 2.95 1.67 0.16 0.78 0.05 8.19 104.05
07TS-295 145.0 57.76 17.54 7.35 0.84 3.82 3.55 1.19 0.19 0.78 0.07 8.73 102.00
07TS-300 150.0 64.33 14.67 5.93 0.74 3.15 3.00 1.55 0.19 0.75 0.05 5.83 100.36
07TS-305 155.0 51.89 16.96 6.98 3.53 3.7 3.44 0.99 0.16 0.71 0.06 10.34 98.94
07TS-310 160.0 64.71 15.23 6.01 0.72 3.09 3.02 1.71 0.16 0.83 0.05 5.20 100.92
07TS-315 165.0 61.76 15.67 6.18 1.24 2.88 2.97 1.57 0.18 0.79 0.05 5.25 98.73
07TS-300 150.0 64.33 14.67 5.93 0.74 3.15 3.00 1.55 0.19 0.75 0.05 5.83 100.36
07TS-305 155.0 51.89 16.96 6.98 3.53 3.70 3.44 0.99 0.16 0.71 0.06 10.34 98.94
07TS-310 160.0 64.71 15.23 6.01 0.72 3.09 3.02 1.71 0.16 0.83 0.05 5.20 100.92
07TS-315 165.0 61.76 15.67 6.18 1.24 2.88 2.97 1.57 0.18 0.79 0.05 5.25 98.73
07TS-320 170.0 57.16 17.82 7.24 0.97 3.52 3.56 1.2 0.16 0.77 0.08 8.19 100.89
07TS-326 176.0 55.72 18.93 7.92 0.73 3.91 3.93 1.01 0.12 0.77 0.07 6.84 100.12
07TS-330 180.0 73.01 11.54 3.79 0.67 1.66 2.79 1.45 0.11 0.49 0.05 3.00 98.72
07TS-335 185.0 53.12 19.14 8.24 1.11 3.91 4.04 0.88 0.17 0.75 0.07 9.60 101.21

Clay-fractions
07TS-180 30.0 49.35 18.92 9.83 0.62 6.28 4.10 0.39 0.08 0.90 0.06 8.79 99.53
07TS-185 35.0 48.80 19.12 8.91 1.88 5.70 4.18 0.47 0.07 0.75 0.07 9.70 99.83
07TS-190 40.0 50.79 19.77 9.23 1.01 5.20 4.20 0.51 0.15 0.86 0.08 9.35 101.35
07TS-200 50.0 50.53 21.39 9.19 0.92 4.64 4.65 0.51 0.17 0.73 0.09 8.95 101.95
07TS-205 55.0 48.84 21.09 9.66 0.74 4.98 4.76 0.56 0.23 0.80 0.09 7.56 99.51
07TS-215 60.0 49.62 20.20 10.03 0.86 5.34 4.22 0.56 0.13 0.90 0.09 8.04 100.16
07TS-220 65.0 48.96 21.01 9.35 0.70 5.49 4.75 0.55 0.13 0.85 0.10 7.73 99.85
07TS-230 70.0 48.84 21.24 9.37 0.72 5.32 4.85 0.59 0.18 0.81 0.10 7.49 99.68
07TS-235 80.0 50.16 22.06 9.65 0.76 5.13 4.76 0.58 0.15 0.82 0.10 7.68 102.02
07TS-240 85.0 48.71 20.54 9.45 0.87 5.36 4.38 0.52 0.15 0.77 0.09 8.06 99.14
07TS-255 90.0 49.11 21.14 9.10 0.81 5.18 4.67 0.55 0.14 0.77 0.09 7.68 99.43
07TS-272 105.0 48.81 21.47 9.34 0.79 4.58 4.72 0.58 0.18 0.79 0.09 7.23 98.75
07TS-280 122.0 48.72 21.42 9.18 0.84 5.36 4.68 0.61 0.20 0.77 0.11 7.74 99.78
07TS-283 130.0 49.94 21.17 9.27 1.29 5.14 4.53 0.56 0.19 0.72 0.12 8.32 101.43
07TS-290 133.0 49.86 21.16 9.66 1.01 4.86 4.35 0.46 0.15 0.71 0.08 8.17 100.65
07TS-292 140.0 50.80 21.49 9.05 0.84 4.53 4.50 0.56 0.10 0.76 0.08 8.57 101.47
07TS-297 142.0 49.55 21.45 9.18 0.94 4.72 4.64 0.57 0.18 0.77 0.09 7.94 100.20
07TS-310 147.0 49.13 21.14 9.31 0.84 5.16 4.49 0.47 0.15 0.73 0.09 8.39 100.10
07TS-312 162.0 49.24 21.04 9.15 0.79 4.96 4.51 0.54 0.13 0.77 0.08 8.61 100.06
07TS-315 165.0 49.81 21.18 9.39 1.04 4.48 4.40 0.49 0.16 0.70 0.08 8.86 100.86
07TS-320 170.0 49.84 21.41 8.99 1.04 4.52 4.54 0.49 0.17 0.70 0.08 7.82 99.78
07TS-323 173.0 49.29 21.62 8.78 0.83 4.73 4.79 0.61 0.15 0.78 0.08 7.78 99.57
07TS-328 178.0 49.42 21.44 9.00 0.83 4.66 4.64 0.56 0.13 0.77 0.08 7.85 99.56
07TS-333 183.0 49.04 20.99 8.97 0.80 4.56 4.64 0.55 0.13 0.75 0.08 7.55 98.31
07TS-335 185.0 50.65 21.63 9.31 0.96 4.47 4.70 0.54 0.17 0.74 0.08 7.24 100.66
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The chemical index of alteration (CIA) was used as a method of
quantify the degree of weathering in the source regions (Nesbitt and
Young, 1982). A modified version of chemical index of weathering
(CIW′, (Clift et al., 2008; Cullers, 2000))was also used to quantify source
weathering of carbonate-bearing siliciclastic rocks. The formulae are as
follows:

CIA ¼ ½Al2O3= Al2O3 þ CaO � þNa2Oþ K2Oð � � 100
CIW0 ¼ ½Al2O3= Al2O3 þ Na2Oð � � 100:

In these formulae, major elements are in molecular ratios. CaO⁎

represents the Ca associated with the silicate fraction of the sample.
The analyzed values of CaO can be used to calculate the CIA directly, be-
cause calcium carbonatewas removed from all samples during prepara-
tion. Alkali and alkaline elements such as Na, K and Ca are leached



Fig. 5. Elemental ratios of a) bulk and b) clay-fraction samples in the Tashan section normalized to UCC. Red solid line and dashed line are calculated from average major elements con-
centration of bulk and clay-fraction, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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gradually with the progress of chemical weathering and values of CIA
increase accordingly. Due to the presence of gypsum and dolomite in
the TS section (Fig. 3), the CaO content in the studied samples is gener-
ally unstable (Table 1, Fig. 5). The samples that have a higher content of
CaO may induce misleading conclusions when the CIA is used as an in-
dicator of the degree of weathering (Cullers, 2000). Therefore, the CIW′

is mainly used to indicate the general chemical weathering degree in
source regions.

As shown in Fig. 7, the variations of Na/K and Na/Al ratios are consis-
tent with each other and indicate an opposite pattern compared with
the trend of the CIA and CIW′. The two-stage change is found in the
overall pattern of the studied sediments (Fig. 7), which is same as the
sedimentary and clay minerals characteristics in Figs. 3 and 4. In Unit I
(ca. 22.1–21.7 and 20.0–19.7 Ma), bulk sediments have higher Na/K
and Na/Al values and lower CIA and CIW′ values with stronger fluctua-
tions than in Unit II (ca. 19.7–16.5 Ma) (Fig. 7a–d), which indicates
weaker chemical weathering in Unit I. The clay-fractions, however,
show clear opposite trend (Fig. 7e–h), which suggests much stronger
chemical weathering in Unit II. In Unit II (ca. 19.7–16.5Ma), the proxies
exhibit an upward increase in Na/K and Na/Al and a decrease in CIA and
CIW′ in the bulk sediments, but not the clay-fractions. The obvious dif-
ferences between bulk and clay fraction results will be discussed below.

5. Discussions

5.1. Sedimentary facies and evaporites

Sedimentary characteristics indicate that silt is the dominant grain
size fraction, but with some coarse-grained concentrations (Fig. 3),
which is consistent with the main lithological facies of reddish mud-
stone with four sandstone layers (Fig. 2). Coarse grains of sandstone
layers are normally transported and agitated by strong water flow
and the presence of sandstone layers likely represent a fluvial deposi-
tional environment (Chester, 1968; Folk, 1966; Folk and Ward, 1957).
Previous studies have shown that the red mudstones in the Xining
basin are indicative of a distal alluvial fan environment (Dupont-Nivet
et al., 2007; Xiao et al., 2010b). Therefore, depositional environments
in the Xining basin during periods of 22.1–21.7 and 20.0–19.7 Ma, ex-
cept the hiatus at ~20.0–21.7 Ma, mainly represent a distal alluvial fan
environment with at least four interpositions of fluvial environments.
A distal alluvial fan environment is also predominant during the period
of 19.5–16.5 Ma.

Noticeable, authigenicminerals gypsum and dolomite are present in
studied section (Fig. 3f). Both of these are typical evaporates and can be
key environmental indicators. Previous studies found that the formation
of evaporates is influenced by water salinity and/or depositional envi-
ronments (Eugster and Hardie, 1978). Evaporates are formed in a pro-
gressive sequence from carbonates (e.g. calcite, aragonite, dolomite),
to sulfates (e.g. gypsum) to halite with the increasing salinity (Eugster
and Hardie, 1978). The same sequence of evaporate formation can
also occur as the depositional environment changes from mudflat-
shore lake facies to shallow-lake facies to deep-lake facies (Eugster
and Hardie, 1978; Gu et al., 1998). Analysis of water soluble salts in
the Xining basin indicate that the formation of evaporates was mainly
controlled by changes in sedimentary facies and not the salinity change
caused by the shrinking of an inland lake (Liu et al., 2014). Therefore,
the occurrences and changes of gypsum and dolomite in the Xining
basin are more sensitive to the changes of depositional environment.
While the massive gypsum layers represent a playa lake environment
(Dupont-Nivet et al., 2007), some gypsum crystals in mudstone layers
cannot be regarded as indicative of such a depositional environment.
Combining the sedimentary facies analysis and the presence of gypsum
crystals in the studied section (Fig. 3f), notably in Unit I, possibly sug-
gests flood events under an arid climate. In addition, the up-section
shift from dominantly gypsum to dominantly dolomite, especially in
Unit II (Fig. 3f), may indicate a change in the sedimentary facies of a
distal alluvial fan from a subfluvial to a subaerial environment under
an arid climate.



Fig. 6. Bi-plots of major elements from the bulk and clay-fraction samples from the Tashan section. UCC (upper continental crust) data are from Taylor and McLennan (1985).

40 C. Zhang et al. / Global and Planetary Change 128 (2015) 31–46
5.2. Late early Miocene climate changes in the Xining Basin

As discussed in above section, the main sedimentary facies in the
studied section during 22.1–16.5 Ma is a distal alluvial fan environment
with at least four interspersions of fluvial depositional environments. To
highlight climate variability as recorded in this basin, the variations of
typical sedimentary, mineralogy and geochemical parameters of bulk
sediments and clay-fraction and sedimentation rate are shown together
in Fig. 8. Twomajor climatic episodes are easily identified in the early to
middle Miocene sedimentary sequence of the studied section in the Xi-
ning Basin (Fig. 8).

The first major climatic episode (Unit I: ca. 22.1–21.7 and 20.0–
19.7Ma) has distinctive sedimentary color, MGS, chemical elements ra-
tios, chemical weathering index and claymineralogy. As shown in Fig. 8,
sediments from ~20.0–21.7 Ma are missing in this section (Xiao et al.,
2012). In Unit I, a*/L* ratio (Fig. 8b) and (I/S + Kao)/Ch ratio (Fig. 8c)
both are characterized by higher values than Unit II. Normally, I/S and
kaolinite are formed in warm humid to hot wet climate conditions,
while illite and chlorite are formed in cold and dry condition and chlo-
rite is much more sensitive to climate change (Chamley, 1989). The
catchment basement rocks are gray staurolite-mica schist and tarnet-
biotite schist and Early Palaeozoic fine- tomedium-grained granodiorite
(Zhang and Cunningham, 2013), normally, the main clay mineral of
these rocks is illite under physical weathering (Chamley, 1989). Illite
is the dominant clay minerals in the TS section, which indicates mainly
dry conditions in this area. Therefore, the higher (I/S + Kao)/Ch values
mostly suggest a relative warm and humid conditions superimposed on
a generally arid climate. Lightness, L*, is interpreted as variation in car-
bonate content with higher lightness values indicating drier climates
(Balsam and Deaton, 1991; Chen et al., 2002); the higher a*/L* values
generally indicate a wetter and warmer climate with a high degree of
oxidation (Guo et al., 2008). CIW′ of the clay-fractions have higher
values in Unit I than Unit II (Fig. 8d), which indicates relatively stronger
chemical weathering during this period. All these observations strongly
suggest relatively warm and humid conditions under a generally arid
climate in Xining basin during the early Miocene episode (22.1–21.7
and 20.0–19.5 Ma). This is also supported by the previous fossil wood
studies on the Chetougou Formation from the Xiejia section in Xining
Basin (Chen et al., 2009). The original burial of fossilized wood, which
was considered to be adult trees growing near the bank of river and
formed the basis of a well-established plant community, suggests a rel-
ative warm and humid conditions during generally arid climate.

The geochemical proxies of the bulk samples, however, do not fit
with hypothesis of warm and humid conditions. The CIW′ of the bulk
sediments is inconsistent with other parameters, particularly in Unit I,
where the Na/K and Na/Al ratios are characterized by higher average
values and CIA and CIW′ are characterized by lower average values
(Fig. 7a–d). All of the above observations indicate a weak degree of
chemical weathering, which is indicative of cold and dry conditions.
Such contradictory evidence may be caused by the lithological changes,



Fig. 7. Variations of Na/K and Na/Al ratios and the chemical weathering indices (CIA and CIW′) in vertical profiles for bulk (a–d) and clay-fraction (e–h) samples from the Tashan section.
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that is, the presence of sandstone. As shown in Fig. 3, high MGS values
(N100 μm) all correspond to sandstone layers. Previous studies demon-
strated that sandstone can have much higher elemental concentrations
with respect to Al2O3 and much lower CIA and CIW′ values and such
geochemical proxies of sandstone can be misleading for the degree of
chemical weathering (Cullers, 2000). Therefore, due to the presence of
sandstone layers, geochemical records of bulk samples in studied Unit
I are not likely to be reliable climate proxies for this period.

The second climatic episode (Unit II: ca. 19.7–16.5 Ma) displays an
upward increase of dolomite concentration, L*, Na/K and Na/Al ratios,
but a decrease of a*/L* and CIA values (Figs. 3, 7). In terms of clay
minerals, abundant chlorite is common under cool or dry conditions



Fig. 8. Variations of a) MGS, b) a*/L*, c) (I/S + Kao)/Ch, d) CIW′ (clay-fraction) and e) Sedimentary rate from Xiao et al. (2012).
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Fig. 9.Variations of a) (I/S+Kao)/(Ch) ratio from the Tashan section, b) a*/L* from theQA-I section (Guo et al., 2008), c) humidity index from the Sikouzi section (Jiang andDing, 2008;Wang et al., 2011), d) δ18O (‰, PDB) (marine oxygen isotope) and
atmospheric CO2 data (Zachos et al., 2001, 2008) on the same time scale. Shaded area covers the period of the arid condition in central western China.
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(Chamley, 1989). In Unit II, the claymineral assemblage is characterized
by the highest average chlorite content and lowest average I/S content
in the whole sedimentary sequences (Fig. 4). The (I/S + Kao)/Ch ratios
are lower and near constant, which suggests cool or dry conditions
during ca. 19.7–16.5 Ma. Unit II has much lower IC values than Unit I
(Fig. 4b), which, according to Chamley (1989), represents higher
crystallinity and is characteristic of weak hydrolysis in continental
sources and dry and cold climate conditions. The MGS values are
lower (about 10 μm) with no obvious upward trend (Figs. 8a), which
corresponds to the uniform lithological characteristics (siltstone) in
the studied Unit II under a distal alluvial fan environment (Fig. 2). The
high dolomite and calcite concentrations and their slight increases all
reflect increasing salinity under a subaerial distal alluvial fan environ-
ment responding to a gradual drying of the Xining Basin before the
late early Miocene. The change in sediment color provides additional
evidence, because the a*/L* ratio exhibits an upward increasing trend
between 19.7 Ma and 16.5 Ma (Fig. 8b), which suggests a gradual
reduction of chemical weathering, possibly in response to drying
conditions in the Xining Basin during this period.

5.3. Driving mechanism of aridification since the late early Miocene

To obtain a better understanding of the early Miocene climate
changes in inner Asia, in Fig. 9 we compare our record (part a)
with continental records from central northwestern China monsoon-
sensitive regions (b (Guo et al., 2008) and c (Jiang and Ding, 2008;
Wang et al., 2011)) and the marine oxygen isotope records (d) and
atmospheric CO2 levels (e) (Zachos et al., 2001, 2008). The indication
of warm and humid conditions imposed on a generally arid climate
during ca. ~22.1–19.7 Ma and the arid conditions during ca. ~19.7–
16.5 Ma deduced from the TS section in Xining Basin (Fig. 9a) is also
supported by other climatic records from Chinese Loess Plateau
(Fig. 9b) and the east side of Liupan Mountains (Fig. 9c). The Miocene
color record (a*/L*) from bulk sediments in the QA-I section (location
shown in Fig. 1) exhibits a characteristic upward decreasing trend
(Fig. 9b), which was demonstrated to be a response to warm humid
conditions during early Miocene and a gradual aridification after
~19.7 Ma. The pollen record from the Sikouzi section in Guyuan
(location shown in Fig. 1) (Jiang and Ding, 2008) is shown in Fig. 9c
using the adjusted age scale of Wang et al. (2011). The humidity index
from this record indicates a humid period during the early Miocene
and a gradual drying trend since ~19.7 Ma. Moreover, the palynology
of the Maogou section in the nearby Linxia Basin (location shown in
Fig. 1) indicated that the climate changed from warm and humid
conditions during ~21.8–18.6 Ma to a long-term drying during ~18.6–
13.0 Ma (Ma et al., 1998).

The observation of relatively warm and humid conditions under an
arid climate during the early Miocene and an arid condition since
~19.7 Ma raises the question of the mechanisms involved. The warm
and humid climate by the earlyMiocene has been regarded as the initial
reorganization of East Asia monsoon system (Guo et al., 2002, 2008).
Based on analysis of the above sections, the relatively warm and
humid conditions were widespread in the northeastern margin of the
Tibetan Plateau and Loess Plateau during ~22–19.7 Ma, which indicates
that the Asia summer monsoon had influenced the Xining area by the
early Miocene. In addition, arid conditions prevailed in these regions
since ~19.7 Ma. Global and regional factors have been thought to con-
tribute to the long-term drying of the Asia interior and include global
cooling (Dupont-Nivet et al., 2007; Liu and Ding, 1998; Miao et al.,
2012), the retreat of Para-Tethys Sea in middle Asia (Ramstein et al.,
1997; Zhang et al., 2007), and uplift of the Tibetan Plateau (An et al.,
2001; Manabe and Terpstra, 1974; Ruddiman and Kutzbach, 1989).

Global deep-sea δ18O isotope records (Fig. 9d) and atmospheric CO2

levels (Fig. 9e) indicate that the early Miocene climate was stable and
warm, particularly at ca. ~22–15 Ma (Miller et al., 2005; Zachos et al.,
2001, 2008). Fossil mammal data also demonstrate that the early
Miocene climate was humid in both Eurasia and North America with
an estimated precipitation of N1000 mm/yr in most areas (Eronen
et al., 2012), except for central western China, Iberian Peninsula
and the eastern Europe/eastern Mediterranean area with estimated
precipitations of 300–700 mm/yr (Eronen et al., 2010). Comparisons
of climate proxies with the global records indicate that the changes in
clay minerals, color and pollen indices suggest a relatively warm and
humid climate similar to that of the global warm phase during ~22–
19.7 Ma. The arid conditions in central western China since ~19.7 Ma,
however, are not present in global records (Fig. 9). This suggests that
global climate changes may not have been a significant factor in the
gradual drying of the Asian interior since ~19.7 Ma. On the other
hand, recent studies have suggested that the retreat of the Para-Tethys
Sea from Central Asia occurred in the Eocene (Sun and Jiang, 2013) with
the largest retreat to the western part of middle Asia in the late Eocene
(Bosboom et al., 2011, 2014). The retreat of the Para-Tethys Sea is there-
fore not likely to exert a significant influence on moisture in our study
region since ~19.7 Ma. Therefore, the uplift of the Tibetan Plateau is the
most likely candidate for driving central Asian aridification.

The sedimentary sequence of the TS section has an unconformity at
~160 m between the Xiejia and the Chetougou Formations, which is
characterized by a sharp angular erosional contact between siltstone
and sandstone layers (Fig. 2). Detailed magnetostratigraphic results
indicate that two pulses of high sedimentary rates occurred before
and after this unconformity (Fig. 8e), and the sediments of ~20.0–
21.7 Ma are missing (Xiao et al., 2012). A thermochronological study
by Lease et al. (2011) found that accelerated exhumation of the
Laji Shan range, present at the southern edges of the Xining Basin
(Fig. 1b), began at ~22 Ma. Strata from the Hualong section in the
Xunhua Basin, which is located a few kilometers south of the Laji Shan
range, indicates increased accumulation rates and coarsening upward
lithologies interpreted as a response to increased flexural loading of
the south-verging Laji Shan thrusting in a prograding foreland basin
setting during the same interval (Lease et al., 2012). Xiao et al. (2012)
directly related the unstable period of sediment accumulation in the
TS section to the coeval exhumation of the Laji Shan range. Long term
accumulation rates and detritalmagnetite significantly increased during
~20–16Ma,whichwas explained as the growthof Laji Shan (Lease et al.,
2011; Xiao et al., 2012). During the early Miocene, evidence for signifi-
cant exhumation and deformation of the Himalayan–Tibetan Plateau
is widespread and includes the accelerated erosion in Qilian Shan at
ca. 20 Ma (George et al., 2001), the exhumation and deformation in
the Tian Shan, Altyn Tagh, Western and Eastern Kunlun regions at ca.
25–20 Ma (Jolivet et al., 2001; Sobel et al., 2006), and the unconformity
in Hoh Xil Basin at ca. ~23 Ma (Wang et al., 2008). Wang et al. (2012)
suggested a pulse of rapid exhumation at 30–25 Ma in eastern Tibet.
All of these provide broad support to the episodic, but persistent tecton-
ic uplift of the NE Tibetan Plateau during the early Miocene. Numerical
simulations demonstrated that the uplift of the main body, especially
the northern part of the Tibetan Plateau would remarkably enlarge the
area of Asian inland aridity (Liu and Dong, 2013). Therefore, the uplift
of the NE Tibetan Plateau during the early Miocene may have acted as
an extending and rising barrier to block moisture input and play a
main role in driving aridification of the Xining Basin region since the
late early Miocene.

6. Conclusions

An early Miocene sedimentary sequence from the Xining Basin at
the northeastern margin of Tibetan Plateau was studied in this paper.
Sedimentary, mineralogy and geochemical proxies of the 22.1–
16.5 Ma portion indicated that the sedimentary facies of a distal alluvial
fan changed from a subfluvial to subaerial environment under an arid
climate and that the Xining Basin experienced a warm and humid
condition under an arid background climate during ~22.1–19.7 Ma
with increasing aridity since ca. 19.7 Ma. Through a comprehensive
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comparison among records from centralwestern China, the aridification
since ca. 19.7 Ma is widespread in northeastern margin of Tibetan
Plateau. The climate changes in inner Asia are different to global climate
changes at this time,which indicates that neither global climate changes
nor the retreat of the Para-Tethys Sea were major factors influencing
inner Asia aridification. The persistent tectonic uplift of the north and
northeastern Tibetan Plateau during the early Miocene likely played
the dominant role in the aridification of the Xining Basin.
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