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a b s t r a c t

The desertification history of inland Asia provides most direct evidence for Asian drying history, but the
formation ages of the most Asian deserts are not clear due to the lack of outcrops. The Tengger Desert,
one of the main proximal deserts of the Chinese Loess Plateau (CLP), is of special paleoclimatic signifi-
cances for its dust emission and environmental affection. Here, we report lithofacies, paleomagnetic ages
and paleoenvironmental proxy indexes of the first drill core (WEDP01) from the central Tengger Desert.
Paleomagnetism measurements reveal that the core spans from w3.55 Ma to present, consistent with
the electron spin resonance (ESR) dating results. The strata of the central desert consist of alluvialefluvial
deposits, lacustrineefluvial deposits mixed with dust, and eolian sand from bottom to top. Sedimentary
analysis reveals that continuous eolian sand started by w0.9 Ma, marking the initial formation of the
Tengger Desert; and the domination of eolian sand in the strata with similar characters of the modern
desert appeared by w0.68 Ma, indicating expansion of the Tengger Desert. The proximal deserts for-
mation and simultaneous increase of dust accumulation in the CLP and the North Pacific Ocean in mid-
Pleistocene demonstrate the role of proximal deserts for the dust loading of Northern China and even
Northern Hemisphere. Our analysis suggests the uplift of Tibetan Plateau in the mid-Pleistocene probably
played the main role for this drying event and desert formation, while global cooling may strength the
arid environment of the proximal deserts.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The aridification in the Asian interior is one of the most pre-
dominant paleoenvironmental events during the Cenozoic. The
loess-red clay sequences in the Chinese Loess Plateau (CLP), prod-
ucts of the Asian aridification, have been used broadly to reveal the
drying history of the Asian interior. Studies on these eolian se-
quences indicate that eolian deposits start to accumulate on the
main CLP since w7e8 Ma (Ding et al., 1998; Sun et al., 1998a,b;
Qiang et al., 2001; Song et al., 2007), indicating possible initiation
timing of Asian aridification. These studies also found stepwise
aridification intensified at 3.6e3.4, 2.8e2.4 and 1.2e0.6 Ma (e.g.
Kukla and An, 1989; Chen et al., 1991, 2001; Guo et al., 2004; An
et al., 2005; Ding et al., 2005; Wang et al., 2007; Wu et al., 2007;
Sun et al., 2008), as signaled by changes in paleoenvironmental
proxy records, such as grain-size, sedimentary accumulation rates,
All rights reserved.
intensity of chemical weathering and paleoecology. Subsequent
works proposed that eolian deposits started to accumulate on the
western CLP as early as 22 Ma (Guo et al., 2002), or 25 Ma (Qiang
et al., 2011), signaling an earlier onset of Asian aridification and
desertification. Although much knowledge has been acquired
based on loess-red clay sequences from the CLP, little is known
about the dust source areas. The most direct evidence for aridifi-
cation and desertification of the Asian interior comes from Asian
deserts themselves (Zhu et al., 1980; Wu, 2009; Sun et al., 2011a).

The deserts in northwestern China were conventionally divided
into distal and proximal deserts according to distance from the CLP
(Liu, 1985; Ding et al., 2000; Wu, 2009). The main distal deserts
include the Taklimakan Desert, the Gurbantunggut Desert, the
Qaidam Basin Desert and the Kumtag Desert; while main proximal
deserts include the Badain Jaran Desert, the Tengger Desert, the Mu
Us Desert, the Ulan Buh Desert and the Hobq Desert (Fig. 1a). A
previous research at Mazartag in the central Taklimakan Desert
suggested that it was formed at 7.2 Ma (Sun et al., 2009), but a
recent study based on new paleomagnetic dating of two parallel
sections indicated that formation of the Taklimakan Desert should
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be about 3.4 Ma (Sun et al., 2011a). A work on the loess record in
Yutian, southern edge of Tarim Basin, dated the bottom age of the
loess section asw0.88 Ma, and showed an abrupt increase of grain-
size and calcium carbonate proportion aroundw0.5 Ma (Fang et al.,
2002a). A more recent 207 m loess drill core in the Pulu area, close
to Yutian, revealed that grain-size stepwise increased atw0.87 and
w0.5 Ma (Zan et al., 2010). These two loess studies may indicate
step-by-step expansion of the Taklimakan Desert aroundw0.9e0.8
and w0.5 Ma.

Relative to the distal Taklimakan Desert, the proximal deserts
are more important in terms of contributing dust to the CLP (e.g.,
Ding et al., 2000; Sun, 2002; Zhang et al., 2003; Sun et al., 2004; Lü
and Sun, 2011), but few studies have been applied to the proximal
deserts due to the lack of outcrops in these deserts. Tengger Desert,
the largest proximal desert directly upwind to the CLP, is regarded
as one of the most important sources for the CLP (Liu, 1985; Liu
et al., 1994; Zhang et al., 1997, 2003; Sun, 2002; Rao et al., 2006;
Chen et al., 2007; Lü and Sun, 2011). However, only few loess se-
quences on the edge of the desert have been examined to investi-
gate desertification history of this area. The bottom age of the
Wuwei loess section suggested that the Tengger Desert has existed
before w0.85 Ma (Guan et al., 2011). In this study, we report
chronology studies of a drill core (WEDP01) in the central Tengger
Desert and explore its implications for the desertification in Asian
interior and the significance of paleoclimate.

2. Geological setting and drilling

The Tengger Desert, located in the southeast of the Alxa Plateau,
is surrounded by the Yabulai Mountains to the north, the Eastern
Qilian Mountains to the southwest, and the Helan Mountains to the
east (Fig. 1b). The modern mean annual precipitation and temper-
ature in this area are 100e200 mm and 7.0e9.7 �C, respectively
(Wu, 2009). The modern Tengger Desert is dominated by WeNNW
winds but influenced by SEeE winds during the summer half year
(Zhang et al., 2008).

The Tengger Desert is covered by dunes in most places, and a
few outcrops of Tertiary and Mesozoic strata appear scatterly in the
desert (Wu, 2009). Stratigraphic surveys in the Tengger desert re-
gion reveal that the Tertiary deposits contain the Chaganbulage
formation and the Ganhegou formation. Paleontological evidence
suggests that the Chaganbulage formation is late Eocene strata
(Wang and Wang, 1997), which consists of fuchsia mudstone and
sandy mudstone in the northeastern and eastern edge of the
Tengger Desert near the Helan Mountains. The Ganhegou forma-
tion, probably deposited in Pliocene based on evidence from the
fossils of Hipparion sp. and Elasmotheriidae indet in the southern
Tengger Desert, were divided into three parts (Cao et al., 1985): the
lower part consists of brownish red sandy mudstone, muddy
sandstone and sandy gravels; the middle part consists of brownish
red sandy mudstone with gray yellow carbonate concretions; and
the upper part consists of brownish red muddy sandstone and
sandy gravels.

More than 400 small lakes are developed in the desert, most of
which are the remnants of Tertiary lakes. Precipitation and spring
water are major water sources of these lakes (Wu, 2009). The
WEDP01 core was drilled near the shore of a salt lake (Chahanchi
Lake), located in the center of the Tengger Desert (38� 2204200 N,
104� 3901700 E) (Fig. 1b).

276 m strata are drilled totally for WEDP01 core, and 171.48 m
drill core (diameter 75 mm) was recovered with a mean core re-
covery rate of 62% (78% between 0 and 147m, 50% between 147 and
276 m) from July to September, 2008. The recovered sediments
consist mostly of clay, silt, and fine sand, whereasmedium to coarse
sand and gravels cannot be collected completely during drilling
because they are unconsolidated and easy to fall out from the
barrel. The beddings of strata are nearly horizontal and the section
contains five sedimentary units from the bottom to the top:

Unit 1: brownish red sandyegravels mudstone interbedded
with gravels layers (201.94e276 m), typical gravels layers
appear at 209.06e217.98 m and 251.78e256.01 m. The micro-
bedding was invisible in the most sandyegravels mudstone.
These lithologic characters are consistent with the lower part of
the Ganhegou formation.
Unit 2: brownish red sand interbedded with muddy sand and
sandy gravels (147e201.94 m), the sandy gravels layers are
located at 176.45e182.38 m and 147e150.83 m. Between 182.38
and 201.94 m and 157.48e176.45 m, the brownish red sand and
muddy sand layers contain carbonate concretions. This unit may
be corresponded to the middle and upper Ganhegou formation.
Unit 3: thin layers of red sandy clay interbedded with thin layers
of sand (147e78.9 m) with the exception of 124.15e129.41 m
where gray gravels dominate.
Unit 4: reddish silty clay interbedded with silt (78.9e48.3 m)
with obvious micro-bedding.
Unit 5: yellow to light yellow sand interbedded with white and
grayegreen carbonate-sand (48.3e0 m). Carbonate concretions
are visible between 28.99 and 48.3 m.
3. Sampling and measurements

3.1. Sampling

The recovered drill core was firstly cut into 2 cm thick slices
perpendicularly to the core axis, and further cut into 2 cm cubes as
paleomagnetic samples. The remaining was collected for powder
sample. Five ESR dating samples were collected from the upper
30 m core with an interval of w5 m and saved in sealed iron tubes.

3.2. Rock magnetism measurement and paleomagnetic
measurements

1196 paleomagnetic samples were selected with an interval of
w10e20 cm, or 2e5 cm in few sand and gravels layers for thermal
demagnetization using a MMTD80 thermal demagnetizer. The
remanent magnetization was measured with a 2G Enterprise 760
Cryogenic Magnetometer. Both the demagnetizer and the magne-
tometer are installed in a shielded roomwith a residual field of less
than 200 nT. 36 pilot specimens with 5e10 m interval were
demagnetized with steps of 30 �C from room temperature to
690 �C, and the rest of the samples were demagnetized with steps
of 30, 40 and 50 �C from room temperature to 600 �C or 690 �C. The
demagnetization results were evaluated using orthogonal projec-
tion (Zijderveld, 1967) diagrams. ChRM directions were calculated
using a principal component analysis (PCA) of least-squares
method (Kirschvink, 1980). All the paleomagnetic data was
analyzed using PMGSC (V4.2) developed by R. Enkin.

37 samples with 5e10 m interval were selected for magnetic
hysteresis and thermomagnetic analysis to determine the magnetic
carriers of the remanent magnetization. The hysteresis loops
measurements were performed with a variable field translation
balance (VFTB) using a maximum field of 1 T. The temperature
dependence of magnetizationwasmeasured using VFTB from room
temperature (w20 �C) to 700 �C and then back to room tempera-
ture with an interval of 4 �C in 110 mT applied field. Magnetic
hysteresis loops are presented after removing contribution from
paramagnetic materials, which was calculated from the slope be-
tween 800 and 1000 mT of original loops.



Fig. 1. Desert distribution of Northwestern China (a) and the location map of the WEDP01 core in the Tengger Desert (b). TK e Taklimakan Desert, GT e Gurbantunggut Desert, KT e

Kumtag Desert, QD e Qaidam Basin Desert, BJ e Badain Jaran Desert, TG e Tengger Desert, UB e Ulan Buh Desert, HQ e Hobq Desert, MS eMu Us Desert. Deserts distribution data is
provided by the Environmental and Ecological Science Data Center of West China, National Natural Science Foundation of China (http://westdc.westgis.ac.cn). Figure (b) is modified
from the 1:2,500,000 geologic map of China.
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3.3. ESR dating

The five ESR dating samples were treated following the pre-
treatment procedure method of Yin et al. (2007). One aliquot of
quartz grains and six aliquots of bleached quartz grains (125e
180 mm) were analyzed on the X-band ESR spectrometer (Bruker
EMX 2.7/8). The ESR spectra of quartz TieLi centers were measured
at 77 K with microwave power 5 mW, sweeping width 350 G,
modulation amplitude 1.6 G, modulation frequency 100 kHz, time
constant 40.96 ms, and sweep time 41.94 s. The uranium and
thorium contents were obtained in a Daybreak 530 Model alpha
counter. The potassium contents were determined by an HG5 flame

http://westdc.westgis.ac.cn
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photometer. Water concentrations were also weighed and taken
into account.
3.4. Sedimentary facies analysis methods

Methods employed for sedimentary faces analysis include core
sediment property observation, grain-size and grain morphology
analysis. In general, alluvialefluvial deposits are easily distin-
guished by their chaotic characteristics consisting of clay, sand and
gravels. In contrast, lacustrine deposits are of horizontal bedding
and laminas. However, it is difficult to distinguish eolian deposits
from lacustrine sediments if eolian sand and dust depositing in
water and owning sedimentary features of lacustrine deposits in
arid areas, such as in the Qinghai Lake, the largest lake in China (An
et al., 2012), and the Sudan Lake, a salt lake in Qaidam Basin (Qiang
et al., 2007). Grain-size component and grain morphology analysis
provide ways to solve this problem.
3.4.1. Grain morphology analysis
Ten pilot samples from modern dunes and typical layers of the

core were selected for Scanning Electro Microscope (SEM) analysis.
Samples (w1 g) were first treated with 10% H2O2 to remove organic
matter, and then with 10% HCl at 100 �C to remove carbonate.
Dispersed grains were washed with distilled water to remove the
superfluous H2O2 and HCl, and then dried at room temperature.
The grain morphology was observed on a Hitachi S4800 SEM.
3.4.2. Grain-size measurement and sedimentary origin analysis
For grain-size analysis, 281 drill core samples were selected

with an interval of approximate 1 m; and four modern dune sam-
ples in the central Tengger Desert also be collected for contractive
analysis. Samples were first separated into two components with a
sieve: >2 mm portion and <2 mm portion. For the >2 mm portion,
samples were then further sieved with sieves of different sizes. For
the<2mmportion, samples were treatedwith 10% H2O2 to remove
organic matter, and then treatedwith 10% HCl to remove carbonate.
After standing for about 24 h, samples were dispersed with 10%
(NaPO3)6 and ultrasonicated. Then, samples were measured with a
Malvern Mastersizer 2000 laser grain-size analyzer.

Based on the grain-size distribution data, Grin-size component
analysis method (Sun et al., 2002, 2004, 2008, 2011a,b; Wang et al.,
2013) is used to analyze the size, proportion and origins of all
components consisting in each sample. In the method, grain-size
components are firstly determined and the grain-size distribution
functions are set. Then, sizes and proportions of all constituting
components are calculated through grain-size distribution function
fitting. Finally, the origins of all components are analyzed according
to the frequency distribution of sizes and proportions of whole
components of all samples of the record with references of other
sedimentary information.
3.4.2.1. Component determination. On frequency curve of grain-size
distribution, almost all samples of the strata are poly-modal sedi-
ments. Commonly, most components can be clearly identified on
frequency curve if their components are not overlapped strongly
(Sun et al., 2002, 2004, 2008, 2011a,b). On frequency curve of strong
overlapping of components, they can also be carefully identified by
distinguishing the non-smooth knee point. After component
determination, the function type of each component was deter-
mined. Weibull and Normal are found to be suitable functions for
most sediments (Sun et al., 2002, 2011b). Component determina-
tion and function type selection can be checked and modified with
fitting results indicated by residual error in the following step.
3.4.2.2. Function fitting. After determining components and func-
tion types of all components, the grain-size function formula for a
sample was defined as the sum of each component (Sun et al.,
2002). In order to obtain best fitting result with minimum fitting
error between calculated function values and measured grain-size
data, three choices were provided: 1) re-selecting function type
of the components that do not acquire best fitting, 2) adding one or
more components on function formula, 3) repeating fitting proce-
dure. After fitting, the modal sizes and proportions of all compo-
nentswere calculated. In calculating, modal size of each component
is used to represent the size parameter. Modal size of a sample or
component is defined as the size of such fraction that has the
highest proportion in all fractions of the sample or component.

3.4.2.3. Origin analysis. According to the lithological characteristics
and the fitting results, the origin of each sedimentary component of
the obviously typical sediments in WEDP01 core has been firstly
recognized. The typical eolian sand type (Fig. 2b 1e2) exhibits tri-
modal grain-size distribution which is composed of an over-
whelmingly dominant eolian saltation (eolian sand) component
(modal sizew220 mm), a minor short-term suspension dust (coarse
eolian dust) component and a long-term suspension dust (fine
eolian dust) component. The modal size of the eolian sand com-
ponents of the four dune samples is 223.5, 220.9, 237.4 and
243.1 mm, respectively. The fluvial deposit type (Fig. 2b 5) shows a
poly-modal grain-size distribution with an overwhelming domi-
nant fluvial saltation (fluvial sand) component (modal size
w400 mm), which is coarser than eolian saltation component. The
alluvial deposit type (Fig. 2b 6) displays a poly-modal distribution
as well, but the proportion of fluvial saltation component is less
than in fluvial deposits. The lacustrine sand in small inland lake
with small eroded zone is fundamentally transported from rivers
(Hakanson and Jansson, 1983), and thus the lacustrine sand
component could be recognized as the fluvial sand component in
modal size. The eolian dust deposits in the WEDP01 core are not as
pure as the loess, and commonly mixed with other original de-
posits; but its characteristic short-term suspension component, as
same as the coarse component in loess, could be recognized easily
on the grain-size frequency curve (Fig. 2b 4). Eolian dust compo-
nents are also popularly found in WEDP01 core as minor compo-
nents, such as in eolian sand-domination deposits (Fig. 2b 3) and
hydrogenic domination deposits (Fig. 2b 5, 6).

Due to the sizes and proportions of sediments with different
origins have their specific ranges (e.g. Ashley, 1978; Bagnold and
Barndorff-Nielsen, 1980), components with specific origins are
grouped on modal size and proportion frequency distribution of all
components of whole samples of the strata when plotted on same
frequency plots, which can also be used as tools to determine origin
for some components whose origins are not easily identified (Sun
et al., 2011b; Wang et al., 2013). Fig. 3 shows these three types of
statistic plots of WEDP01 core. The frequency distribution of modal
sizes (Fig. 3a) not only provide a way to show the modal size range
of a specific original component, but also serve as a tool to distin-
guish component origin when comparing to the typical origin
components modal size. Similarly, the frequency of the proportion
(Fig. 3c) is used to determine the proportion range of the compo-
nents, especially for the components which have the same modal
size, such as the eolian, fluvial and lacustrine long-term suspension
components. Meanwhile, the “modal size-proportion” plot (Fig. 3b)
is a result showing the distribution of different origin components.

Five different groups are identified according to the combina-
tion of inflections at 2,11,120, 298 mmon themodal sizeefrequency
curve (Fig. 3a). The group between 0 and 2 mm is the ultrafine
pedogenic component (Sun et al., 2011c), nearly separated in every
samples and with the modal size between 0.7 and 0.8 mm; the
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group between 11 and 120 mm is corresponding to short-term
suspension dust with the modal size between 40 and 60 mm,
which is the typical modal size of the coarse component of loess
(Sun et al., 2002, 2004, 2008); the group between 120 and 298 mm
with the modal size of w220 mm is correlated with the eolian sand
component; and the >298 mm group with the modal size of
w360 mm is corresponding to the fluvial sand component.

The group between 2 and 11 mmwith themodal size ofw5 mm is
the combination of the long-term suspension eolian dust (fine
eolian dust), long-term fluvial suspension component (fluvial clay)
and lacustrine suspension component (lacustrine clay), because
they own nearly same modal size range. However, they can be
almost distinguished from the “frequency-proportion” curve
(Fig. 3c). The frequency obviously decreases at w8%, w30% and
w80% in proportion. The w8% and w80% inflections are corre-
sponding to the reducing of pedogenic components and suspension
(long-term and short-term) components, respectively; the w30%
inflection is related to themain decrease of the 2e11 mmgroup (153
components < 30%, 98 components > 30%). According to the lith-
ological characteristics and the typical components fitting, the few
typical lacustrine silty clay deposits in WEDP01 core own a high
proportion of lacustrine suspension component. Therefore, the
proportion more than 30% components with modal size between 2
and 11 mm represent the lacustrine suspension components, and
indicating a main lacustrine sedimentary environment. Below 30%,
its type is determined by the original type of main saltation/short-
term suspension component, because the minor component is the
attachment to the main component in the same sedimentary sys-
tem. On this basis, one fluvial suspension component is corre-
sponding to a main fluvial sand component, and one long-term
suspension dust component is correlated to a main eolian saltation
component or a main short-term suspension dust component (see
Fig. 3b).

ESR dating was accomplished in the Chronology Laboratory,
Institute of Geology, China Earthquake Administration. Rock
magnetic, paleomagnetic and grain-size measurements were per-
formed at the Key Laboratory of Western China’s Environment
systems of the Ministry of Education, Lanzhou University. SEM
samples were analyzed in the Key Laboratory for Magnetism and
Magnetic Materials of the Ministry of Education, Lanzhou
University.

4. Results

4.1. Rock magnetic and paleomagnetic results

The pilot samples are grouped into two types according to the
shapes of hysteresis loops and MeT curves (magnetization vs.
temperature) (Fig. 4). Magnetite is revealed as predominant mag-
netic carriers of the first type as indicated by the fast decrease of the
magnetization at w580 �C (0e48.3 m, Fig. 4b, d) and typical hys-
teresis loops of multidomain magnetite (Thompson and Oldfield,
1986, Fig. 4a, c). For the second type, the main drop of magneti-
zation occurs atw650 �C suggesting hematite as themainmagnetic
minerals in the strata of 48.3e276 m (Fig. 4f, h, j, l). Moreover, the
typical wasp-waisted hysteresis loops (Fig. 4e, g, i, k) suggest the
co-existence of both low and high coercivity minerals (Roberts
et al., 1995; Tauxe et al., 1996).

The systematic demagnetization diagrams for representative
samples from both normal and reversed polarities are shown in
Fig. 5. In general, a low temperature component was removed by
heating tow210 �C or occasionally up to 330 �C. After removing this
component, the remanent magnetization decays toward the origin
representing the characteristic remanent magnetization (ChRM).
The ChRM directions were determined by at least four steps with
maximum angular deviation (MAD) less than 15�. 451 sample data
were removed, most of which were composed of medium to coarse
sand and gravels maintaining unstable ChRM. Ten samples with
shallow inclination (absolute values less than 5�) were also
excluded from the results to avoid misleading in determination of
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Fig. 5. Orthogonal demagnetization diagrams and remanence intensity plots of the typical normal and reversed samples from the WEDP01 core. The solid (open) circles represent
the horizontal (vertical) plane.

Z. Li et al. / Quaternary Science Reviews 85 (2014) 85e9892
the polarity zones. Since no valid declination data is available for
these core samples, the magnetic polarity sequence is constructed
based on inclination values of the WEDP01 core.

The accepted 735 inclinations are shown in Fig. 6 with 3� in-
tervals. Generally, both positive and negative inclinations follow
normal distribution. The mean positive and negative inclinations
are calculated by the Arason-Levi method based on maximum
likelihood estimation (Arason and Levi, 2010). When applying a
reversal test, each polarity zone is considered as a single site and
the inclinations which is less than �15� or more than �75� are
excluded for these directions may represent polarity transition
period. Total 649 out of 735 inclinations were in calculating with
88.3% acceptability rate. The site-mean inclinations are listed on
Table 1. The mean normal inclination is 49.78� and that of reversed
inclination is �45.03�. The inclination difference between the
normal and reversed inclinations is less than 5� that suggests they
are antipodal. The passage of the reversal test of the datasets sug-
gests that the inclinations of WEDP01 core are reliable to recon-
struct the polarity sequence.

The magnetic polarity chrons are defined by at least three suc-
cessive data points which spanmore than 1m. Ten normal and nine
reversed polarity zones are observed from the WEDP01 core



0

10

20

30

40

90817263544536271890-9-18-27-36-45-54-63-72-81-90

Inclination (°)

N
um

be
r o

f s
am

pl
es

Fig. 6. Histogram of reliable inclinations of the WEDP01 core with 3� windows.

Z. Li et al. / Quaternary Science Reviews 85 (2014) 85e98 93
(Fig. 7). The N7 and R9 are not definite with four dispersive incli-
nation values, probably because of the poor recovery and unstable
ChRM in sand and gravels layers. The reconstructed polarity
sequence can be clearly matched to the standard geomagnetic
polarity time scale (GPTS) (Cande and Kent, 1995; Laj and Channell,
2007). The topmost normal polarity zone N1 (0e33.17 m) is
correlated to C1n (Brunhes Normal Polarity Chron), and the
sequence comprising the reversed zones R1eR7 are interpreted as
C1reC2r (Matuyama Reversed Polarity Chron). The long normal
polarity zones N8eN10 with two short reversed polarity zones (R8,
R9) are corresponded to C2nAn (Gauss Normal Polarity Chron).
Based on these correlations, the short normal polarity zones N3
(59e60.82 m), N4 (76.5e78.35 m), N5 (96.2e100.06 m), N6
(106.42e119.36 m) and N7 (124.3e129.79 m) should correspond to
Jaramillo (C1r.1n), Cobb Mt., Gilsa, Olduvai (C2n), and R _eunion
(C2r.1n), respectively. The short normal polarity zone N2 (45.81e
48.17 m) between C1n and C1r.1n was also recorded in the high-
resolution loess magnetostratigraphy in Luochuan (Liu et al.,
2010a), and may be correlated with Kamikatsura or Santo Rosa.
The two short reversed polarity zones N8 (198.43e203.03 m) and
N9 (216.96e225.66 m) correspond to the C2nAn.1r (Keana) and
Table 1
Statistic paleomagnetic results from the WEDP01 core. N e Number of samples, I e
Mean inclination, k e Precision parameter, q63 e Angular standard deviation, a95 e

95% confidence limits.

N I (�) k q63 (�) a95 (�)

N1 11 62.38 33.64 13.96 7.99
N2 8 52.63 6.9 31.14 22.71
N3 6 37.41 33.37 14.02 11.77
N4 5 50.73 16.45 20.02 19.43
N5 9 27.18 90.57 8.5 5.44
N6 45 52.55 17.06 19.66 5.31
N7 3 39.09 9.12 27.01 43.44
N8 157 46.79 18.07 19.1 2.72
N9 45 57.7 24.73 16.3 4.36
N10 103 58.87 15.79 20.44 3.62
R1 29 �45.26 8.79 27.52 9.58
R2 45 �43.86 13.25 22.34 6.07
R3 29 �51.59 14.8 21.12 7.2
R4 63 �40.37 16.23 20.16 4.58
R5 27 �45.76 20.16 18.07 6.34
R6 24 �34.32 19.04 18.6 6.96
R7 31 �52.96 18.19 19.03 6.23
R8 5 �41.25 7.6 29.63 35.67
R9 4 �47.58 13.5 22.13 25.95
Normal 49.78 29.16 15 9.1
Reversed �45.03 111.15 7.67 4.9
C2nAn.2r (Mammoth), respectively. Based in the above correla-
tions, the boundary of Brunhes/Matuyama (B/M) and Matuyama/
Gauss (M/G) boundaries are located at 33.17 and 144.02 m,
respectively. Unfortunately, the bottom of C2nAn was not recorded
and the bottom age (w3.55Ma) of the core strata has to be obtained
by extrapolation.

The ageedepth plot is presented in Fig. 8a. The slope shifts from
128.94 between 2.581 and 3.55 Ma to 51.191 between 0 and
2.581 Ma, revealing the high accumulation rate during late Plio-
cene. This is consistent with the accumulation rate shown in Fig. 8b,
which was calculated from the reversal points revealed from the
magnetostratigraphy of WEDP01 core.

The results of ESR dating show that the age of the samples at
10.81, 14.92, 20.50, 25.25 and 30.31 m is 0.548 � 0.066,
0.638 � 0.083, 0.506 � 0.066, 0.705� 0.092, and 0.586 � 0.078 Ma,
respectively (Fig. 7). These results are consistent with our paleo-
magnetic chronology, within the uncertainties inherent in ESR
dating.
4.2. Sedimentary facies

Commonly, eolian sands show rounded to sub-rounded shapes
with dish-shaped depressions. The loess grains are of irregular
shapes and have dish-shaped depressions. In contrast, the lacus-
trineefluvial sands show sub-rounded shaped with striations; the
alluvialefluvial chaotic deposits contain angular coarse quartz with
fresh fractures and irregular fine grains (Xie, 1984). According to
these characteristics, the sample at 19.1 m (Fig. 2a 2) is typical
eolian sand like the modern dune (Fig. 2a 1); the sample at 40.04 m
(Fig. 2a 3) contains dominant eolian sands with minor fine grains
(Fig. 2a 3); the sample at 60.97 m (Fig. 2a 4) is suggested as dust
deposits like loess; the sample at 117.91 m (Fig. 2a 5) is fluvial sands
mixed with fine grains; and the sample at 223.49 m (Fig. 2a 6)
signals alluvial chaotic deposits.

Fig. 9 shows the proportion and modal size variations of each
component. From the combination of each component, the
WEDP01 core could be divided into five units:

Unit 1: 201.94e276 m, chaotic alluvialefluvial deposits mixed
with little eolian dust. Fluvial sand is main component in this
unit (mean proportion is nearly 50%), combining with fluvial
clay. Lacustrine clay is separated in some interlayer with rela-
tively lower proportion (less than 60%). The most gravels sam-
ples are with low proportion (less than 30%), and the proportion
of eolian dust is lower too.
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Unit 2: 147e201.94 m, fluvialelacustrine deposits mixed with
little eolian dust. The gravels disappear except at the two typical
gravels layers. Fluvial sand and clay and lacustrine clay are
dominant in the deposits alternately, with little eolian dust as
unit 1.
Unit 3: 78.9e147 m, eolian dust mixed with fluvialelacustrine
deposits relative to units 1 and 2 with a high proportion of dust.
The proportion of eolian dust fast increases and dominates in
some layers alternating with fluvial sand and lacustrine clay. In
this unit, just one gravels layer is located between 124.15 and
129.41 m (proportion is w30%).
Unit 4: 48.3e78.9 m, eolian dust mixed with lacustrine clay.
Fluvial components disappear, and just two eolian components
and lacustrine clay dominate the deposits alternately.
Unit 5: 0e48.3 m, eolian sand interbedded with lacustrine de-
posits. Eolian sand is dominated in this unit (mean proportion
73%). Lacustrine clay and fluvial sand are just found in two layers
at 11 and 26e29 m in this unit. The pedogenic component also
suddenly drops obviously from a high proportion (4.3%) be-
tween 48.3 and 78.9 m (2.6% between 48.3 and 276 m) to a
relatively lower level between 0 and 48.3 m (1.4%). Although the
proportion of eolian dust in this unit is sufficiently low and
suddenly drops at 48.3 m (26.6% between 28.99 and 48.3 m), it
becomes much lower above 28.99 m (18.3% between 0 and
28.99 m). In contrast, the mean size and the proportion of eolian
sand significantly increase (from 166.8 mm to 199.4 mm and
67.3% to 76.6%, respectively). In other words, this unit could be
subdivided into two subunits at the boundary depth of 28.99 m.

In summary, based on the visual inspection of core and analysis
of grain morphology and grain-size, the sediments of the WEDP01
core can be classified into 5 groups: 1) Alluvialefluvial deposits
mixed with a little eolian dust from w3.55 to 3.09 Ma (201.94e
276 m); 2) Fluvialelacustrine deposits mixed with eolian dust from
3.09 to 2.6 Ma (147e201.94 m); 3) Eolian dust mixed with the
fluvialelacustrine deposits from 2.6 to 1.22 Ma (78.9e147 m); 4)
Eolian dust mixed with lacustrine clay from 1.22 to 0.9 Ma (48.3e
78.9 m); and 5) Dominant eolian sandmixed with dust from 0.9 Ma
to present (0e48.3 m).

5. Discussion

In the WEDP01 core, the continuous appearance of eolian sand
(73% in average) occurred after w0.9 Ma (Fig. 10), although the
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eolian sand component was found in few intervals in the core of
0.9e3.55 Ma (53% in average) which are best interpreted as local
wind-blown sand activities such as regional intermittent short-
term riparian eolian sand deposits. Thus, formation of the Teng-
ger Desert did not occur until 0.9 Ma. In 0.9e0.68 Ma, the propor-
tion of eolian dust and pedogenic component were still with a
relatively high level in comparison to 0.68e0 Ma, revealing a
relatively humid desert environment. After 0.68 Ma, the eolian
sand component became overwhelmingly dominant in the sedi-
ments, suggesting further drying and final formation of the Tengger
Desert as present.

The drying during 0.9e0.68 Ma is well documented in the loess
records near the southwestern Tengger Desert. The bottom age of
w0.85 Ma Wuwei loess section (Guan et al., 2011) was interpreted
as a piece of evidence of Tengger Desert formation. In the distal
desert areas, loess records reveal expansion of distal Taklimakan
Desert (Fang et al., 2002a) and Gurbantunggut Desert (Fang et al.,
2002b) at 0.9e0.8 Ma. Also, the accumulation rate of the Chash-
manigar loess-paleosol sequence in southern Tajikistan increased
after w0.8 Ma (Ding et al., 2002), and degree of chemical weath-
ering weakened significantly after 0.85e0.6 Ma (Yang et al., 2006),
revealing intensified aridity and expansion of the deserts in Central
Asia.

On the CLP, dramatic dryings were documented in many loess
records. Increased accumulation rates and grain-size are reported
to occur at 0.9e0.8 Ma from the Lanzhou loess sequence in the
northwestern CLP (Chen and Zhang, 1993), and the Xifeng, Zhao-
jiachuan and Luochuan loess sequences in the main CLP (Sun et al.,
2008). The >125 mm dust content in the Jingbian loess-paleosol
sequence, northern margin of CLP near the Mu Us Desert,
increased dramatically afterw0.7 Ma (Ding et al., 2005). The pollen
record at the Chaona loess sequence on the CLP reveals a shift from
forest-steppe (pine-grass) to open forest-steppe (mesophilous and
xeromorphic herbs-pine) at w0.95 Ma, indicating intensified ari-
dification (Wu et al., 2007). The carbon isotope record of the Lingtai
loess sequence reveals the expansion of C4 plant at 0.9 Ma (An et al.,
2005). The chemical weathering weakened after 1.0e0.8 Ma ac-
cording to the 86Sr/87Sr record from the Lingtai loess sequence
(Chen et al., 2001; Wang et al., 2007), consistent with the increase
(CaO þ Na2O þ MgO)/TiO2 ratios after 0.85 Ma (Yang et al., 2006).

This mid-Pleistocene drying event is also preserved in the sedi-
mentary basins in the northwestern China. The evaporate mineral
records in the Qahansilatu Playa in thewestern QaidamBasin reveal
that intensified evaporation started from w1.0 to 0.9 Ma, which
became more apparently after w0.65 Ma (re-calculated from the
accumulation rate of the core) (Li et al., 2010). The pollen records of
the borehole SG-3 in the Fengxi Salina Plain in the western Qaidam
Basin reveal that desert vegetation (Chenopodiaceae, Ephedraceae)
started todevelop at 0.9Ma, and Ephedraceae-dominated vegetation
prevails after 0.6 Ma (Cai et al., 2012).

Although proximal deserts in China have been assumed to be
the source regions of the CLP (Liu, 1985; Liu et al., 1994; Zhang et al.,
1997, 2003; Sun, 2002; Rao et al., 2006; Chen et al., 2007; Lü and
Sun, 2011), our study reveals that the dust emission of Tengger
Desert is probably not very high compared with times after mid-
Pleistocene. The obvious increase of sedimentary accumulation
rate on the CLP by w0.9 Ma (e.g. Chen and Zhang, 1993; Sun et al.,
2008) and slight increase by w0.9e0.8 Ma in the North Pacific
Ocean (Rea et al., 1998) are probably the dust responses to the
formations and/or expansions of the proximal deserts and the
expansion of dust source areas in mid-Pleistocene.

The uplift of the Tibetan Plateau during mid-Pleistocene (e.g.
Amano and Taira, 1992; Cui et al., 1998; Li and Fang, 1999; Song
et al., 2001, 2005; Wu et al., 2001; Zhao et al., 2001; Chen et al.,
2005; Fang et al., 2005; Sakai et al., 2006; Liu et al., 2010b; Zhang
et al., 2012) had been proposed as the main drying force, which
could result in at least four effects for desert formation over its
northern and northeastern areas: 1) The uplift greatly blocks
monsoonmoisture to reach interior Asian resulting to a very drying
local climate for desert formation. Modeling experiments showed
that the northern and northeastern arid area near the plateau were
relatively humid before the uplift (e.g. Ruddiman and Kutzbach,
1989; Manabe and Broccoli, 1990; Kutzbach et al., 1993); and pre-
sent climatic work demonstrated these areas were not influenced
by the Indian Ocean moisture (Tian et al., 2001, 2007; Wu, 2009). 2)
The uplift of Tibetan Plateau significantly strengthened the atmo-
spheric circulations, especially in dust seasons. Climatic analysis
and modeling works consistently proved that winter monsoon
circulations were obviously strengthened over areas like Tengger
Desert (e.g. Kutzbach et al., 1993; An et al., 2001; Liu and Yin, 2002).
3) The previous relatively high tableland in the northern and
northeastern plateau became sedimentary basins after the uplifts;
the Badain Jaran desert and Tengger Desert in the Alxa Plateau are
two typical ones of this kind basins (Zhu et al., 1980; Wu, 2009). 4)
The uplift resulted in sufficient classic sediments to be carried in
fluvial and alluvial activities flowing frommountains down to these
sedimentary basins. These classic sediments are the source mate-
rials and finally sorted by wind and transported to desert areas to
form eolian sand. The large fluvial fans of Shiyanghe River and
Heihe River in the upwind area of the Tengger Desert and Badain
Jaran Desert have been proved to demonstrate genetic relation
among mountain uplift, fluvial activity and desert formation (Zhu
et al., 1980; Wu, 2009; Yang et al., 2012). In addition, the ice vol-
ume increase during the Mid-Pleistocene Transition (MPT) (e.g.
Ruddiman et al., 1989; Mudelsee and Schulz, 1997; Clark et al.,
2006) is another plausible driver for Asian drying (e.g. Ding et al.,
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1995; Shackleton et al., 1995; Liu and Ding, 1998; Lu et al., 2010),
although the climatic mechanism is complicated.

6. Conclusion

The 276 m WEDP01 core strata in the central Tegger Desert is
composed of alluvialefluvial deposits, lacustrineefluvial deposits
mixed with dust in the lower part, and eolian sand on the upper
part. Paleomagnetic study with ESR dating indicates that the core
spans from w3.55 Ma to the present, and that the B/M and M/G
boundaries are determined at the depth of 33.17 m and 144.02 m,
respectively. The continuous eolian sand component appeared by
w0.9 Ma, revealing initial formation of the Tengger Desert; and
dominate proportion of eolian sands in the strata since w0.68 Ma
indicates the expansion of the Tengger Desert. Formation of the
proximal deserts might be a direct cause for increased dust input to
the CLP and the North Pacific Ocean after w0.9 Ma.
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