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Abstract: The TMSSe sequence from the Tumen section, at the southern edge of Tengger Desert in the northwestern
China, is synchronous with Marine Isotope Stage Se (MISSe). It consists of 16 layers of acolian dune sands, 11 layers
of lacustrine loess-like facies, and 5 layers of lacustrine facies. The results of grain-size analysis shows that the pa-
laco-mobile dune sands, palaeo-fixed to semi-fixed dune sands and loess-like sandy loams are mainly composed of
sands, ranging from 70% to 96%; their silt contents ranged from 4% to 20%, and their clay contents ranged from 1% to
5%; the climate under which the aeolian dune sands were deposited is similar to that under which modern mobile dune
sands form, which is caused by the dominance of the cold, dry East Asian winter monsoon. In contrast, the lacustrine
loess-like facies and lacustrine facies had a lower sand contents than those of the three aeolian dune sands, but have
higher silt and clay contents, most of their sand content ranged from 30% to 60%, their silt contents ranged from 35%
to 55%, and their clay contents ranged from 6% to 20%. The lacustrine loess-like facies and lacustrine facies formed
under the influence of the warm, humid East Asian summer monsoon based on their similarity with modern sediments.
The grain-size indicator Mz (mean grain diameter) and the SC/D value in the TMS5e sequence indicate climatic insta-
bility at the southern edge of the Tengger Desert during MISSe, with at least 14 fluctuations between a warm, humid
climate and a cold, dry climate, divided into five stages: TMS5eS (139 kyr to 129.3 kyr B.P.), TMS5e4 (129.3 kyr to
124 kyr B.P.), TMS5e3 (124 kyr to 119.5 kyr B.P.), TMS5¢e2 (119.5 kyr to 116.5 kyr B.P.), and TMS5el (116.5 kyr to
113.7 kyr B.P.). These correspond roughly to MIS5e5, MISSe4, MIS5e3, MIS5e2, and MIS5el, respectively, in the
GRIP ice core data.
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1 Introduction ject (GRIP) discovered extreme millennial- to cen-

tury-scale variability during MIS5e (Dansgaard et al.,
The degree of climate instability during Marine Isotope ~ 1993; GRIP Members, 1993). However, a similar cli-
Stage 5¢ (MIS5e) has been disputed since the 1990s. In  mate record from the ice core of Greenland Ice Sheet
1993, studies of oxygen isotopes and the chemical con-  Project 2 (GISP2), located only 28 km from the GRIP
stituents in the ice core data of Greenland Ice Core Pro-  site, failed to show these strong oscillations at the same
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time (Grootes et al., 1993; Taylor et al., 1993). Since
then, equally contradictory climatic records during
MIS5e have been reported in European lake deposits,
deep-sea drilling cores from the Nordic sea, Western
Pacific, or northern Atlantic Ocean, and NGRIP ice
cores from Greenland (Field et al., 1994; Thouveny et
al., 1994; Fronval and Jansen, 1996; Linsley, 1996;
Zagwijn, 1996; Adkins et al., 1997; Frogley et al., 1999;
Rioual ef al., 2001; NGRIP Members, 2004; Rousseau
et al., 2006; Couchoud et al., 2009).

Similarly contradictory evidence for climate variabil-
ity during MIS5e has been recorded in loess and lacus-
trine deposits in China. An and Porter (1997) reported
that two dust peaks within MIS5e were correlated with
cold events based on the quartz fraction > 40 um. Guan
et al. (1996) considered that MIS5e should be divided
into three warm substages separated by two cool periods
based on the CaCOj; contents in S1 of the Beiyuan loess.
Zhang et al. (1998) reconstructed three relatively warm
and humid periods, with high lake levels, interrupted by
two relatively cold and dry periods, with low lake levels,
during MIS5e in the RM core from the Zoigé Basin of
China's Qinghai-Tibet Plateau. However, Ren et al.
(1996) and Liu et al. (1998) considered that the East
Asian monsoon was very stable during MIS5e based on
the results of grain size and magnetic susceptibility
analyses in Chinese loess deposits. Guan et al. (2007)
thought that the East Asian monsoon is instable, but
MIS5e relatively stable in early Last Interglacial
through the analysis of grain-size and the chemical
elements in Shagou loess section on the southern edge
of the Tengger Desert.

In recent years, we have studied the multi-cycle
sedimentary sequence of aeolian dune sands and lacus-
trine deposits during periods synchronous with MIS5e.
We have named this multi-cycle sedimentary sequence
the "TMS5e’ sequence. In the present paper, we discuss
climate variability during MIS5e based on the results of
our analysis of the grain-size distribution and chronol-
ogy in the TMS5e sequence.

2 Materials and Methods

2.1 TMSSe sequence in Tumen section

The Tumen section (37°38'N, 103°09'E, 1730 m a.s.l.) is
located near Tumen Village, in the northeastern part of
the Gulang Oasis at the southern margin of the Tengger

Desert in the northwestern China (Fig. 1). The site is
north of the Qilian Mountains and lies at the intersection
of the Qinghai-Tibet Plateau, the Mongolian Plateau,
and the Loess Plateau. The Gulang chorography (Com-
mittees of Gulang County, 2000) indicates that the site is
part of the semi-arid cold alpine region of the Qilian
Mountains. The mean annual temperature is 4.9°C, with
an average temperature of —9.8°C during the coldest
month (January) and an extreme minimum temperature
of —26.4°C, and an average temperature of 17.5°C dur-
ing the hottest month (July) and an extreme maximum
temperature of 33°C. The mean annual precipitation is
307 mm, of which 90% fall from April to October, and
the annual evaporation is about 2800 mm. In winter, the
climate is controlled by East Asian continental air
masses, with prevailing northerly winds and frequent
sandstorms at low altitudes, but with prevailing westerly
winds at high altitudes; in summer, it is dominated by
prevailing southerly winds under the influence of a sub-
tropical high pressure zone in the West Pacific or the
input of the warm and humid southwest monsoon from
the Indian Ocean, which brings heavy rain and storms in
some places.

The Tumen section is part of an outcrop that is 32 m
thick. In this paper, we focused on the TMS5e sequence
(Fig. 2a), which occupies the bottom part of the section
at a depth from 27.76 m to 31.71 m and consists of 32
layers of sedimentary units, including 16 layers of ae-
olian dune sands, 11 layers of lacustrine loess-like facies,
and 5 layers of lacustrine facies.

The aeolian dune sands are yellowish-brown (Munsell
10YR5/8), loose, well sorted, and contain some clear
inclined or cross beddings. Based on differences in the
grain-size distribution, the acolian dune deposits can be
divided into three types: palaco-mobile dune sediments
(D), which are mainly composed of fine sands; pa-
laco-fixed to semi-fixed dune sediments (FD), which
primarily consist of silty very fine sands; and loess-like
sandy loams (LD), which mainly contain silty to very
fine sands. The lacustrine loess-like facies (GL) mostly
contain brown-yellow (2.5YR4/2) silty very fine sands
with well-developed horizontal bedding and current rip-
ples. The lacustrine facies (LS) are made up of silty fine
sands and are light grey-yellow (2.5YR6/2) or pale yel-
low (2.5YRS8/4), showing well-developed horizontal
bedding. These deposits suggest the presence of more
than 14 sedimentary cycles in the TMS5e sequence,
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which are composed of aeolian dune deposits alternating
with lacustrine deposits or lacustrine loess-like facies.

2.2 Experimental methods

We obtained samples for thermoluminescence (TL) dat-
ing from the uppermost, middle, and bottom parts of
TMS5e (Fig. 2a). We used the multiple-aliquot tech-
nique for the fine-grained quartz fraction with particles
ranging from 2 um to 8 pm in diameter, following the
method of Aitken (1998). These samples were analyzed
at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, using TL dating instruments
(models 711 and 7185) made by Littlemore Scientific
Co. (Oxford, UK). Table 1 provides the detailed dating
parameters.

Sampling provided 182 samples obtained at intervals
of 2 cm. Careful chemical pretreatment and analysis
were conducted following the guidelines of Konert and
Vandenberghe (1997), including the following proce-
dures: First, we dried all samples at temperature below
40°C, and then placed 0.5 g to 1.0 g of each sample into

a 1000-mL breaker. We removed organic matter and
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Location of Tumen section in southern Tengger desert

carbonates by boiling with 30% hydrogen peroxide and
enough hydrochloric acid for about 20 minutes. We re-
moved the dissolved cations using deionized water. Af-
ter shaking the residues in 100 mL of sodium hexame-
taphosphate (0.05 mol/L) solution for 10 minutes, we
left the solution to stand overnight, then decanted the
clear water from the samples in the morning. Finally, we
analyzed all pre-treated samples to determine their
grain-size distribution at the School of Geography,
South China Normal University, Guangzhou, China,
using a Mastersizer 2000M analyzer (Malvern Instru-
ments, Malvern, U.K.), which has a measurement range
of 0.02 pm to 2000 pm. We repeated the determination
three times for each sample, and used the average value
in subsequent analyses. All grain-size data were stored
in a database and the values of various parameters were
calculated by using the MatLab 7.0 software. We subdi-
vided the samples into 101 grain-size grades (including
sizes of 2.0 mm to 0.1 mm and < 0.1 mm) following the
general principles in the Chinese classification standard
for loess deposits (Liu, 1985); all other size ranges were
the standard set provided by the instrument.
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We expressed the grain size as ¢, with ¢ = —log,d
(Krumbein and Pettijohn, 1938), where d is the diameter
of the particle (mm). We also calculated several descrip-
tive statistics, including the mean diameter (Mz), stan-
dard deviation (o), skewness (Sk), and kurtosis (Kg),
using the following equations proposed by Folk and
Ward (1957):

Mz = (616 + ¢50 + ¢84) / 3

o= [($84 — $16) / 4] + [($95 — $3) / 6.6]

Kg = (495 — $5) / [2.44(475 — $25)]

Sk = {($84 + 16— 2450) / [2($84 — $p16)]} +
{(995 + 65 — 2¢50) / [2(¢95 — $5)]}
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Fig.2 TMS5e sequence (a) and frequency curves for grain-size distribution (b, ¢, d) in different sedimentary facies
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3 Results and Analyses

3.1 Chronology

The TL dating results for the TMS5e sequence (Table 1,
Fig. 2a) show a TL age of 113.70 + 10.60 kyr B.P. for
the upper part of the sequence and 139.00 £ 15.00 kyr
B.P. for the bottom part. The top of the TMS5e sequence
therefore corresponds to the age of the boundary be-
tween MIS5d and MIS5¢ (114 kyr B.P) in the
SPECMAP curves (Martinson et al., 1987). The age at
the bottom is approximately equivalent to the age of 140
+ 10 kyr B.P. from the bottom of palaeosol S1 in the
Shagou section (Guan et al., 2007). Considering these
dates and the TL dating error of + 10 kyr to 15 kyr B. P,,
the age of the TMS5e sequence appears to correspond to
that of MIS5e. The three TL ages (y) were strongly and
significantly correlated with the depth (x):

y=6.4153x+64.541 (R*=0.993, p <0.05)

This indicates that the dating was reliable. Thus, we
have dated all other layers using this regression equation
to determine sedimentation rates. This method would
certainly lead to age estimation errors, but it provides a
satisfactory method for roughly understanding the mil-
lennial-scale or longer environmental and climatic
changes that occurred during MIS5e in the study area.

3.2 Grain-size characteristics

3.2.1 Grain-size distribution in sedimentary facies
Table 2 presents the overall grain-size distribution of the
various sedimentary facies, and Fig. 2 and Fig. 3 present
this data in graphical form. The 12 samples of pa-
laeo-mobile dune sands show a unimodal frequency dis-
tribution (Fig. 2b) and have a high sand content, ranging
from 93.16% to 100%, with an average of 96.88%. The
fine sands accounted for the highest proportion of the
total, followed by very fine sands and medium sands;
coarse sands and the silt and clay component (< 0.005
mm) were present at very low levels, and were some-

times even entirely absent (Fig. 3).

The 28 samples of palaeo-fixed to semi-fixed dune
sands had a weakly bimodal frequency distribution (Fig.
2c¢), with one significant peak for fine or very fine sands
and a weak peak for silt. The overall sand content aver-
aged 84.66%, with values ranging from 69.49% to
92.46%, and was dominated by fine or very fine sands,
followed by medium sands. Compared with the pa-
laco-mobile dune sands, there were higher percentages
of silts and clays, ranging from 6.89% to 23.45% and
from 0.45% to 7.06%, respectively, with averages of
12.83% and 2.54%, respectively.

The 12 samples of loess-like sandy loams also had a
weakly bimodal frequency distribution (Fig. 2¢), similar
to the results for the palaco-fixed to semi-fixed dune
sands. The sand contents ranged from 62.63% to
75.68%, with an average of 70.18%; the percentages of
very coarse, coarse, and medium sands were generally
less than 15%. The silt and clay contents were much
higher than those in the palaeo-fixed to semi-fixed dune
sands, with values ranging from 19.78% to 31.65% and
from 3.19% to 5.72%, respectively, with averages of
25.69% and 4.13%, respectively.

The 37 samples of lacustrine facies and 93 samples of
lacustrine loess-like facies had clearer bimodal fre-
quency distribution (Fig. 2d). There was one significant
peak for very fine sands or coarse silt, with a weaker
peak for fine silt or clay. The sand contents of all sam-
ples from the lacustrine and lacustrine loess-like facies
ranged from 19.94% to 67.98% and from 24.37% to
65.22%, respectively, with averages of 48.22% and
45.93%, respectively. The silt contents ranged from
25.56% to 56.13% and from 28.13% to 58.66%, respec-
tively, with averages of 40.99% and 43.69%, respec-
tively. The clay contents ranged from 5.76% to 23.93%
and from 5.79% to 18.86%, respectively, with averages
of 10.79% and 10.38%, respectively. The dominant
fractions were silt or very fine sand, followed by fine
sands and clay; very coarse, coarse, and medium sands

Table 1 TL ages at three depths in TMS5e sequence and associated analytical data
Horizon Depth U Th K (%) Total activity Annual activity TL ages
(laboratory number) (m) (ppm) (ppm) ’ (Gy) (mGy) (kyr B.P)
TL23 (TGD818) 27.76 0.52+0.03 22.87 +£0.46 1.91+£0.015 510.00 + 40.80 4.50+0.16 113.70 + 10.60
TL25 (TGD819) 29.43 0.21+0.01 21.59+043 1.86+0.015 571.20 £ 51.40 4.61+0.14 124.00 £+ 12.00
TL27 (TGD798) 31.71 1.31+0.07 16.39 £ 0.33 2.22+0.018 554.80 +41.66 3.99+0.12 139.00 £+ 15.00

Note: TGD, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
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were present at low levels or were entirely absent.
3.2.2 Grain-size parameters of sedimentary facies
Table 3 summarizes the grain-size parameters of the
sedimentary facies in the TMS5e sequence, and Fig. 4
presents the relationships between these parameters
visually. The grain-size distribution and sorting of the
sedimentary facies can be judged from the mean diame-
ter (Mz) and its standard deviation (c): palaco-mobile
dune sands have values of these parameters that confirm
the high abundance of fine sands and indicate well-
sorted to very well-sorted deposits; the palaeo-fixed to
semi-fixed dune sands and loess-like sandy loams have
values of these parameters that correspond to fine to
very fine sands, indicating moderately to well-sorted
and poorly to badly sorted deposits, respectively; and
the lacustrine and lacustrine loess-like facies have val-
ues of these parameters that correspond to very fine
sands to coarse silts, indicating poorly sorted to unsorted
deposits.

The skewness (Sk) and kurtosis (Kg) values suggest
that the palaco-mobile dune sands have nearly symmet-

rical peaks, with moderate kurtosis. These parameters
for the palaco-fixed to semi-fixed dune sands and the
loess-like sandy loams suggest nearly symmetrical to
positively skewed peaks with medium to sharp kurtosis,
whereas the lacustrine and lacustrine loess-like facies
also show positively skewed peaks and medium to sharp
kurtosis. Both the average and range of SC/D (SC/D is
the ratio of the summation of silt and clay to sands) in-
crease moving from the palaco-mobile dune sands to the
palaeo-fixed to semi-fixed dune sands, and from these
sands to the loess-like sandy loams or lacustrine facies.
To further distinguish among the various sedimentary
facies, we prepared scatterplots of Mz versus o, Sk, Kg,
and SC/D using data from the 182 samples (Fig. 4).
These diagrams show that the samples of palaeo-mobile
dune sands and palaeo-fixed to semi-fixed dune sands
are closely clustered, with values of Mz ranging from
2.20¢ to 3.40¢, values of ¢ ranging from 0.50 to 1.00,
values of Sk ranging from —0.05 to 0.15, and values of
SC/D ranging from 0 to 0.10. The ranges for the lacus-
trine and lacustrine loess-like facies appear to overlap,

Table 3 Comparison of grain-size parameters between sedimentary facies at southern edge of Tengger Desert

Types Mz (¢) G Sk Kg SC/D values
TMS5e facies
D Range 2.21-3.09 0.56-0.87 -0.03-0.13 0.92-1.15 0-0.07
(12) Average 2.74 0.70 0.03 0.99 0.03
D Range 3.03-3.95 0.65-1.65 0-0.49 0.93-1.63 0.08-0.44
28) Average 331 0.97 0.15 1.22 0.19
LD Range 2.62-3.81 1.31-2.26 ~0.11-0.35 0.87-1.59 0.32-0.60
(12) Average 3.39 1.68 0.11 1.31 0.43
GL Range 3.99-5.52 1.29-2.29 0.12-0.45 0.94-1.56 0.53-3.10
93) Average 4.65 1.77 0.37 1.32 1.28
LS Range 3.74-6.03 1.46-2.42 0.12-0.47 0.96-1.57 0.47-4.02
(37 Average 4.60 1.83 0.37 131 1.20
Modern deposits
MD Range 2.02-3.18 0.46-1.44 ~0.07-0.40 0.882.07 0-0.08
(83) Average 2.48 0.68 0.09 1.05 0.02
MFD  Range 1.95-3.42 0.61-1.44 0.03-0.40 0.94-2.08 0.11-0.22
@n Average 2.96 1.10 0.25 1.44 0.17
MOs  Range 3.97-5.03 1.41-2.12 0.25-2.42 1.04-1.41 0.56-1.70
&) Average 4.47 1.85 0.38 1.26 0.97
MSL  Range 6.71-7.22 1.51-1.58 0.11-0.21 0.99-1.06 45.73-111.38
®) Average 6.97 1.53 0.18 1.03 63.19

Notes: D, palaco-mobile dune sands; FD, palaco-fixed to semi-fixed dune sands; LD, loess-like sandy loams; GL, lacustrine loess-like facies; LS,
lacustrine facies; MD, modern mobile dune sands; MFD, modern semi-fixed to fixed dune sands; MOS, modern oasis soils; MSL modern seasonal

lacustrine deposits
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with values of Mz ranging from 4.00¢ to 5.60¢, values
of ¢ ranging from 1.50 to 2.30, values of Sk ranging
from 0.25 to 0.45, and values of SC/D ranging from
0.60 to 3.20. The boundaries between the two former
and two latter groups are fairly distinct. The parameters
for the loess-like sandy loams fall between the two for-
mer and two latter groups, with values of Mz ranging
from 2.80¢ to 3.80¢, values of ¢ ranging from 1.40 to
2.20, values of Sk ranging from —0.10 to 0.20, and val-
ues of SC/D ranging from 0.35 to 0.50.

The results of our regressions for the scatterplots in
Fig. 4 show different strengths of the relationship be-
tween Mz and the other parameters. The correlation co-
efficients (Rz) for the Mz-6, Mz-SC/D, and Mz-Sk rela-
tionships were 0.695, 0.834 and 0.568, respectively (all
p < 0.05). That is, the values of o, Sk, and SC/D all in-
creased with increasing Mz. These correlations indicate
good relationships between Mz and these parameters

_ a
25 o
2.3 _ -
- o . Xy .7 0
2.1F )KD x%‘jg{ o
- o x X X
Hr - ?z@
| - X X K
1.7 o s x
1.5 Bt i X
-5 /)3’
1.3F b Xx
y=048x-0.44 7,
L1 R=0695 -7
R
09 /@’ AM
| 0 0 AAla
07k 0% o
o5l 4 o vy w1 s 1 1y
20 24 28 32 36 40 44 48 52 56 6.0
Mz ()
c
1.710
1.6f 4

y=0.03x-1.14

T FaER 10
L3F - S

on
———— oX X
“iap -mmTTER Xk %
)
L1f b R%}I”M X
o ul
X
b o
1.0k R2aa % o
° ©0Q a Ox
09 °
ol 1 0oy sy )
20 24 28 32 36 40 44 48 52 56 6.0

Mz (9)

O Paleo-mobile dune sands A Paleo-semi-fixed dune sands

=Loess-like sandy loams

and provide clues to when the depositional processes
change from blowing sands to lacustrine processes as
the wind's strength decreases. To understand these rela-
tionships, it is necessary to account for the grain-size
eigenvalues of $95 and ¢p84, which represent the content
changes for fine silts and clay, respectively. In Table 2,
both fine silts and clay have no contribution to the ¢95
eigenvalue for aeolian dune sands, and only slightly in-
fluence the ¢95 eigenvalue for the loess-like sandy
loams, but both strongly affect the ¢95 and ¢$84 eigen-
values for lacustrine and lacustrine loess-like facies.
Though the SC/D values have no direct physical rela-
tionship to the grain-size eigenvalues, they were none-
theless significantly correlated with these eigenvalues.
The scatterplot for Mz versus Kg (Fig. 4c) shows no
overall order in the positions of the various sedimentary
facies, lacking distinctive locations and boundaries and
showing no significant correlation: the Kg values of

oer

y=0.14x-030 -

0.5F

0.4

0O Lacustrine facies X Lacustrine loess-like facies

Fig. 4 Scatterplots of Mz versus o, Sk, Kg, and SC/D in different sedimentary facies of TMS5e sequence
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palaco-mobile dune sands and palaeo-fixed to semi-
fixed dune sands ranged from 0.90 to 1.20, those of the
loess-like sandy loams ranged from 1.20 to 1.60, and
those of the lacustrine and lacustrine loess-like facies
ranged from 1.00 to 1.60. The characteristics of the Mz
versus Kg relationship embody the fact that the values
of Kg are essentially only correlated with the grain-size
distribution. Based on the statistics for the four eigen-
values from the formula we used to calculate Kg , 80%
of the samples from palaco-mobile dune sands, pa-
laco-fixed to semi-fixed dune sands, loess-like sandy
loams, lacustrine facies, and lacustrine loess-like facies
have the following ranges for ¢95 to ¢5: 1.98 to 2.41,
2.23 10 6.08, 5.25 to 7.25, 5.80 to 6.90, and 6.08 to 6.89,
respectively. The corresponding values for ¢75 to ¢25
range from 0.81 to 1.04, 0.88 to 1.53, 1.55 to 2.66, 1.58
to 2.48, and 1.77 to 2.36, respectively. Therefore, most
samples from palaeco-mobile dune sands have lower $95
to ¢S5 and ¢75 to 25 values than those of the loess-like
sandy loams, lacustrine facies, and lacustrine loess-like
facies; the values for the latter three groups tend to be
close. The values for the palaco-fixed to semi-fixed
dune sands fall between the former and latter groups.
Because of these relationships, we will not discuss Kg
further in the remainder of the text.

3.2.3
relative parameters

Fluctuations in grain-size distribution and

Figure 3 illustrates the evolution of the grain-size dis-
tribution and related statistical parameters as a function
of depth in the TMS5e sequence. The results show the
striking variations between high and low values
throughout the sequence. The grain-size distribution and
parameters clearly differ among the various sedimentary
facies. For example, the contents of sands, fine sands,
and very fine sands increase in the facies that comprise
palaco-mobile dune sands, palaeo-fixed to semi-fixed
dune sands, and loess-like sandy loams, whereas the
contents of silts and clays and the values of Mz, o, Sk,
and SC/D tend to decrease in these facies. The lacustrine
and lacustrine loess-like facies show the opposite trend,
with the contents of silts and clays and the values of Mz,
o, Sk, and SC/D increasing. Therefore, moving verti-
cally within the TMS5e sequence, the fluctuations in the
proportions of the three sand categories (sands, fine
sands and very fine sands) and of the six other catego-
ries (silt, clay, Mz, o, Sk, and SC/D) represent mirror
images. Our results suggest at least 14 grain-size cycles,

which we believe represent distinct deposition cycles.

4 Discussion

4.1 Palaeoclimate and environmental conditions
indicated by grain size characteristics in different
facies
The Tengger Desert is located in the margin of the
monsoonal region of the northwestern China and has
been sensitive to fluctuations in the East Asian mon-
soons since the late Quaternary, and the same situation
exists for the Mu Us and Badain Juran deserts (Gao et
al., 1993). The TMS5e sequence maybe therefore rep-
resent a true geological record dominated by the East
Asian monsoon. According to our understanding of the
evolution of the monsoonal environment of the eastern
desert regions of China, the grain-size fluctuations be-
tween distribution dominated by coarse particles and the
evenness of the distribution provide important clues
about variations in the East Asian monsoons (Li et al.,
2000; Qiang et al., 2004; Wen et al., 2009; Lu et al.,
2010). Based on the conclusions of previous research,
the aeolian sandy materials (including the palaco-mobile
dune sands, palaco-fixed to semi-fixed dune sands, and
loess-like sandy loams) were products of the prevailing
palaco-East Asian winter monsoon. On this basis, we
can hypothesize that during the time period covered by
the TMS5e sequence, the Siberia-Mongolia high-pressure
cell led to southward air movements in the northern
hemisphere, and a cold, dry, and windy climate occurred
repeatedly in the Tengger Desert. Under these climatic
and environmental conditions, biochemical weathering
(including pedogenesis) would have been weak and the
physical processes of erosion, followed by sediment
transport and accumulation, would have prevailed. Finer,
lighter, more easily transported fractions would be con-
tinuously blown away, whereas coarser and heavier
quartz sands that are more resistant to weathering,
mainly containing particles < 4.32¢, would be retained
to form aeolian mobile dunes (Li et al., 2000; Wen et al.,
2009). As a result, the mean particle size would became
coarser, showing a well-sorted and relatively concen-
trated grain-size distribution, as well as decreasing SC/D
values.

Despite the importance of the palaco-East Asian win-
ter monsoon, the East Asian summer monsoon would
also occasionally increase in strength, extending to-
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wards the north and west and penetrating into the study
area, bringing higher seasonal rainfall. As a result,
vegetation such as grasses, shrubs, and even trees would
grow better on the palaco-mobile dune sands, leading to
increasing fixation of the dune sands. The vegetation
would eventually create a 'barrier’ that stabilizes the soil,
and that may collect and even generate finer particles
such as silts and clays; these dust particles improve wa-
ter retention and help vegetation grow, leading to the
evolution of the palaco-fixed and semi-fixed sand dunes.
Consequently, these dunes would have higher contents
of grains > 4.32¢ than the palaco-mobile dune sands,
and the values of o, Sk, and SC/D would change ac-
cordingly.

If the palaco-East Asian summer monsoon strength-
ened and invaded the study area during some periods, it
would bring more rainfall and warmer temperature,
causing the vegetation cover to increase, with oasis
landscapes appearing. Even in winter and spring, the
times of year with frequent dust storms, the vegetation
barrier created by these oases would both block the in-
vasion of coarse sands and provide a good place for the
accumulation of fine dust, possibly even leading to the
development of silts and clays. Subsequently, the loess-
like sandy loams would form under the pedogenesis
promoted by the oasis environment and the warmer
temperature. Thus, the loess-like sandy loams have
much higher contents of grains > 4.32¢ than in the pa-
laco-mobile dune sands and the palaeo-fixed to semi-
fixed dune sands, with moderately to well-sorted grains
and positively skewed peak fractions, as well as in-
creasing of SC/D values.

If the Siberia-Mongolia high pressure cell weakened
and retreated northwards for a long period, the weak-
ened palaco-East Asian winter monsoon would be re-
placed by a progressively strengthened, northward-
moving palaco-East Asian summer monsoon, which
would result in increasing precipitation and rising tem-
perature (Li ef al., 2000; Wen et al., 2009). The higher
precipitation and temperature would intensify bio-
chemical weathering. Under these less harsh conditions,
vegetation cover would increase and the formerly fixed
dune sands might exhibit enhanced pedogenesis. Fur-
thermore, the accumulation of coarser windblown sands
would be replaced by the natural deposition of finer par-
ticles. Simultaneously, the more abundant precipitation
would enter the southern Tengger Desert and infiltrate

low- lying areas and the depressions between dunes,
forming seasonal or perennial wetlands (Li et al., 2000).
If seasonal dust storms of short duration happened fre-
quently, more and finer particles (silts and clay) would
invade the lakes and become lacustrine and lacustrine
loess-like facies.

Figure 2, Table 2 and Table 3 compare the grain-size
distribution and related parameters of the different
sedimentary facies in the TMS5e sequence with those of
modern sedimentary facies (including 83 samples of
modern mobile dune sands, 27 samples of modern
semi-fixed to fixed dune sands, 5 samples of modern
oasis soils, and 5 samples of modern seasonal lacustrine
deposits) from the southern edge of the Tengger Desert.
Our results show that the grain-size characteristics of the
palaeo-mobile dune sands in the TMSS5e sequence re-
semble those of modern mobile dune sands. Similarly,
the grain-size characteristics of the palaco-fixed to
semi-fixed sand dunes and loess-like sandy loams re-
semble those of modern semi-fixed to fixed dune sands
and modern oasis soils, respectively. The grain-size
characteristics of the lacustrine and lacustrine loess-like
facies also resemble those of modern seasonal lacustrine
deposits. These similarities confirm and deepen our un-
derstanding of the climate and environment during the
geological time period covered by the TMSS5e sequence.

We can conclude from this evidence that the aeolian
dune sands (including palaeo-mobile dune sands, pa-
laco-fixed to semi-fixed sand dunes, and loess-like
sandy loams) were products of cool, dry climate in which
deserts expanded during a period when the palaco-East
Asian winter monsoon was the dominant force, whereas
the lacustrine facies and lacustrine loess-like facies were
deposited or formed during warmer, wetter periods
dominated by the palaeo-East Asian summer monsoon,
when deserts retreated. The facies in the TMSS5e se-
quence suggest that at least 14 changes in the sedimen-
tary environment were recorded in the sequence from
lacustrine deposits to acolian dune sands, and that these
alternations reflect changes in the relative dominance of
the palaco-East Asian summer and winter monsoons.

4.2 Climatic variability during MIS5e in southern
Tengger Desert

The trends in the nine palacoclimatic proxies (Fig. 4),
including the contents of sands, fine sands, very fine
sands, silts, and clays, and the associated statistical pa-
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rameters (Mz, o, Sk, and SC/D), could be classified into
two groups: groups with similar and different trends. For
simplicity, we selected the Mz value and the SC/D ratio
to reconstruct the palacoclimate during the MIS5e pe-
riod; the results using other parameters are similar. In-
creases in Mz and SC/D indicate a strengthening of the
summer monsoon and a weakening of the winter mon-
soon, whereas decreases in Mz and SC/D indicate
weakening of the summer monsoon and strengthening
of the winter monsoon. That is, higher values of Mz and
SC/D correspond to a warmer and more humid climate
dominated by a strengthened palaco-East Asian summer
monsoon, abbreviated here as a "'warm period’ (W event
in Fig. 5 and Table 4); in contrast, lower values of Mz
and SC/D correspond to a colder and drier climate
dominated by a strengthened palaco-East Asian winter
monsoon, abbreviated here as ‘cold periods’ (C event in
Fig. 5 and Table 4). According to the timescale devel-
oped in this study, we propose that 15 W events oc-
curred alternating with a total of 14 C events occurred

during the same period.

The duration of domination by the palaeo-East Asian
summer monsoon totaled about 17 kyr, and the duration
of domination by the palaeo-East Asian winter monsoon
totaled 8.30 kyr. The duration of the C and W events
mostly ranged from 0.50 kyr to 1.20 kyr, with a maxi-
mum of 7.10 kyr and a minimum of 0.20 kyr. In terms
of the frequencies and durations of the oscillations be-
tween the palaeco-East Asian summer monsoon and the
palaeo-East Asian winter monsoon, the TMS5e climate
can be divided into five substages (Fig. 5):

(1) TMSS5eS (139 kyr to 129.3 kyr B.P.), correspond-
ing to strata 175LS to 170LS, was composed of three W
events (W15 to W13) totaling 8.9 kyr and two C events
(C14 and C13) totaling 0.8 kyr. The values of Mz and
SC/D from 80% of the samples ranged from 4.23¢ to
6.03¢ and 0.78 to 4.02, respectively, with averages of
4.52¢ and 1.14¢, respectively. Both Mz and SC/D
mostly showpeaks overlapped by several valleys, indi-
cating a warmer and more humid climate.
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GRIP ice core from Greenland (GRIP Members, 1993).
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Table 4 Warm and cold periods indicated by grain-size proxy of Tumen section during MIS5e in southern Tengger desert

Warm period Ages (kyr B.P.) Duration (kyr) Cold periods Age (kyr B.P.) Duration (kyr)
W1 113.70-114.20 0.5 C1 114.20-114.40 0.2
w2 114.40-115.10 0.7 C2 115.10-115.40 0.3
W3 115.40-116.50 1.1 C3 116.50-117.20 0.7
W4 117.20-117.70 0.5 C4 117.70-118.90 1.2
W5 118.90-119.20 0.3 C5 119.20-119.60 0.4
W6 119.60-121.30 1.7 Cé6 121.30-121.80 0.5
W7 121.80-122.40 0.6 c7 122.40-122.90 0.5
W8 122.90-124.00 1.1 C8 124.00-124.50 0.5
W9 124.50-124.80 0.3 Cc9 124.80-125.30 0.5
W10 125.30-125.60 0.3 C10 125.60-126.10 0.5
Wil 126.10-126.60 0.5 Cl11 126.60-128.20 1.6
W12 128.20-128.70 0.5 Cl12 128.70-129.30 0.6
W13 129.30-130.40 1.1 C13 130.40-130.70 0.3
w14 130.70-131.40 0.7 Cl4 131.40-131.90 0.5
W15 131.90-139.00 7.1

(2) TMS5e4 (129.3 kyr to 124 kyr B.P.), correspond-
ing to strata 169FD to 159FD, contained four W events
(W12 to W9) totaling 1.6 kyr and five C events (C12 to
C8) totaling 3.7 kyr. The values of Mz and SC/D from
80% of the samples ranged from 3.16¢ to 4.96¢ and
0.15 to 1.58, respectively, with averages of 3.82¢ and
0.60, respectively. Both Mz and SC/D mostly showed
valleys overlapped by some narrow peaks, indicating a
relatively cold and dry climate.

(3) TMS5e3 (124 to 119.6 kyr B.P.), corresponding to
strata 158GL to 152GL, included three W events (W8 to
W6) totaling 3.4 kyr and two C events (C7 and C6) to-
taling 1.0 kyr. The values of Mz and SC/D from 80% of
the samples ranged from 4.00¢ to 5.42¢ and 0.53 to 2.64,
respectively, with averages of 4.52¢ and 1.14, respec-
tively. Mz and SC/D showed three peaks and two val-
leys, indicating a relatively warmer and more humid
climate.

(4) TMSS5e2 (119.6 kyr to 116.5 kyr B.P.), corre-
sponding to strata 151FD to 149D, included two W
events (W5 and W4) totaling 0.8 kyr and three C events
(C5 to C3) totaling 2.3 kyr. The values of Mz and SC/D
from 80% of the samples ranged from 3.08¢ to 5.21¢
and 0.05 to 2.15, respectively, with averages of 3.53¢
and 0.44, respectively. Both Mz and SC/D mostly
showed valleys overlapped by two narrow peaks, indi-
cating a colder and drier climate.

(5) TMS5el (116.5 kyr to 113.7 kyr B.P.), corre-
sponding to strata 148GL to 144LS, included three W

events (W3 to W1) totaling 2.3 kyr and two C events
(C2 and Cl1) totaling 0.5 kyr. The values of Mz and
SC/D from 80% of the samples ranged from 4.18¢ to
5.52¢ and 0.75 to 3.10, respectively, with averages of
4.38¢ and 1.13, respectively. Both Mz and SC/D pre-
dominantly showed three marked wide peaks and two
narrow valleys, indicating a warmer and more humid
climate.

In summary, the TMS5e climate revealed by the
grain-size peaks and valleys in Fig. 5 was less stable,
with more frequent oscillations, than the MIS5e climate
recorded in the GRIP ice core (GRIP Members, 1993;
NGRIP Members, 2004), deep-sea drillings in the North
Atlantic (Adkins et al., 1997), and loess deposits in
China (Guan et al., 1996; Ren et al., 1996; An and Por-
ter, 1997; Liu et al., 1998). If we ignore the high age
uncertainty of the TL dating in this paper, the patterns
and amplitudes of variation within the millennial to
ten-millennial timescale of the TMSS5e climate in the
southern Tengger Desert are roughly similar to other
climate records from around the world, especially those
of the 8'®0 (%o) variations in the GRIP ice core from
Greenland (GRIP Members, 1993). For instance, the
relatively warmer TMS5e5, TMS5e3, and TMS5el pe-
riods appear to correspond to the marked 8'°O (%o)
peaks of MIS5e5 (from 140 kyr to 127 kyr B.P),
MIS5e3 (from 122 kyr to 119 kyr B.P.), and MIS5el
(from 117 kyr to 114 kyr B.P.), respectively. Similarly,
the colder TMS5e4 and TMS5e2 periods correspond to
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the lower 8'°0 (%o) values during MIS5e4 (from 127
kyr to 122 kyr B.P.) and MIS5e2 (from 119 kyr to 117
kyr B.P.

In addition, there are tens of abrupt century- to mil-
lennial-scale climatic changes, similar to interstadial-
stadial or Dansgaard-Oeschger oscillations during the
last glacial of the GRIP ice core (GRIP Members, 1993)
and in the data from the Hulu cave (Wang et al., 2001).
As we noted earlier, the durations of the C and W events
mostly ranged from 0.50 to 1.20 kyr, which is close to
the periodicity of 1.45 kyr for ice-rafted debris events in
the North Atlantic (Mayewski et al., 1997) and the 0.51
kyr periodicity of the North Atlantic thermohaline cir-
culation (Stuiver and Braziunas, 1993). The unstable
climate during TMSSe shown in the present paper sug-
gests that the climate was closely related to the pa-
laco-East Asian monsoon system, which is controlled by
the climate and circulation patterns in the northern
hemisphere.

5 Conclusions

The TMSS5e sequence from the Tumen section, at the
southern edge of the Tengger Desert in the northwesten
China consists of 16 layers of aeolian dune sands, 11
layers of lacustrine loess-like facies, and 5 layers of
lacustrine facies. They constitute 14.5 grain-sedimentary
cycles alternating the aeolian sands with overlying
lacustrine facies or lacustrine loess-like facies in the
vertical direction of the sequence.

The aeolian dune sands in the TMS5e sequence were
similar to that under which modern mobile dune sands
form, which is caused by the dominance of the cold, dry
East Asian winter monsoon. However, the lacustrine
loess-like facies and lacustrine facies formed under the
influence of the warm, humid East Asian summer mon-
soon. The grain-size indicator Mz and the SC/D value in
the TMSS5e sequence indicate climatic instability at the
southern edge of the Tengger Desert during MIS5e, al-
ternating at least 14 times of cold, dry climate with 15
times of warm, humid climate, divided into five stages:
TMS5e5 (139 kyr to 129.3 kyr B.P.), TMS5e4 (129.3
kyr to 124 kyr B.P.), TMS5e3 (124 kyr to 119.5 kyr
B.P), TMSSe2 (119.5 kyr to 116.5 kyr B.P.), and
TMS5el (116.5 kyr to 113.7 kyr B.P.). These correspond
roughly to MIS5e5, MIS5e4, MISS5e3, MIS 5e2, and
MIS5el, respectively, in the GRIP ice core data.
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