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a b s t r a c t
The Dinggye area (Southern Tibet) contains numerous aeolian sediments, including modern and ancient
aeolian sand deposition. In this study, we determined the chronological sequences of several proﬁles of
Holocene paleo-aeolian deposits using Optically Stimulate Luminescence (OSL) and radiocarbon (Accelerator Mass Spectrometry (AMS) 14C and conventional 14C) dating. Using the grain size, magnetic susceptibility, organic content and chrome characteristics of the deposits, we reconstructed the Holocene
aeolian processes in the Dinggye area. The results from the paleo-aeolian depositional record indicate
multiple changes in the intensity of aeolian activity and soil ﬁxing with alternations between cool-dry
and warm-humid climate conditions in the Dinggye area during the Holocene. From 12.8 ka B.P. to the
present, the climate has ﬂuctuated frequently. From 12.8 to 11.6 ka B.P. and from 9.3 to 4.9 ka B.P., the
climate was warm and humid with weak aeolian activity, and a sandy paleosol developed. The peak
Holocene megathermal period and the main period of pedogenesis in the study area was from 6.6 to
4.9 ka B.P. Between 11.6 and 9.3 ka B.P. and since 2.0 ka B.P., the sandlot expanded due to a cool, dry
and windy climate; aeolian activity was strong and caused the development of moving dunes. The period
between 4.9 and 2.0 ka B.P. was relatively cool and dry with slightly strengthened aeolian activity that
developed stationary and semi-stationary dunes. In general, the Holocene events recorded by the
paleo-aeolian deposits correspond well with those interpreted by other methods, such as records from
ice-cores, lacustrine deposits and tree rings, but there are minor discrepancies between the methods.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
The formation and evolution of aeolian deposits, which are an
important part of the Earth’s surface depositional system, play crucial roles in human survival and development (Prospero and Lamb,
2003; Masri et al., 2003). Studies have shown that aeolian activity
generates thick deposits of terrestrial sediment (Daniel, 2013;
Miao et al., 2005), and aeolian material is an important component
of marine sediments (Nees et al., 1999; Hesse and McTainsh, 1999;
Stuut et al., 2002). The mineral elements in dust can affect the marine biochemical cycle when the dust settles in the ocean (Mahowald et al., 2006), provide nutrients to tropical forests when it
falls on land (Okin et al., 2004), and balance climate and solar radiation when it is suspended in the air (Tegen, 2003). Therefore, the
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study of aeolian deposition has become a signiﬁcant ﬁeld of global
climate change research.
Paleo-aeolian deposits, which are preserved strata of past aeolian activity, record paleoenvironmental and paleoclimatic changes
well, and reconstructing paleoenvironments based on paleo-aeolian deposits has become an important aspect of the study of aeolian activity (Daniel, 2013; Stauch et al., 2012). The Holocene
environment has been dominated by climate changes at millennial-to centennial-scale (Thiago et al., 2013) and has signiﬁcantly
affected human life (Francis et al., 2012). The development and
evolution of aeolian activity and aeolian geomorphology are
mainly inﬂuenced by climate change (Swezey, 2001; Catto et al.,
2002). As a result, it is important to understand climate change
mechanisms and forecast the trend of future climate change by
studying Holocene aeolian activity and its relationship with climate change.
It has been commonly recognized that the Tibet Plateau, the socalled earth’s third pole, is acting as an elevated heat source for the
atmosphere. Tibetan climate change is ahead of other parts of
the world, and the change range is larger than other region
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(Wang et al., 2002). In recent years, many researchers have studied
the Holocene climate changes of the plateau using ice cores, lacustrine deposits, tree rings and peat and have developed a comprehensive understanding of Holocene climate change (Yao
et al.,1994, 2002; Yang et al.,2009;Wang et al.,2002; Carrie et al.,
2006; Liu et al.,2010; Shi et al.,2011;Xu et al.,2006). However, the
few stratigraphic investigations on the Tibetan Plateau have
mainly focused on dating deposits using the luminescence ages
of loesses and aeolian sands as well as the radiocarbon ages of
intercalated paleosols. Most of the studies were performed in
northeast, east and central Tibet (Lehmkuhl and Haselein, 2000;
Küster et al., 2006; Lai et al., 2009; Stauch et al., 2012). This paper
presents results of the stratigraphy and sedimentology of aeolian
deposits in southern Tibet. Our study focuses on the Dinggye area,
which contains extensive aeolian deposits. We selected three proﬁles in Holocene paleo-aeolian deposits and established the chronological sequence of each proﬁle using OSL, AMS 14C and
conventional 14C dating. Using grain size, magnetic susceptibility,
organic content and the chrome characteristics, we reconstructed
the processes of aeolian activity and the Holocene geomorphologic
evolution in the Dinggye area. The results complement the climate
change records in Tibet and can be used to prevent desertiﬁcation
in the Dinggye area.
2. Study site
The Dinggye area is located in the northern foothills of the
Himalayas (Fig. 1). The terrain in the northern and southern portions of the region is higher than in the middle portion. A highland
lake basin is located around Como Chamling in the east, and the
terrain is wide and ﬂat with a mean elevation of 4500 m. The middle-western region is a river valley that includes Yeru Zangbu and
Quqiang Zangbu and has elevations between 4300 and 4400 m.
The southern part of the study area is in the Himalayas and contains glaciers and snow-capped mountains at elevations above
4700 m. The study area has a plateau temperate semiarid climate.
The annual mean temperature is 2 °C with mean temperatures of
8 °C in January and 12 °C in July. The annual precipitation is
236 mm, of which more than 70% occurs in June and July (Ye
et al., 2003). The wind is strong approximately 230 days per year;
in winter and spring, the dominant winds are the zonal wester lies,
which have a wind scale of 4–5 Bft. The vegetation is dominated by
short grasses and brushes, and the vegetation coverage is 30–60%.
The vegetation consists of thickets, meadows, grasslands, alpine
vegetation and drought-tolerant crops. The main soil types are
cryocalic and frost-calc soils, with aquatic soils, frozen thin soils
and ordinary gleysols in small areas.
3. Material and methods
3.1. Sedimentology
Many of the Holocene aeolian sediments in the Dinggye area
have thicknesses of 2–3 m. Based on the distribution of modern
aeolian landforms, we sought typical aeolian geomorphological
areas and selected three typical paleo-aeolian proﬁles (Fig. 1):
the Taiga proﬁle in the upper Yeru Zangbu valley (TG, 28° 150
30.1200 N, 88° 060 30.3800 E), the Xielin proﬁle in the third river terrace of Xielin Zangbu (XL, 28° 260 59.8800 N, 87° 410 12.1200 E), and
the Jijiao proﬁle in the piedmont of the Quqiang Zangbu valley
(JJ, 28° 320 21.3600 N, 87° 480 35.9400 ). The three proﬁles have typical
sandy paleosols and are comparable.
The Taiga proﬁle contains a 1.1 m thick sandy paleosol-aeolian
sequence that can be divided into three layers. The layers from 0 to
40 cm and from 90 to 110 cm are dark brown sandy paleosols,

while the layer from 40 to 90 cm is a yellow paleo-aeolian deposit
that is composed of ﬁne sands and medium ﬁne sands.
Both the Xielin and Jijiao proﬁles are typical aeolian proﬁles,
which are continuous and even. The thicknesses of the Xielin proﬁle and the Jijiao proﬁle are 2.66 m and 2.74 m, respectively. Based
on its sedimentary characteristics, the Xielin proﬁle can be divided
into eight layers (from top to bottom), in which layers 1–4 and 7–8
are paleo-aeolian deposits and layers 5 and 6 are sandy paleosols.
The Jijiao proﬁle includes nine layers; layers 6 and 9 are sandy
paleosols, and the others are paleo-aeolian deposits. The detailed
characteristics of each proﬁle are shown in Table 1.
3.2. Sample collection and analysis
We collected ﬁve OSL (Xielin and Jijiao proﬁles) and two AMS
C (Jijiao proﬁle) dating samples and four conventional 14C dating
samples (Xielin and Taiga proﬁles). The OSL samples were pretreated and subsequently measured at the College of Urban and
Environmental Sciences of Peking University. The AMS 14C samples
were analyzed at the Archaeology and Heritage Conservation Laboratory of the Archaeology and Museology School of Peking University, and the conventional 14C dating samples were analyzed
at the State Key Laboratory of Earthquake Dynamics of the Institute
of Geology, China Earthquake Administration, and were calibrated
using the CALIB software version 5.0.1 (http://calib.qub.ac.uk/).
We also collected 272 sediment samples at 2 cm intervals from
the Xielin and Jijiao proﬁles for grain size, magnetic susceptibility,
organic content and chrome indexes analyses and 42 grain size
samples of the surfaces of modern shifting sand dunes. The grain
size measurements were carried out using a Mastersizer 2000 of
the Malvern Company of England with a size range of 0.02–
2000 lm and relative error of repeated measurement is less than
2%. The classiﬁcation standards for this study were based on general classiﬁcation principles as follows: 2.0–0.5 mm sand is classiﬁed as coarse sand, 0.50–0.25 mm sand is classiﬁed as medium
sand, 0.25–0.05 mm sand is classiﬁed as ﬁne sand, 0.05–
0.005 mm particles are classiﬁed as silt, and <0.005 mm particles
are classiﬁed as clay. The measurements of low and high frequency
magnetic susceptibility were performed using a Bartington MS2B
sensor, and the measurements of organic matter content used
the mean of potassium dichromate-sulfuric acid solution. The
chrome measurements, which consist of lightness (L⁄), yellowness
(b⁄) and redness (a⁄), were performed using a SPAD-503 instrument of the MINOLTA Company of Japan. All of the measurements
were pre-treated and measured at the Key Laboratory of Western
China’s Environmental Systems Lanzhou University.
In this paper, the mean grain size (Mz) and the Kurtosis (KG) are
used as the main indexes for discussing the depositional environment and the evolution of the aeolian sediment in the Dinggye area
(Zheng et al., 2009; Zhang et al., 2011; Li et al., 2013). We calculated Mz and KG for each sample using Eqs. (1) and (2) (Folk and
Ward, 1957):
14

Mz ¼ ðU16 þ U50 þ U84Þ=3Þ

ð1Þ

KG ¼ ðU95  U5Þ=2:44ðU75  U25Þ

ð2Þ

In the equations, U5, U16, U25, U50, U75, U84 and U95 are
the grain sizes where the cumulative percentage reaches 5%, 16%,
25%, 50%, 75%, 84% and 95%, respectively. For convenience, we have
expressed the grain size by its logarithm using the transformation
in Eq. (3) (Krumbein,1934):

U ¼  logðD; 2Þ
where D is the grain diameter (mm).

ð3Þ
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Fig. 1. Study area and locations of the sampling proﬁles.

Table 1
Stratiﬁcation and sedimentary characteristics of Xielin and Jijiao proﬁles.
Proﬁle

Layer

Depth/cm

Sedimentary characteristics

Xielin

1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
9

0–54
54–78
78–146
146–176
176–216
216–226
226–250
250–266
0–98
98–160
160–168
168–190
190–204
204–214
214–240
240–262
262–274

Brown–yellow, medium ﬁne sands with many modern roots
Greyish–yellow, medium sands and medium ﬁne sands
Yellow, coarse sands
Brown–yellow, ﬁne sands
Pale brown–yellow, ﬁne sands with calcareous mycelium
Dark brown, compact, ﬁne sands and silt
Greyish–yellow, medium ﬁne sand
Yellow, medium sand
Brown–yellow, medium coarse sands with root tissues
Pale brown–yellow, medium sands and medium ﬁne sands
Yellow, medium coarse sands
Yellow, medium ﬁne sands
Yellow, medium coarse sands with small gravels
Dark brown, ﬁne sand and silt with calcareous mycelium
Brown–yellow, ﬁne sand with calcareous mycelium
Greyish–yellow, medium coarse sands
Brown, compact, medium ﬁne sand with small gravels

Jijiao

21

22
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4. Results and discussion
4.1. Dating
Optically stimulated luminescence (OSL) dating has been used
well to date the aeolian sediments in Qinghai–Tibet Plateau in recent years, and researchers ﬁnd that OSL ages are in agreement
with 14C ages when available (Lai et al., 2009; Niu et al., 2010;
Liu et al., 2012a,b). In this paper, we use OSL to date the aeolian
layers of Xielin and Jijiao proﬁles (Table 2) .There are two sandy
paleosols in both Jijiao and Taiga proﬁle which can provide good
radiocarbon age control. Therefore, we use AMS 14C to date sandy
paleosols in Jijiao proﬁles due to low organic content, and Conventional 14C to Taiga proﬁles in which organic content is relatively
high(Table 3).
The results show that the chronological sequence of the Jijiao
proﬁle is the longest of the three proﬁles and records information
about aeolian activity and climate change in the study area since
12.8 ka B.P. There are two sandy paleosol layers in the sedimentary
strata, and the upper sandy paleosol layer is more typical. The Xielin proﬁle records the environmental changes since 7.5 ka B.P.
(early and middle Holocene) and contains one typical dark brown
sandy paleosol. The upper 1.1 m of the Taiga proﬁle contains two
black sandy paleosol layers. The stratigraphic correlation of the
three proﬁles shows that the age of the bottom of the typical sandy
paleosol is 6.6 ka B.P. (JJ-14C-1), and age of the top is 4.9 ka B.P.
(TG-14C-1). The stratigraphic time sequences of each proﬁle were
constructed based on interpolations between the dates obtained
from the three proﬁles (Fig. 2).
4.2. Indicators
4.2.1. Measurement results
The grain size measurements from the Xielin proﬁle show that
it consists mainly of sand; the sand content is more than 95%. Fine
sand is dominant with an average content of 50.21%. Medium sand
and silt have average contents of 20.95% and 19.15%, respectively,
and coarse sand and clay have the lowest contents, with average
contents of 6.08% and 2.5%, respectively. The magnetic susceptibility values are lower in the Xielin proﬁle; the average value of the
low-frequency magnetic susceptibility, which ranges from
0.28  108 m3/kg to 3.85  108 m3/kg, is 1.11  108 m3/kg,
and the average value of the high-frequency magnetic susceptibility, which ranges from 0.28  108 m3/kg to 3.64  108 m3/kg, is
1.07  108 m3/kg. The organic content of the Xielin proﬁle is
low, ranging from 0.3% to 2.07% with an average value of 0.6%.
The average value of lightness (L⁄) is 59.63 and ranges from
50.57 to 71.57, and the average value of yellowness (b⁄) is 13.38
and ranges from 8.73 to 15.77. The average redness (a⁄) value is
3.24, and the values range from 1.33 to 4.83.
The sand content of the Jijiao proﬁle is approximately 90%. Fine
sand is dominant, with an average content of 52.79%, and medium
sand is second with an average content of 23.86%. The average contents of coarse sand, silt and clay are 10.38%, 11.95% and 1.52%,
respectively. The magnetic susceptibility of the Jijiao proﬁle is

lower than the Xielin proﬁle; the average value of the low-frequency
magnetic
susceptibility,
which
ranges
from
0.4  108 m3/kg to 3.96  108 m3/kg, is 1.06  108 m3/kg, and
the average value of the high-frequency magnetic susceptibility,
which ranges from 0.37  108 m3/kg to 3.71  108 m3/kg, is
1.06  108 m3/kg. The organic content of the proﬁle is low, ranging from 0.28% to 1.03% with an average value of 0.49%. The average value of lightness (L⁄) is 56.53 and ranges from 51.4 to 63.07,
and the average value of yellowness (b⁄) is 16.22 and ranges from
13.67 to 22.6. The average redness (a⁄) value is 3.38, and the values
range from 2.2 to 7.3.
4.2.2. Paleoenvironmental implications
We calculated standard deviations of all 272 samples. Two
peaks are observed in plot standard deviation values vs. grain-size
classes, at 2U and 4U grain-size, respectively (Fig. 3). They are
environmentally sensitive grain-size population, and <2U can be
used as indicator of coarse particles which is sensitive to strong
aeolian activity, and >4U values can be used as an index of the differences in the amount of ﬁne particles which is sensitive to weak
aeolian activity. In addition, we choose the D(5) value that reﬂects
the grain size at a cumulative frequency of 5%, which avoids differences in grain composition due to the different sources of the
deposits.
The magnetic susceptibility, organic content and chrome (a⁄)
values can be used as indexes of the degree of pedogenesis because
of good correspondences between the peaks of their curves and the
paleosol layers in each proﬁle. Fig. 4 and Fig. 5 are constructed
based on these indexes in the Xielin and Jijiao proﬁles, respectively.
The indicator curves of the Xielin proﬁle (Fig. 4) represent the
characteristics of the sedimentary facies in the proﬁle and show
that the aeolian activity recorded since 7.5 ka B.P. can be divided
into four stages: A (>7.5 ka B.P.), B (7.5–2 ka B.P.), C (2.0–1.1 ka
B.P.) and D (since 1.1 ka B.P.). The indicator curves show that the
grain sizes in stages A and C stages are coarser than the other layers, with <2U and >4U contents of 40–50% and 10%, respectively,
and D(5) values of 1.2–2.6U. Based on a comparison between Mz
and KG (Fig. 6a), the mean grain sizes of stages A and C are similar
to those of modern shifting sand dunes. The low values of the lowfrequency magnetic susceptibility, organic content and a⁄ indicate
that there was strong aeolian activity in stages A and C, and shifting sand dunes were dominant. The ﬁnest grain size is in stage B,
with <2U and >4U contents of 4.4% and 42.8%, respectively, and
D(5) values that range between 0.7 and 1.3U. The mean grain size
of stage B is smaller than that of modern shifting sand dunes. The
values of the low-frequency magnetic susceptibility, organic content and a⁄ are the highest of this proﬁle, and the peak values appear in the typical sandy paleosol layer (6.6–4.9 ka B.P.). These
indicators show that the aeolian activity was weak and that stationary dunes and a sandy paleosol were present. The main period
of pedogenesis was 6.6–4.9 ka B.P., and this process weakened and
the aeolian activity strengthened after 4.9 ka B.P. The grain size of
stage D is ﬁner than that of stage C stage, with <2U and >4U contents of 22.6% and 14.4%, respectively, and D(5) values between 0.2
and 1.8U. The mean grain size in this stage is slightly smaller than

Table 2
OSL dating results.
Lab. No.

Sample

Depth cm

U(ppm)

Th(ppm)

K(%)

Dose rate, (Gy/ka)

De(Gy)

OSL ages (ka)

L2038
L2039
L2040
L2041
L2042

XL-1
XL-2
XL-3
JJ-1
JJ-2

22
164
248
26
170

4.08 ± 0.13
12.60 ± 0.29
9.10 ± 0.23
2.76 ± 0.11
3.10 ± 0.12

12.40 ± 0.33
19.80 ± 0.51
9.13 ± 0.27
11.90 ± 0.33
14.80 ± 0.40

2.30 ± 0.07
2.18 ± 0.07
2.12 ± 0.07
2.16 ± 0.07
2.24 ± 0.07

4.13 ± 0.11
6.40 ± 0.18
4.81 ± 0.13
3.50 ± 0.10
3.95 ± 0.11

1.44 ± 0.19
15.28 ± 1.23
35.89 ± 0.92
0.58 ± 0.38
14.53 ± 1.97

0.4 ± 0.05
2.4 ± 0.20
7.5 ± 0.28
0.2 ± 0.11
3.7 ± 0.51

The water content is taken as 5% for all samples.
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Table 3
Radiocarbon dating results.
Lab. No.

Sample

CG-7191
CG-7189
BA111696
BA111697
Notes: For

14

TG- C-1
TG-14C-2
JJ-14C-1
JJ-14C-2

Depth (cm)
8
24
210
268

Sediment type
Sandy
Sandy
Sandy
Sandy

14

Dating method

paleosol
paleosol
paleosol
paleosol

Conventional
Conventional
AMS14C
AMS14C

14

C
C

14

C ages (ka)

4.9
5.1
6.6
12.8

Error (ka)
0.13
0.23
0.04
0.06

14

C, we assumed a half-life of 5568 years and a start date of 1950 AD.

Fig. 2. Stratigraphy of the three proﬁles in this study with their ages. In the legend, 1 represents medium ﬁne sand, 2 represents ﬁne sand, 3 represents medium sand, 4
represents medium coarse sand, 5 represents less sandy paleosol, 6 represents sandy paleosol, 7 represents OSL date, 8 represents 14C date, and 9 represents calculated age.

Fig. 3. Standard Deviation values vs. Grain-size classes of Xielin(a) and Jijiao(b)
proﬁle.

that of modern shifting sand dunes, and the values of the low-frequency magnetic susceptibility, organic content and a⁄ are the lowest of this proﬁle. These indicators show that the climate has
become drier since 1.1 ka B.P., but aeolian activity has been weaker
than in stage C, and semi-stationary dunes have developed. The rapid increase of coarse materials and the decrease of ﬁne materials
suggest that aeolian activity has strengthened since 0.4 ka B.P.
The indicator curves of the Jijiao proﬁle illustrate the aeolian
activity since 12.8 ka B.P. (Fig. 5). Based on the curves and the characteristics of the sedimentary facies in the Jijiao proﬁle, ﬁve stages
are interpreted as follows: A (12.8–11.6 ka B.P.), B (11.6–9.3 ka
B.P.), C (9.3–4.9 ka B.P.), D (4.9–2.0 ka B.P.) and E (since 2.0 ka
B.P.). The indicator curves show that the grain sizes of stages A
and C are ﬁner than the other stages, with <2U and >4U contents
of 20% and 30%, respectively, and D(5) values of 0.8–1.2U. The
mean grain sizes of stages A and C are ﬁner than that of modern
shifting sand dunes (Fig. 6b). The values of the low-frequency magnetic susceptibility, organic content and a⁄ in stage C are the highest of the proﬁle, and the peak values correspond with the typical
sandy paleosol layer (6.6–4.9 ka), while the values of the low-frequency magnetic susceptibility, organic content and a⁄ in stages
A are smaller than stage C. All the above indicators indicate that
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Fig. 4. Variations of >4U,<2U, D(5), low-frequency magnetic susceptibility, organic content and chrome (a⁄) in the Xielin proﬁle since 7.5 ka B.P. In the legend, 1 represents
medium ﬁne sand, 2 represents ﬁne sand, 3 represents medium sand, 4 represents medium coarse sand, 5 represents less sandy paleosol, and 6 represents sandy paleosol.

Fig. 5. Variations of >4U,<2U, D(5), low-frequency magnetic susceptibility, organic content and chrome(a⁄) in the Jijiao proﬁle since 12.8 ka B.P. In the legend, 1 represents
medium ﬁne sand, 2 represents ﬁne sand, 3 represents medium sand, 4 represents medium coarse sand, 5 represents less sandy paleosol, and 6 represents sandy paleosol.

aeolian activity in stages A and C was weak and that stationary
dunes and sandy paleosol developed, In addition, pedogenesis in
stage A was weak, and that of stage C was strongest from 6.6 to
4.9 ka B.P. The grain sizes of stages B and E are coarser, with <2U
contents of 50–65% and D(5) values ranging from 0.6 to 0.4U.
The mean grain size of stage B is similar to that of modern shifting
sand dunes. The content of >4U particles and the values of the lowfrequency magnetic susceptibility, organic content and a⁄ are the
lowest of this proﬁle, which indicates that aeolian activity was
strong and that shifting sand dunes developed. The grain size of

stage D is slightly coarser than stage C and is ﬁner than stages B
and E, with <2U and >4U contents of 21.3% and 14.5%, respectively,
and D(5) values between 0.6 and 1.2U. The mean grain size is ﬁner
than in modern shifting sand dunes (Fig. 6b), which suggests that
aeolian activity was weak. The values of the low-frequency magnetic susceptibility, organic content and a⁄ are low indicating there
is no pedogenic process in stage D and that semi-stationary dunes
developed. Further, according grain-size curves (Fig. 5), the Jijiao
proﬁle thus records three events of aeolian activity that strengthened suddenly at 7.5 ka B.P., 4.9–4.4 ka B.P. and 3.7–3.5 ka B.P.
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Fig. 6. Mean grain size (Mz) versus Kurtosis (KG) scatterplots for paleo-aeolian and modern sands. (a) Xielin proﬁle; (b) Jijiao proﬁle.

Table 4
Comparisons of Jijiao and Xielin proﬁle records.
Jijiao proﬁle

Xielin proﬁle

Age (ka)

Stage

Climate

Aeolian activity

Aeolian Geomorphology

12.8–
11.6
11.6–9.3
9.3–4.9
4.9–2

A

Warm/humid

Weak

Stationary dunes

B
C
D

Strong
Weak
General

Shifting sand dunes
Stationary dunes
Semi-stationary dunes

<2

E

Cold/dry
Warm/humid
Semi-Warm/
humid
Cold/dry

Strong

Shifting sand dunes

5. Discussion
5.1. Aeolian activity since 12.8 ka
The paleoenvironmental information recorded by the Xielin and
Jijiao proﬁles shows that the typical sandy paleosol developed in
the middle Holocene and that the aeolian activity has strengthened
since 2.0 ka B.P. The beginning and ending dates of these events are
slightly different in the different proﬁles because of their different
topographic locations and the inﬂuence of the sedimentary microenvironments. The Holocene aeolian processes of the study area
can be reconstructed comprehensively through the analyses of
the two proﬁles (Table 4).
The weak sandy paleosol developed from 12.8 ka B.P. to 11.6 ka
B.P. The paleosol had a low coarse grained content and a high clay
content, and the values of the low-frequency magnetic susceptibility, organic content and a⁄ were higher than those of the paleo-aeolian layer. These data indicate that the aeolian activity was weak,
the dunes experienced light pedogenic processes and stationary
and semi-stationary dunes developed in the study area.
In the period between 11.6 and 9.3 ka B.P., 20 cm of paleo-aeolian sediments were preserved in the sedimentary stratum. The
mean grain size of this layer is 1.5–2U, which is similar to modern
shifting sand dunes, and the values of the low-frequency magnetic
susceptibility, organic content and a⁄ were the lowest of the proﬁle. These data indicate that the climate was dry and cold, the aeolian activity was strong and shifting dunes developed in the study
area.
In the period between 9.3 and 4.9 ka B.P., the typical sandy
paleosol developed. The paleosol contains 1 to 2 layers in the proﬁles, and the main period of pedogenesis occurred between 6.6 and
4.9 ka B.P. The indicators show that the climate was warm and humid, the aeolian activity was weak, the dunes were stationary, and
the sandy paleosol developed. There were two events of increased
aeolian activity at 7.5 ka B.P. and 4.9-4.4 ka B.P.; during these

Age (ka)

Stage

Climate

Aeolian activity

Aeolian Geomorphology

>7.5
7.5–2

A
B

Strong
Weak

Shifting sand dunes
Stationary dunes

2–1.1
<1.1

C
D

Cold/dry
Warm/
humid
Cold/dry
Cold/dry

Strong
Strong

Shifting sand dunes
Shifting sand dunes

periods, all of the indicator values were low except for the grain
size, which was coarse.
In the period between 4.9 and 2.0 ka B.P., the sediments were
mainly composed of medium and ﬁne sands with lower coarse
grained content, while the mean grain size was ﬁner than modern
shifting sand dunes; the values of the low-frequency magnetic susceptibility and organic content were lower, while the a⁄ value was
higher. These data indicate that the climate was colder and drier
than the previous warm and wet environment. The aeolian activity
strengthened slightly, and stationary and semi-stationary dunes
developed. Based on the grain-size-indicators in the Jijiao proﬁle,
the aeolian activity strengthened between 3.7 and 3.5 ka B.P.
Since 2.0 ka B.P., the climate has been dry and cold, and the aeolian activity has strengthened with frequent ﬂuctuations. Based on
the records in the Xielin and Jijiao proﬁles, three stages can be
interpreted. Between 2.0 and 1.1 ka B.P., the sediments were
mainly composed of medium and coarse sands, and the mean grain
size was equal to modern shifting sand dunes; these data suggest
strong aeolian activity and shifting dunes caused by strong winds.
Between 1.1 and 0.4 ka B.P., the grain size was ﬁner, which was
especially well recorded in the Xielin proﬁle; this indicates that
aeolian activity was relatively weak, and semi-stationary dunes
developed. After 0.4 ka B.P., aeolian activity strengthened rapidly,
and shifting dunes developed.
5.2. Comparison with other studies
Aeolian activity is driven by global and regional climate
changes. Studies of the response of aeolian activity to climate
change provide opportunities to not only reﬁne the records of climate change but also examine the reliability of aeolian reconstructions like those in this article.
Recently, many studies have examined Holocene climate
change in Tibet using ice-cores, lacustrine deposits, tree rings
and peat deposits. The trends recorded by these methods generally

26

M. Pan et al. / Aeolian Research 12 (2014) 19–27

agree but also have minor discrepancies. Previous studies suggest
that the Holocene began between 12 and 10 ka B.P. with a warm
climate. The Holocene megathermal period began between 9.5
and 8 ka B.P. and lasted until 6–4 ka B.P.; during this period, the
temperature increased and lake levels rose. The climate of Tibet
has become colder and drier since 4 ka B.P. and especially dry since
2 ka B.P. (Thompson et al., 2005; Yao et al.,1994, 2002; Yang
et al.,2009;Wang et al.,2002; Carrie et al., 2006; Xu et al.,2006).
The information recorded by paleo-aeolian activity in the Dinggye
area shows that the Holocene began at 12.8 ka B.P. in the area, and
a weak sandy paleosol developed. The Holocene megathermal period began at 9.3 ka B.P. with stationary dunes and pedogenesis; the
peak of the Holocene megathermal period was from 6.6 ka B.P. to
4.9 ka B.P., and a sandy paleosol composed of one to two layers
developed in the area. Since 4.9 ka B.P., the climate has become
dry, cold and windy, pedogenesis gradually decreased and disappeared and aeolian activity slowly increased. After 2.0 ka B.P., the
climate became more cold and dry with strong aeolian activity.
The Holocene climate of Tibet has been unstable. In addition to
the large climate ﬂuctuations, several smaller changes have occurred, including the cold period of the ﬁrst Neo-Ice Age of the
Holocene (8 ka B.P.), the second Neo-Ice Age (5 ka B.P.), the third
Neo-Ice Age (3 ka B.P.) (Bryant, 1997), the Little Ice Age (approximately 1400-1850 AD), the warm period of 6 ka B.P. and the Medieval warm period (700-1400 AD) (He et al., 2013). The paleoaeolian deposits record four events of increased aeolian activity:
7.5 ka B.P., 4.9–4.4 ka B.P., 3.7–3.5 ka B.P. and 0.4 ka B.P. These
periods correspond well with several cold events during the Holocene. In addition, the typical dark brown sandy paleosol developed
from 6.6 to 4.9 ka B.P., which is consistent with the warm period at
6 ka B.P.
In general, the Holocene aeolian activity of the Dinggye area responded to the climate changes in Tibet. The aeolian activity was
strong, with shifting dunes and expanded sand areas, when the climate was dry and cold; otherwise, aeolian activity was weak with
stationary dunes and sandy paleosols when the climate was warm
and wet. The minor differences between the ages of Holocene
events determined from the paleo-aeolian deposits and from other
methods may be caused by the short paleo-aeolian sedimentary
sequences and the lower age resolution.

6. Conclusions
Using OSL, AMS 14C and conventional 14C dating, we established
the chronological sequences of three paleo-aeolian proﬁles in the
Dinggye area and reconstructed the pattern of Holocene aeolian
activity with the four indicators of grain size, magnetic susceptibility, organic content and chrome. The main conclusions are as
follows.
The sequence of aeolian activity in the Dinggye area since
12.8 ka was reconstructed. The Dinggye area experienced multiple
changes of aeolian activity and geomorphology between dune
activity and sandy paleosol development during the alternating
cool-dry and warm-humid periods. Five stages were interpreted
as follows. Between 12.8 and 11.6 ka B.P. and 9.3 and 4.9 ka B.P.,
the climate was warm and humid with weak aeolian activity,
and the sandy paleosol developed. The degree of pedogenesis
was strongest from 6.6 to 4.9 ka B.P. during the peak of the Holocene megathermal period. Between 11.6 and 9.3 ka B.P. and since
2 ka B.P., the climate was dry and cold with strong winds, aeolian
activity was strong and shifting sand dunes developed. From 4.9 to
2.0 ka B.P., the climate was dry and cold with slightly strengthened
aeolian activity, and stationary and semi-stationary dunes developed. In addition, the paleo-aeolian activity in the Dinggye area
recorded four events of increased aeolian activity: 7.5 ka B.P.,

4.9–4.4 ka B.P., 3.7–3.5 ka B.P. and 0.4 ka B.P. The changes in the
aeolian activity in the Dinggye area during the Holocene correspond well with the climate changes in Tibet. Compared with the
records from ice-cores, lacustrine deposits and tree rings, the timings of Holocene events recorded by the paleo-aeolian deposits are
generally consistent with those recorded by the other methods, but
small discrepancies between the methods exist.
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