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An extended pollen record with grain size analysis and AMS 14C dating is provided for a palaeolake section
which is located in an intermountain basin in Yili Valley, Xinjiang, NW China. Covering the late MIS 3,
early MIS 2 and the last deglaciation, vegetation variations and climate events are discussed in relation to
changes in pollen assemblages and Artemisia/Chenopodiaceae (A/C) ratios. The presence of montane
forest-steppe dominated by Picea and Taraxacum indicates a relative humid climate in the study area during
lateMIS 3 (before 31.5 cal kyr BP). Picea forest disappeared and the vegetation dominated by Chenopodiaceae
shows the climate became dry from 31.5 to 14.7 cal kyr BP. The sediments of Last Glacial Maximum (LGM)
period are absent in the section probably. Betula-Picea mixed forest occurred at 14.7 cal kyr BP and corre-
sponds to the onset of the warm Bølling period in the North Atlantic. A long dry period was detected from
14.5 to 13.6 cal kyr BP on the basis of the occurrence of Chenopodiaceae desert. A subalpinemeadow commu-
nity dominated by Geranium covered the area during 13.6–13.4 cal kyr BP, suggesting lower temperatures at
this time. This may coincide with the Older Dryas (OD). The most humid period in the record occurred be-
tween 13.4 and 12.9 cal kyr BP, which coincides with the warm Allerød period. Dry conditions prevailed
from ~12.9 to 11.7 cal kyr BP in the area, coincidingwith the Younger Dryas (YD) in the North Atlantic.Within
this period a three-phase climate fluctuation was detected, which can be summarized as follows: a dry early
YD (12.9–12.6 cal kyr BP), a slightly moister mid-YD (12.6–12.0 cal kyr BP) and a very dry late YD (12.0–
11.7 cal kyr BP). These millennial to century-scale climatic events in Yili Valley correlate well with other
palaeoclimate records in North Hemisphere, suggesting that these events probably originate from same
mechanisms.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The last deglaciation represents the transition from the Last
Glacial Maximum (LGM) to the postglacial epoch (Holocene). It was
a period characterized by rising global temperatures, rapid collapse
of ice sheets and a large rise in sea level (Ruddiman and McIntyre,
1981; Blanchon and Shaw, 1995; Sowers and Bender, 1995). Under-
standing the sequence of climatic events surrounding the last deglaci-
ation is essential for understanding dynamics of the earth's surface
systems (Yu andWright, 2001; Barker et al., 2009), and for accurately
evaluating future climate trends under global warming (Parizek and
Alley, 2004; Liu et al., 2009).

In a general sense, climate systems can be described as moving
from one stable state to another over time (Stocker and Wright,
1991; Blunier and Brook, 2001). This process can be illustrated by

the millennial to century-scale climatic events that occurred in the
Northern Hemisphere during the last deglaciation, such as the Bølling–
Allerød (BA), Older Dryas (OD), Younger Dryas (YD) and Preboreal
events which are clearly evident in isotopic records from Greenland
ice cores, North Atlantic marine sediments and European and North
American lake sediments (Dansgaard et al., 1989; Lehman and Keigwin,
1992; Lotter et al., 1992; Alley et al., 1993; Yu and Eicher, 1998). Rapid
climate oscillations such as these provide a good opportunity to
study mechanisms associated with the Earth's climate systems.

Due to recent improvements in the resolution and dating preci-
sion of palaeoclimate work in monsoonal Asia, important information
about the rate, amplitude and driving mechanisms of climate events
during the last deglaciation is now available (Porter and An, 1995;
Sirocko et al., 1996; Nakagawa et al., 2006). Oxygen isotope records
of stalagmites from Dongge and Hulu Cave suggested that oscillations
of the Asian monsoon were rapid and synchronous with Greenland
temperatures during the last deglaciation (Wang et al., 2001; Yuan
et al., 2004). The same signals of rapid climate oscillations have
been detected in the sediment records of Qinghai and Huguangyan
Maar lake (Shen et al., 2005; Yancheva et al., 2007).
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Despite the large number of climate reconstructions covering the
last deglaciation in the central Asia using lake sediments, where the
mid-latitude westerlies are a dominant climatic influence (Fig. 1),
there is considerable disagreement over past climatic characteristics
of the region. River inflow to the Caspian Sea rose sharply during the
warmer BA and fell equally sharply during the YD (Thom, 2010). The
variations in δ13C and δ18O from Baikal Lake closely alignwith Northern
Hemisphere temperatures during last deglaciation, and clearly reflect
the BA and YD climatic events (Prokopenko and Williams, 2004;
Morley et al., 2005). A sediment record from Hovsgol Lake, northwest
Mongolia, indicates the water volume gradually increased during the
last deglaciation, but does not show abrupt climate shifts such as the
BA and YD events (Murakami et al., 2010). A major filling episode for
the Aral Sea occurred between the late Pleistocene and early Holocene
(Boomer et al., 2000), while records from sites such as Bosten and
Barkol Lakes show dry conditions during the last deglaciation (Huang
et al., 2009; Tao et al., 2010). Existing evidence shows a complicated
picture of climate changes in central Asia during the last deglaciation,
and more work using robust dating techniques and high resolution
records are needed for the region.

Located in central Asia, far from oceanic influences, the climate
of the Yili Valley is chiefly influenced by the mid-latitude westerlies
(Li, 1991). This makes it an ideal site for assessing climate variations
in central Asia. This study utilizes a 1220 cm long sediment section
collected in 2009 from the Yili Valley. The sediment section is be-
lieved to have been deposited under lacustrine conditions. Vegetation

and climate variations are reconstructed during the last deglaciation
in the study region, using AMS14C dating, grain size analysis and a
high resolution pollen record. This work builds on earlier work at
the site by Li et al. (2011), which focused on the upper 900 cm of
the sediment section. The timing and characteristics of climate events
in the Yili Valley are determined, and used to discuss climatic forcing
mechanisms for this and other regions in the Northern Hemisphere
during the deglaciation.

2. Study area

The Yili Valley is located in the Tian Shan Mountain range of
central Asia. Mountain slopes border the valley to the north, south
and east (Fig. 1). The Yili Valley has a temperate semi-arid continental
climate. Westerly winds prevail throughout the year. During winter
the climate is controlled mostly by the intensity and position of the
Siberian high pressure cell, and is mainly influenced by the northern
stream of the westerly airflow. During summer the mid-latitude
westerlies shift northwards and the southern stream of the airstream
affects the Yili valley (Li, 1991). The Yili Valley is in a relatively high
precipitation zone of Xinjiang Province, as a result of its exposure
to humid and warm airflow from the west. Topography has a large in-
fluence on the mean annual temperature (MAT) and mean annual
precipitation (MAP) of the region. MAT ranges from 2.6 to 10.4 °C,
while MAP is between 200 and 500 mm on the valley plains and up
to 800 mm in mountain zones.

Fig. 1. The study site and other sites referred to in the text in central Asia (A) and the position of Yili section in Yili Valley (B): 1, Caspian Sea (Thom, 2010); 2, Aral Sea (Boomer et al.,
2000); 3, Yili section (this study); 4, Bosten Lake (Huang et al., 2009); 5, Barkol Lake (Tao et al., 2010); 6, Qinghai Lake (Shen et al., 2005); 7, Midiwan section (Li et al., 2003);
8, Hovsgol Lake (Murakami et al., 2010); and 9 Baikal Lake (Prokopenko and Williams, 2004).
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Vegetation zones of the Yili valley are vertically distributed and
are classified in descending order as: alpine cushion-like vegetation;
alpine meadow; subalpine meadow; montane forest–meadow; mon-
tane steppe and desert (Fig. 2) (Xinjiang Expedition Team, 1978). The
cushion-like vegetation zone occurs above ~3000 m a.s.l. and is domi-
nated by Sibbaldianthe tetrandra and Thylacospermum caespitosum. The
alpine meadow zone occurs between ~2800 and 3200 m a.s.l. and is
composed of Cobresia capilliforms, Carex stenocarpa, C. cobressiformis
and Polygonum viviparum. The subalpine meadow zone occurs from
~2400–2700 m a.s.l. and is dominated by Alchemilla obtuse, Geranium
albiflorum, Geranium collinum, Phlomis oreophila, Thalictrum alpinum,
Gentiana tianschenica, Poa annua and Brachypodium pinnatum. Themon-
tane forest–meadow zone occurs between ~1500 and 2800 m a.s.l. and
consists of Picea forest and steppe or meadow. Patches of Picea forest
occur on shady and wet mountain slopes. The montane steppe zone oc-
curs on the piedmont between ~1000 and 1600 m a.s.l. and consists
predominantly of Stipa capillata, Festuca rupicola, Bothriochloa
ischaemun, Caragana turkestanica and Rosaerea sp. The desert zone
occurs below ~1100 m a.s.l. and is dominated by Artemisia boratalensis,
Artemisia kaschgaria, Kochia prastrata, Poa bulbosa, and Alyssum
desertorum (Xinjiang Expedition Team, 1978) (Fig. 2).

3. Study materials and methods

3.1. Sediment and dating

The Yili section (43°51′25.7″N, 81°57′54.3″E; 928 m a.s.l.) is located
in an intramountain basin in Maza town, Yili city, Xinjiang Province.
The section is 1220 cm deep and the upper 900 cm of the section has
previously been described by Li et al. (2011). The sediments are com-
posed of silts, sands and clays, a description of the lithology is provided
in Fig. 3. A total of 244 sediment sampleswere collected at 5 cm intervals
through the section. Eight charcoal samples and three shell sampleswere
selected for AMS14C dating. Sample pretreatment and measurement
was carried out at the Australian Nuclear Science and Technology
Organization, Australia. Radiocarbon dates have been converted to cali-
brated ages according to Reimer et al. (2009) (Table 1).

The linear interpolation method used to model ages between
the depths of 890 cm and 125 cm is described by Li et al. (2011).
AMS14C dating was not conducted above 125 cm, as the section
above this had signs of modern disturbance from agricultural activity.
An AMS14C date on a shell collected at 958–960 cm depth reveals a
period of very slow sedimentation or a hiatus, during the LGM (Fig. 3).
Radiocarbon dates are absent in the lowest 260 cm of the section, and
as a result the basal age of the Yili section is uncertain.

Grain size increases abruptly at 890 cm, indicating that meltwater
brought coarser sediment at the beginning of last deglaciation (Fig. 3).
Based on the variations of grain sizes and the time span between 960
and 890 cm (70 cm thicker covering ~17000 yr), we conclude that a
sedimentary lacuna from 960 to 890 cm is possible. Potential reasons
for this are: 1) the lake shrank considerably or even dried up during
LGM, resulting in exposure and erosion; and 2) a strong hydrodynamic
force at the beginning of deglaciation denuded part of the original sedi-
ment at the site. According to the analysis above, we suggest that the
depth of 1220–890 cm corresponds to the late MIS 3 to early MIS 2,
and that the sediments of the LGM period were lost (Fig. 3).

3.2. Pollen analysis methods

A total of 78 samples were prepared for pollen analysis between
400 and 1220 cm depth, covering the time period from MIS 3 to the
last deglaciation. Results for the 52 pollen samples between 400 and
900 cm depth have been discussed by Li et al. (2011). Pollen samples
were prepared from 150 g of sediment using heavy liquid separation
(Moore and Webb, 1978; Li and Du, 1999) and acetolysis (Erdtman,
1960). Lycopodium tablets were added to the samples to allow for
estimation of pollen concentrations. About 40,000 pollen grains were
identified in all 78 samples. At least 300 pollen grains were counted
for most of the samples. Low pollen abundance resulted in pollen
counts of less than 300 grains in 9 samples. Pollen morphological keys
were used to identify pollen taxa (e.g. Xi and Ning, 1994; Wang et al.,
1997). Artemisia, Aster-type and Taraxacum-type pollen grains were
counted separately to other Compositae grains. Pollen percentages are
calculated from the sum of the arboreal and non-arboreal taxa identi-
fied in each pollen spectrum (Fig. 4).

Fig. 2. Vertical vegetation zones around the study site in the Yili Valley.
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3.3. Interpretation methods

Previous publications are drawn on for the interpretation of
the Yili section pollen data, particularly those dealing with charac-
teristic surface pollen assemblages for the region and indicator taxa
(Xinjiang Expedition Team, 1978; Editorial Committee for
Vegetation of China, 1980; Yan, 1991, 1993; Weng et al., 1993; Xu
et al., 1996; Cour et al., 1999; Luo et al., 2009). Modern pollen studies
from surface lake sediment show that the pollen records in the lake
sediment are indicative of nearby vegetation and pollen grains were
transported to the palaeolake by wind and surface flow (e.g.
Herzschuh et al., 2006a; Shang et al., 2009; Zhao and Herzschuh,
2009).

Artemisia and Chenopodiaceae are dominant taxa in arid areas of
central Asia and the ratio of pollen of those taxa can be used as an
indicator of moisture level. In desert regions, Chenopodiaceae pollen
tends to be higher than Artemisia, while in steppe-like wetter envi-
ronments, Artemisia pollen dominates. EL-Moslimany (1990) demon-
strated the usefulness of the Artemisia/Chenopodiaceae (A/C) ratio by
studying modern pollen spectra in the Middle East. Later work found
the A/C ratio to also be a good indicator of effective moisture in parts
of northwest China, such as the West Kunlun Mountains (Weng et al.,
1993), southeastern Inner Mongolia (Liu et al., 1999), the Alashan

Plateau (Herzschuh et al., 2004), northwestern Tibet (Huang et al.,
1993; Cour et al., 1999), and the Xinjiang region (Luo et al., 2009).
The A/C ratio has now been widely applied in palaeoclimate studies
in arid regions of Asia (Gasse et al., 1991; Herzschuh et al., 2006b;
Chen et al., 2008). The sum of Artemisia and Chenopodiaceae pollen
in the Yili section averages 60.9% of the total pollen counts, and this
is considered to be sufficiently high for the ratio to be used as an in-
dicator of moisture levels (Sun et al., 1994).

Compositae is distributed widely in Xinjiang (Xinjiang Expedition
Team). Although the relationship between the percentage of
Compositae pollen and its representation in the vegetation cover of
the region is not clear, pollen of Compositae (excluding Artemisia spe-
cies) is abundant in alpine and subalpinemeadows of Xinjiang (Luo et
al., 2009). Aster-type pollen occurs mainly in mountain environ-
ments; and Taraxacum-type pollen can be used as an indicator of
humid conditions (Ma et al., 2009). Geranium and Alchemilla are the
dominant plants of subalpine meadows, which lie above the montane
forest–meadow and montane steppe zones of the Yili Valley (Xinjiang
Expedition, 1978).

Modern pollen studies show that Betula pollen is abundant in
coniferous–broad-leaved mixed forests on the Alatai and Tian Shan
Mountains. There, Betula pollen usually comprises around 5–10% of
the total pollen sum for surface samples and can reach 20–30% (Luo
et al., 2009). In the Yili section, Betula pollen accounts for as much
as 25% of the total pollen sum in some samples and this must result
from the growth of Betula at the study site.

Surface pollen studies show that Picea pollen abundance is closely
related to the plant's coverage (Xu et al., 2007), Picea pollen is
reported to account for more than 5% of pollen in the surface soil of
areas where Picea occurs (Yan et al., 2004). In the Yili section, Picea
pollen percentages reach 22.2%, indicating the occurrence of Picea
forest at the study site.

4. Results

A total of 43 pollen types were identified in the Yili section. Pollen
spectra are dominated by non-arboreal pollen (NAP), which constitutes

Fig. 3. The age-depth model in Yili section. The section of last deglaciation was marked by light-gray shadow. Full lines show the results of interpolation, and dotted line represents
deposit hiatus between two points.

Table 1
AMS14C dating results from the Yili section.

Lab code Depth (cm) Sample type 14C ages
(yr BP)

Calibrated ages
(cal yr BP)

OZL450 82–84 Charcoal 4050±35 4511–4573
OZL451 143–145 Charcoal 3440±40 3638–3724
OZL452 188–190 Charcoal 3915±40 4340–4419
OZL453 245–247 Charcoal 4490±50 5211–5285
OZL476 400 Shell 8910±60 9920–10,074
OZL487 486–487 Shell 10,500±70 12,383–12,571
OZL456 538–540 Charcoal 10,980±60 12,722–12,937
OZL290 690 Charcoal 12,030±120 13,760–14,018
OZL457 755 Charcoal 12,430±70 14,191–14,698
OZM456 885–890 Charcoal 12,560±60 14,584–15,026
OZL478 958–960 Shell 27,330±200 31,303–31,600
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on average 96.7% of the total pollen sum. Chenopodiaceae and Artemisia
are the main components of NAP. Those taxa contribute on average
60.9% of the total pollen sum. Arboreal pollen (AP) is dominated by
Betula and Picea, contributing up to 24.8% and 22.2% of total pollen sum.

Four pollen zones have been identified in the Yili section, between
the depths of 1220 and 400 cm. These zones are based on differences
in pollen assemblages and A/C ratios (Fig. 4).

4.1. PZ 0 (1220–865 cm, late MIS 3 to 14.7 cal kyr BP)

This zone is characterized by high proportions of Chenopodiaceae,
Artemisia and Taraxacum-type, and variable proportions of AP. This
zone has been divided into two sub-zones.

4.1.1. PZ 0–1 (1220–960 cm, late MIS3)
Chenopodiaceae contents contribute on average 42.1% of the total

pollen sum in this sub-zone. Artemisia and Taraxacum-type pollens
account for 25.8% and 11.2% respectively. AP percentages are also
high in this sub-zone. Picea composes on average 5% of the total pollen
sum and has amaximum of 22.2%. The pollen assemblages indicate that
the Picea forest–montane steppe occurred in the vicinity of the study
site. The A/C values reach 1.8 in this sub-zone and have an average of
0.7. Overall, the pollen assemblage and A/C ratios point to a relatively
humid climate for this sub-zone.

4.1.2. PZ 0–2 (960–865 cm, 31.5 to 14.7 cal kyr BP)
The average Chenopodiaceae pollen percentage for sub-zone PZ

0–2 rises to 54.9%, and has a maximum of 79.2%. Artemisia pollen
falls to an average of 17.5% of the total pollen sum. Picea pollen per-
centages are markedly lower than sub-zone PZ 0–1 (1.4% average),
indicating the disappearance of Picea forest from the site. A/C ratios
are low (0.4 average), indicating that the climate was drier than PZ
0–1.

4.2. PZ 1 (865–545 cm, 14.7–12.9 cal kyr BP)

PZ 1 is dominated by the NAP. AP pollen is high below 795 cm
depth, but decreases gradually towards the top of the zone. Pollen
concentrations are higher than the underlying zone (PZ0). A/C ratios
range from 0.1 to 4.7. This zone has been divided into four sub-zones.

4.2.1. PZ 1-1 (865–795 cm, 14.7–14.5 cal kyr BP)
The main feature of this sub-zone is the marked rise in Betula pol-

len at the commencement of the sub-zone. Picea pollen also rises, but
to a lesser degree. Betula pollen averages 10.3% of the total pollen sum
and has a maximum of 24.8%, while Picea reaches 4.5% of the total
pollen sum. This indicates that a coniferous–broad-leavedmixed forest
occurred around the site at this time. Chenopodiaceae percentages
decline (average 37.8%)while the Artemisia percentages increase slightly
(19% average). The A/C ratios range from 0.1 to 1.0 and have an average
of 0.5, pointing to a wetter climate in comparison to PZ 0–2.

4.2.2. PZ 1–2 (795–655 cm, 14.5–13.6 cal kyr BP)
This sub-zone is dominated by Chenopodiaceae pollen, which

reaches 59.1% of the total pollen sum. Artimisia contents decline in
comparison to the previous zone. Betula pollen is substantially less
abundant than sub-zone PZ 1–1, maximizing at 1.6%. A/C ratios are
mostly low throughout this sub-zone (0.3 average). An isolated
peak of 2.6 at 700–705 cm depth (ca. 14 cal kyr BP) suggests a tem-
porary increase in moisture levels. Overall the pollen assemblages
and the A/C ratios indicate desert vegetation communities dominated
by Chenopodiaceae, and suggest a dry climate.

4.2.3. PZ 1–3 (655–605 cm, 13.6–13.4 cal kyr BP)
This sub-zone is characterized by markedly high percentages of

Geranium pollen (29.6% average with a maximum of 52.7%), coincid-
ing with low percentages of Chenopodiaceae, Artemisia and Ephedra.
A small increase in Aster-type and Compositae pollen also characterizes
this sub-zone. A/C ratios have an average of 0.4, implying an increase of
moisture in comparison to PZ 1–2. Overall the pollen assemblages show
a subalpine meadow vegetation community dominating the study area
during this period.

4.2.4. PZ 1–4 (605–535 cm, 13.4–12.9 cal kyr BP)
Sub-zone PZ 1–4 is characterized by increased percentages of

Artemisia pollen (34.2% average), Poaceae (8.9% average), Aster-type
(4.7% average) and Taraxacum-type (8.9% average). Chenopodiaceae
percentages are at their lowest in this sub-zone, composing on aver-
age 22.5% of the total pollen sum. A/C ratios range from 0.1 to 4.7
and have an average of 2.3. Overall the pollen assemblages and A/C
ratios show steppe vegetation communities prevailing in the study
area, with a warmer and more humid climate.

Fig. 4. Pollen percentages diagram of Yili section. 10×exaggeration for the less abundant taxa, AP and the total pollen concentration.
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4.3. PZ 2 (535–455 cm, 12.9–11.7 cal kyr BP)

Pollen spectra for this pollen zone are dominated by Chenopodiaceae
(29.5% average), Artemisia (20.4% average), Compositae (11.5% average),
Geranium (7.7% average), Taraxacum-type (6.8% average) and Poaceae
(6.4% average). The A/C ratios range from 0.1 to 1.8 and have an aver-
age of 0.9. The pollen assemblages and the A/C ratios point to a sub-
alpine meadow community with a cold and relative dry climate
during this period. Chenopodiaceae peaks at 79% at 460–465 cm depth
(~11.8 cal kyr BP), which correspondswith an A/C ratio of 0.1, indicat-
ing the presence of desert vegetation communities. This is the most
arid period detected during the last deglaciation of the Yili section.

4.4. PZ 3 (455–400 cm, 11.7–10.1 cal kyr BP)

The commencement of zone PZ 3 is marked by an increase in
Artemisia pollen,which remains high through the zone (41.0% average).
Chenopodiaceae percentages are lower than the underlying zone
(27.7% average), while Fabaceae, Polygonaceae and Tamarix percent-
ages are higher. A/C ratios range from 0.7 to 5.5 and have an average
of 2.0. Overall the pollen and A/C data indicate the dominance of
shrub steppe vegetation communities and the amelioration of climate
conditions.

5. Discussion and conclusions

A lack of radiocarbon dates below 960 cm results in the age esti-
mation for the lower part of the Yili section being tenuous. Given
that the radiocarbon age at 958–960 cm depth is 31,303–
31,600 cal yr BP, the lowest pollen subzone (PZ 0–1; 1220–960 cm
depth) predates 30,000 yr BP, placing it in the late MIS 3. During
this time palaeoclimate records from ice cores and lake sediments
suggest an exceptionally warm and humid climate in the Tibetan
Plateau (Shi et al., 2001) and warmer conditions globally (Imbrie et
al., 1984). During the late MIS 3 forests expanded in the Luanhaizi
Lake area and temperatures were slightly above present-day levels
in the Qilian Mountains (Herzschuh et al., 2006a). Both the presence
of montane forest-steppe and higher A/C ratios in the Yili record point
to a humid climate in the study area during PZ 0–1, which possibly
corresponds to the late MIS 3.

A drier climate during PZ 0–2 (960–865 cm) is suggested by the
disappearance of Picea forest from the site and a decrease in A/C ratios.
This period possibly corresponds to the transition between the warm
and wet late MIS 3 to the cold-dry MIS 2. Similarly dry conditions can
be found in other regions of central Asia. At Baikal Lake, sedimentary
organic matter declines across the MIS 3/MIS 2 transition (Swann et
al., 2005), and in monsoonal central Asia, moisture levels are lower
during MIS 2 (Herzschuh, 2006).

The section from 960 to 865 cm covers the LGM period and prob-
ably includes a sedimentary hiatus, due either to a break in sedimen-
tation or erosion. The hiatus suggests a dry climate prevailed in the
Yili Valley during the LGM. At this time sparse alpine vegetation and
alpine deserts occurred in the vicinity of Luanhaizi Lake, indicating
dry conditions in the Qilian Mountains (Herzschuh et al., 2006a).
Very low water levels are reported at Hovsgol Lake in Mongolia dur-
ing the LGM (Prokopenko et al., 2005), and at Baikal and Hovsgol
lakes planktonic and benthic diatoms are absent in the sedimentary
records (Karabanov et al., 2004). Other studies in western China,
however, argue for higher lake levels at the LGM due to lower evapo-
ration (Yu et al., 2003). Further palaeoecological work in areas such
as Xinjiang is needed to understand conditions during the LGM in
central Asia.

The last deglaciation is represented in the Yili section between the
depths of 865–400 cm. Six AMS14C dates between those depths indi-
cate that these sediments were deposited between about 14.7 and
10.1 cal kyr BP, and individual pollen samples between these depths

represent between about 50–100 years of deposition. Vegetation and
climate variations in the Yili Valley during this deglaciation are
discussed below and compared with other records from the Northern
Hemisphere.

Palaeoclimate records from Greenland, the North Atlantic, Europe,
North America and Asia indicate that during the last deglaciation the
climate was unstable and included a series of millennial to century-
scale climate events (Lehman and Keigwin, 1992; Dansgaard et
al., 1993; Hughen et al., 1996; Benson et al., 1997; Von Grafenstein et
al., 1999; Rasmussen et al., 2006). The warm BA period (~14.7–
12.9 cal kyr BP) was punctuated by several century-scale cold events,
including the intra-Bølling cold period (IBCP), Older Dryas (OD) and
intra-Allerød cold period (IACP) (Fig. 5). The cold YD climate reversal
occurred after the BA, and the climate entered into the warm Preboreal
at ~11.7 cal kyr BP (Alley et al., 1993; Rasmussen et al., 2006) (Fig. 5).
Evidence of these climate events can also be found in parts of arid and
semi-arid Asia. Warmer and wetter conditions in the Qinghai Lake
region around 15.4–14.1 cal kyr BP and 13.7–12.9 cal kyr BP possibly
correlate with the Bølling and Allerød warming, while cold and dry
events occurring around 14.1–13.7 cal kyr BP and 12.9–12.1 cal kyr BP
appear to correlate with the OD and YD events respectively (Shen et al.,
2005). Rising water levels ca. 15.4 cal kyr BP at Hovsgol Lake, north-
west Mongolia, are probably a result of higher precipitation caused by
the warmer climate (Prokopenko et al., 2005). However at Bosten
Lake, palaeoclimate evidence shows a dry regional climate around
16–8 cal kyr BP (Huang et al., 2009).

The appearance of a Picea-Betula mixed forest in the Yili Valley
around 14.7 cal kyr BP, as shown by the marked rise of Betula and
Picea pollen, indicates that the climate was warmer and wetter than
previously (Figs. 4, 5). The warm Bølling period began ~14.69±
0.18 kyr BP in Greenland, based on the GICC05 time scale provided
by Rasmussen et al. (2006). Sea surface temperatures (SSTs) in the
mid-latitudes of the western North Atlantic increased rapidly to
15–17 °C at ~15 kyr BP (Rodrigues et al., 2010). Also, the stalagmite
record from Hulu Cave shows the Asia monsoon to have strengthened
around 14,645±60 yr BP, corresponding closely to the onset of the
warm Bølling period in the North Atlantic (Wang et al., 2001). The
timing of warmer and wetter conditions in the Yili Valley during the
last deglaciation is synchronous with the onset of the warm Bølling
period in Greenland, the North Atlantic and monsoonal Asia, which is
attributed to increased summer insolation in the Northern Hemisphere
(Berger and Loutre, 1991) (Fig. 5).

Increased aridity in the Yili Valley around14.5 to 13.6 cal kyr BP is in-
dicated by the dominance of Chenopodiaceae and desert vegetation
communities, the disappearance of mixed forest from the area and
lower A/C ratios. This dry period in the Yili valley coincides with the
Melt Walter Pulse 1A event, which is reported to have occurred ~14.2–
13.7 cal kyr BP (Clark andMix, 2002). A brief return towetter conditions
~14.0 cal kyr BP is indicated by high A/C values, which increase to 2.6.

An expansion of the subalpine vegetation zone in the study region is
detected around 13.6–13.4 cal kyr BP, based on increased proportions
of Geranium pollen in the Yili section. This vegetation change suggests
cooler conditions at this time, and this may correspond with the OD
event (Fig. 5).

The Yili pollen record indicates that between 13.4 and 12.9 cal yr BP
montane steppe vegetation occurred in the area, andwas dominated by
Poaceae, Aster-type and Artemisia. The average A/C ratio was 2.3. This
period appears to have been the most humid in the Yili Valley during
the last deglaciation, and it coincides with the warm Allerød period.
A low A/C ratio around 13.1 cal kyr BP (570–575 cm depth) suggests
a short-lived period of dry conditions, and this dry period happens to
coincide with the IACP in the North Atlantic, which occurred during
the Allerød period (Fig. 5). Overall, moisture levels in the Yili Valley ap-
pear to have oscillated during thewarmBA period, however underlying
those oscillations is a rising trend that corresponds to increasing SSTs in
the North Atlantic (Bard et al., 2000).
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Fig. 5. Comparison between changes of main pollen assemblages and moisture in Yili Valley and selected records in North Hemisphere during the last deglaciation. (a) A/C in Yili Vally (this study); (b) δ18O of stalagmite in Hulu Cave H82
(Wang et al., 2001); (c) δ18O of ice-core GISP2 (Stuiver et al., 1995); (d) δ18O of lacustrine carbonates at Ammersee Lake in Europe (Von Grafenstein et al., 1999); (e) δ18O of ice-core GISP (Rasmussen et al., 2006); (f) SSTs of the North
Atlantic (Bard et al., 2000); and (g) Northern Hemisphere July Insolation at 65°N (Berger and Loutre, 1991).
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The YD cold event has been identified inmany parts of the Northern
Hemisphere, however particular characteristics of that event vary be-
tween regions. For example, in northern Denmark the YD is associated
with rising lake levels (Noe-Nygaard and Heiberg, 2001), while in
southern Switzerland three phases of lake level change are reported
(Magny et al., 2001). Three climatic phases are also reported in the
desert-loess transition zone of northern China. There, conditions
progressed from being cold and dry, to cool and humid, and then
back to cold and dry during the YD (Zhou et al., 1996, 1999; Li et al.,
2003). Pollen data from the Yili section indicates that dry conditions
prevailed from 12.9 to 11.7 cal kyr BP, which corresponds with the
YD period in Greenland and the North Atlantic (Stuiver et al., 1995;
Rasmussen et al., 2006) (Fig. 5). Superimposed on this are three dis-
tinct phases: during the early YD (12.9–12.6 cal kyr BP) conditions
were dry and the regionwas inhabited by dry desert steppe vegetation
characterized by Poaceae and low A/C ratios; during the mid-YD
(12.6–12.0 cal kyr BP)moisture levelswere slightly elevated as subal-
pine meadow vegetation dominated by Compositae and Gerarnium
occurred along with a small rise of A/C ratios; during the late YD
(12.0–11.7 cal kyr BP) moisture levels were at their lowest for the de-
glaciation period and vegetation was dominated by Chenopodiaceae
with extremely low A/C ratios (Fig. 5). The three-phase climate fluctu-
ation detected for the Yili Valley is similar to that detected in southern
Europe and in the desert–loess transition belt of China.

Following the YD period (11.7–10.1 cal kyr BP) a marked shift in
vegetation occurs in the Yili Valley. Shrub steppe communities appear
which are dominated by Artemisia, Fabaceae and Polygonaceae. In-
creased moisture levels are indicated by high A/C ratios (2.0 average).
This period corresponds to the rapid rise in SSTs in the North Atlantic
following the YD (Bard et al., 2000).

The main characteristic of pollen taxa, A/C ratios, inferred vegeta-
tion changes and possible climate status are presented in Table 2.
Overall, climate changes in the Yili Valley correlate well with those
observed in Greenland, the North Atlantic, Europe and Monsoonal
Asia (Stuiver et al., 1995; Dykoski et al., 2005), which show instability
during the last deglaciation. Some climate variations in the Yili Valley
appear to be out of phase with other Northern Hemisphere sites, for
example the long dry period from 14.5 to 13.6 cal kyr BP does not
appear in the other records mentioned here. This may relate to dif-
ferences in regional responses to change in oceanic and atmospheric
circulation, to differences in local conditions, or to differences in the
palaeoenvironmental proxies used. On the other hand, the different
sample resolution and age uncertainties compared to the records
from Greenland ice core and Hulu cave may also affect the precision
of comparison in this study.

This study shows that the onset of the warm Bølling period coin-
cides with increased summer insolation in the Northern Hemisphere,
and that moisture changes occurring in western Xinjiang during
the last deglaciation are connected with SSTs in the North Atlantic,
through the influence of the mid-latitude westerlies. Climate events
during the last deglaciation in Yili Valley correlate well with other

palaeoclimate records in the Northern Hemisphere, suggesting that
those climate changes were forced by the samemechanisms. Changes
in the thermohaline circulation of the North Atlantic, and associated
change in SSTs, are probably responsible for these millennial to
century-scale climate events (Broecker et al., 1985). These changes
in the oceans are transmitted by atmospheric circulation to other
regions in the world. While this study does not attempt to explain
the mechanisms driving climate change in the Yili Valley, it does
offer new data to improve the understanding of climate characteristics
in central Asia during the last deglaciation.
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