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ange in Mongolia is reconstructed on the basis of recently published paleoclimate
records, including lake levels, pollen assemblages, and eolian sediment records. These data indicate that the
early Holocene of Mongolia is characterized by increasing temperature and humidity. Paleosol development,
high lake-stands, and a more southward distribution of forest-steppe environments suggest the early-mid
Holocene was humid. The mid-Holocene however is characterized by enhanced aridity, even though the
onset and termination of the dry interval differs from place to place. Finally, humidity increased again during
the late Holocene, as evaporation decreased in concert with dropping temperatures in Mongolia.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Located in the core of the Asian continent, Mongolia is important
because variations in the intensity of the Mongolian High Pressure
System, which develops over the region and has a strong influence on
the winter climate of central–East Asia (Gong et al., 2001), is close in
relation to the North Atlantic Oscillations (NAO) and North Pacific
Oscillations (NPO) (Kerr, 1999; Gong et al., 2001; Hoerling et al.,
2001). Furthermore, the climate and environment of Mongolia are
affected by two other global-scale climate systems: westerlies
modulated by the North Atlantic Oscillations (NAO) (Visbeck,
2002), and the East Asian summer monsoon which is associated
with the El Niño-Southern Oscillations (ENSO) and the Inter-tropical
Convergent Zone (ITCZ) (Tudhope et al., 2001). Situated at the
junction of these three large-scale climatic systems, Mongolia is
important for recording and thus retrieving the Holocene global
climatic sequence. However, despite the importance of environ-
mental change in Mongolia for our understanding of large-scale
regional Holocene climatic change, the temporal and spatial
Holocene palaeoenvironmental sequences within Mongolia itself
have not beenwell established. This paper synthesizes a large body of
published material regarding environmental change throughout
Mongolia during the Holocene.

2. Study area and research objectives

Mongolia occupies a region of extreme continentality (Fig. 1). The
climate becomes increasingly moist from south to north due to
decreases in temperature and increases in precipitation. The distribu-
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tion of vegetation reflects these climatic influences well. From
northern Mongolia to northern China, the vegetation zones are:
(1) coniferous forest, (2) forest-steppe; (3) cold steppe; (3) desert
steppe; and (4) desert (Fig.1, Hilbig,1995). Therefore it is reasonable to
study Holocene environmental change in Mongolia along a north–
south transect.

Mongolian Holocene climate change has been studied primarily by
researchers from the former Soviet Union. Some research results have
been published, mostly in Russian, but little has appeared in
international journals. Khotinsky (1989) and Logatchov (1989)
summarize the earlier work from Mongolia, concluding that climates
during the early Holocene (10–8 kyr BP) and the late Holocene (2.5–
0 kyr BP) were relatively stable. During the mid-Holocene (8–5 kyr
BP,) the climate was cool and wet, but between 5 and 2.5 kyr BP, it
became and variably warm and dry. Since the 1990s, most Holocene
investigations have been based primarily on lacustrine, and eolian
deposition, and on tree-ring records, making it possible to reconstruct
Holocene climatic change in Mongolia.

The present study is based on the compilation of palaeoclimatic
records from the published literature. Because Holocene environ-
mental change in the southern and eastern regions of Mongolia is
poorly understood, we use existing palaeoclimatic data from northern
China to aid in the interpretation.

For comparison with existing research in Mongolia and adjacent
areas, chronological controls in this study are not converted to
calendar years.

3. Paleoenvironmental data

Here proxy data, such as eolian sediment sequences, lake-level
records, lacustrine deposits, and pollen sequences, are used to
reconstruct Holocene environmental change.
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Fig. 1. Map showing the locations of sites mentioned in the text and the distribution of vegetation in Mongolia.
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3.1. Eolian deposits

The Holocene eolian deposits are wide-spread across Mongolia
(northern Mongolia, Feng, 2001; Feng et al., 2005, western Mongolia,
Grunert et al., 2000, and central Mongolia, Lehmkuhl and Lang, 2001).
However, the thickest and best-preserved eolian sections are found in
Fig. 2. Environmental variations indicated by eolian records in Mongolia and north China. T
Midiwan (Li et al., 2003).
northern Mongolia (Feng et al., 2005). We reference the Liushuwan
(Midiwan) section, a sand/peat sequence from northern China (Zhou
et al., 1998; Li et al., 2003) to aid in the interpretation of the southern
Mongolian environmental record.

Four sand/loess/soil (or sand/peat) profiles are shown here (Fig. 2):
Shaamar sand/soil section (50.2°N, 105.2°E) in northern Mongolia
heir localities are shown in Fig. 1. Shaamar (Feng et al., 2005), Khyaraany (Feng, 2001),
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(Feng et al., 2005), Khyaraany (50.23°N, 106.73°E) sand/loess/soil
sections (A and B), about 100 km to east of Shaamar section (Feng,
2001), and the Midiwan sand/peat section from the Ordos Plateau,
northern China (Li et al., 2003). According to AMS 14C dates, the
Shaamar section contains approximately 10 m of Holocene subaerial
sediments interbeddedwith five paleosols intervenedwith sand units.
A weak paleosol in the Shaamar section at the depth of 4–5 m was
dated to 4780±80 yr BP (the only conventional 14C date) and the lower
part of a well-developed paleosol was dated at 8672±90 yr BP. All
paleosols are characterized by higher organic matter content.
Specifically, the lower paleosol which formed during the early
Holocene (i.e., dated at 8672 yr BP) is a typical mollisol. In other
words, organic matter accumulation suggests that the environmental
conditions were different during the early Holocene than during the
rest of the Holocene. In the Khyaraany area, sand units alternate with
loess units, and visual comparison enables correlation between
sections A and B. Conventional 14C methods were used to date organic
matter-enriched layers. The upper correlative stratum of section B has
been 14C dated to 4070±70 yr BP. The lower correlative stratum of
section A dates to 13,030±120 yr BP, while the same stratum in section
B dates to 12,790±100 yr BP. The topsoil (around 0.85 m depth) of
section A was dated at 2720±70 yr BP. A second organic matter-
enriched layer (an incipient histosol) at 4.5 m depth was dated to
8300±100 yr BP.

In the Midiwan section a series of climatic fluctuations are
reconstructed in the basis of climate-proxy indices and the occur-
rences of silt, silty peat and aeolian sand (Li et al., 2003). The Holocene
Optimum (10,000–7500 yr BP) and another humid interval (4500–
3500 yr BP) have also been identified in the region (Li et al., 2003).
Here, between 7.5 and 4.5 kyr BP, the organic carbon content was
generally low and the climate was dry (Li et al., 2003).
Fig. 3. Environment change indicated from lacustrine deposits and proxies. Locations are sho
et al., 2002), Juyanze (Chen et al., 2003).
3.2. Lake-level fluctuations and lacustrine deposits

Lake-levels are a sensitive index of regional effective moisture,
however there have been very few studies of lake-level fluctuations in
Mongolia. Using mollusk profiles from lake sediments, Grunert et al.
(2000) found thatUvsNuur, the largest lake in northwesternMongolia,
and adjacent BayanNuur reached their highest stands in the upper late
glacial and early Holocene, between 11,230±60 yr BP and 9690 yr BP.
During a generally regressive phase, lake-level in the Uvs Nuur was
either a lengthy standstill or a slight short-term rise in generally falling
water levels. This phase has been dated between 7310±90 yr BP and
3250±70 yr BP. Lastly, lacustrine sedimentation occurred during the
late Holocene between 3010±50 yr BP and 4030±50 yr BP.

Many Mongolian lake basins were empty during the Pleistocene
but began filling with the onset of the Holocene. However, lake
evolution in Mongolia during the Holocene is still not thoroughly
understood. Three lakes in Mongolia and one in northern China have
been studied in detail (Fig. 3). Lake Khubsugul (Hovsgol), which
occupies a depression in the Baikal Rift zone of northernMongolia, has
been studied extensively (Altunbaev and Samarina, 1977; Golubev,
1992; Dorofeyuk and Tarasov, 1998; Fedotov et al., 2000, 2001, 2004;
Prokopenko et al., 2005). Organic carbon in Holocene deposits of
diatomaceous silt decreases abruptly during the mid-Holocene at ca.
5.5 kyr BP, suggesting a short-term drought (Fedotov et al., 2004)
(Fig. 3). Lake Gun Nuur is south of Lake Khubsugul. The following
lithology was observed in the Gun Nuur lake core: a silty mud unit in
the upper portion, a unit of laminated carbonate mud in the lower
part, and a sand unit in the lowest (Fig. 3). Between approximately
9500 and 6800 14C yr BP, low organic matter content suggests low
primary productivity (Feng et al., 2005). Then, between approximately
6800 and 2200 yr BP, higher primary productivity is characterized by
wn in Fig. 1. Khubsugul (Fedotov et al., 2004), Gun Nuur (Feng et al., 2005), Telmen (Peck



Fig. 4. Environment change as indicated from pollen records. Gun Nuur (Dorofeyuk and Tarasov, 1998), Telmen (Fowell et al., 2003), Hoton-Nur (Tarasov et al., 2000).

Table 1

Period Climatic variations Evidence References

Early-mid
Holocene

Humid. High lake-
levels

Dorofeyuk, 1988; Sevastyanov
et al., 1989; Sevastyanov and
Dorofeyuk, 1992; Dorofeyuk,
1992; Grunert et al., 2000;
Tarasov et al., 2000; Lehmkuhl
and Lang, 2001; Prokopenko
et al., 2005

Most records show that the
beginning of the Holocene
drier than present but
generally wetter than present
during the early-mid
Holocene

Pollen Dorofeyuk and Tarasov, 1998;
Gunin et al., 1999; Tarasov
et al., 2000

Paleosols Feng, 2001; Feng et al., 2005
Mid-
Holocene

Dry. Falling
lake-
levels

Grunert et al., 2000; Komatsu
et al., 2001; Lehmkuhl and
Lang, 2001; Fedotov et al.,
2004

The beginning and ending age
of the dry interval differs from
place to place, but it is
worthwhile to point out that
the mid-Holocene drought
increased from north to south

Pollen Dorofeyuk and Tarasov, 1998;
Fowell et al., 2003

Diatom Fedotov et al., 2004;
Prokopenko et al., 2005; Feng
et al., 2005

Eolian
sediments

Feng, 2001; Feng et al., 2005

Late
Holocene

Humid High lake-
levels

Tarasov, 1996; Grunert et al.,
2000; Komatsu et al., 2001;
Lehmkuhl and Lang, 2001

Humid climate is interpreted
from most Mongolian records,
but the time varies from place
to place

Pollen Peck et al., 2002;
Fowell et al., 2003

Paleosols Feng, 2001; Feng et al., 2005
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increased organic matter content, and higher lake-levels. Following
this, the near disappearance of planktonic diatoms and the dominance
of benthics between approximately 2200 and 1550 14C yr BP indicates
that the lake dropped in concert with decreasing primary productiv-
ity, which itself is suggested by loworganicmatter content (Feng et al.,
2005). Two cores were collected from Lake Telmen in western
Mongolia (Fig. 1) to study Holocene environmental changes (Peck
et al., 2002; Fowell et al., 2003). Based on the core stratigraphy (Fig. 3),
Peck et al. (2002) proposed that from 7110 to 6260 yr ago Lake Telmen
was substantially more shallow than it is at present. Between 6260
and 4390 yr ago the lake rose slightly, and by 4390 yr ago, lake-levels
had risen well above the previous low stand. The lake was much
higher than it is today between 1260 and 2710 yr BP, after which it
dropped again about 1260 years ago. Drilled sediment cores from
Juyanze in northern China (Fig. 3), which is close to Mongolia (see
Fig. 1), points to fluctuating lake-levels between 9420 and 6500 yr BP,
shallow water between 6400 and 4605 14C yr BP, and then deep water
again until 3120 yr BP, followed by alternations between shallow
water, salt deposits, deep water, and dry conditions (Chen et al., 2003).

3.3. Pollen analyses

In Mongolia, most biome reconstructions based on palynology
have poor chronological controls (e.g. Gunin et al., 1999). Here we
review those published palynological records with comparatively
reliable chronologies.

At Gun Nuur (Figs. 1 and 4), pollen analysis shows two distinct
pollen zones during the Holocene (Dorofeyuk and Tarasov, 1998).
From 8000 to 10,000 yr BP, 54% of the total pollen assemblage is
arboreal (33% Betula, 21% Pinus). After 8000 yr BP, arboreal pollen
increases from 63 to 83%, and during this time it is mainly Pinus
(Fig. 4). Forest coenosis decreased between 9600 and 8700 yr BP. Pine-
larch forests spread across the region during the last 8000 yr BP. Pollen
records from Lake Telmen (Fowell et al., 2003) show that between
6100 and 4060 yr BP, the aridity index was high and the climate was
more arid than at present. The following period, 4060 to 1650 yr BP is
characterized by maximum humidity as indicated by a low aridity
index and relatively high proportion of arboreal pollen. A possible arid
interval is recorded as a spike in the aridity index between 1650 and
1280 yr BP. Following this brief aridification, a return to relatively
humid conditions is signaled by a low aridity index after 1280 yr BP.
Pollen and diatom records from Hoton-Nur lake (Figs. 1 and 4)
suggests that steppe, which covered the area some time before
9000 yr BP, was replaced by boreal conifer forest-steppe between
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9000 and 8500 yr BP. At the same time, planktonic diatoms increased
in abundance from 5 to 45%. After 4000 BP, forest cover declined
sharply as steppic vegetation was re-established. Changes in the
pollen composition suggest the early and middle Holocene were
wetter than today (Tarasov et al., 2000).

4. Discussion

4.1. Holocene environmental changes in Mongolia

According to paleoclimatic data compiled by Harrison et al. (1996)
from lakes in northern Mongolia (Dorofeyuk, 1988; Sevastyanov et al.,
1989; Dorofeyuk, 1992; Sevastyanov and Dorofeyuk, 1992), high lake-
levels at about 7 kyr BP suggest the early Holocene was humid. New
evidence from central Mongolia (Lehmkuhl and Lang, 2001) and
western Mongolia (Grunert et al., 2000; Tarasov et al., 2000) confirm
major lake expansion during the early Holocene (Table 1). This
climatic amelioration is also detected in pollen records (Dorofeyuk
and Tarasov, 1998; Tarasov et al., 2000) and paleosols (Feng, 2001;
Feng et al., 2005). During the humid early-mid Holocene, the limit of
the forest-steppewas further south than at present (Gunin et al., 1999;
Tarasov et al., 2000), implying a shrinking desert.

A mid-Holocene drought prevailed throughout Mongolia (Table 1),
even in the vicinity of Hot-Nur and Uvs Nuur, which turned cool and
dry after 5 yr BP. The beginning and end of the dry interval differs from
place to place (Fig. 5). It is worthwhile to point out that the intensity of
the mid-Holocene drought increased from north to south. For
example, though a relatively high abundance of benthic diatoms at
Gun Nuur implies it was relatively dry during 6.5–5.4 kyr BP (Feng
et al., 2005), the lake-level was at the transgression stage and forest
was still the dominant vegetation (Dorofeyuk and Tarasov, 1998). By
contrast, pollen records from Lake Telmen (Fowell et al., 2003)
suggest, a high aridity index indicating that the prevailing climate was
arid and Telmenwas at a relative lowstand between 6100 and 4060 yr
BP. Meanwhile in central Mongolia, lake levels declined (Komatsu
Fig. 5.Map showing the mid-Holocene drought in low lake-levels at different localities in Mo
(Feng et al., 2005), Telmen (Peck et al., 2002; Fowell et al., 2003), Juyanze (Chen et al., 2003
et al., 2001; Lehmkuhl and Lang, 2001), and at Lake Juyanze, which is
adjacent to south Mongolia, littoral sand-silt and fluvial sand deposits
show that the lake was very shallow and shrinking in comparison to
the preceding interval (Chen et al., 2003).

During the late Holocene, a humid climate is interpreted frommost
Mongolian records (Table 1), but the time varies fromplace to place. At
Khyaraany, a soil developed above loess deposits dated to 2720±70
(Feng, 2001), and a more humid climate has been documented at Lake
Telmen ca. 4060–1650 yr BP (Peck et al., 2002; Fowell et al., 2003).
Lacustrine records from central Mongolia provide evidence for a
slightly more humid period around 1.5 kyr BP (Komatsu et al., 2001;
Lehmkuhl and Lang, 2001). Even in western Mongolia, a slight rise in
lake-levels is detected around 3 kyr BP (Grunert et al., 2000). Similar
high lake-levels are recorded at Lake Hovsgol between 3650–1800 yr
BP during the late Holocene (Tarasov, 1996).

4.2. Possible mechanism for Mongolian Holocene climate change

An increase in humidity during the early Holocene is indicated
from the results presented above. During this phase, the inclination
and solar radiation at 35°N (Milankovitch, 1941) was particularly high,
whichmight have intensified themovement of humid air masses from
low latitudes towards the desert regions of Africa and Asia
(Hövermann et al., 1993). Harrison et al. (1996) compile long-term
trends in lake-level changes suggesting that during the Holocene, a
gradual strengthening of the summer monsoon leading to high lake-
levels during the mid-Holocene. This does not agree with the data
presented in this compilation, especially those published recently
(Feng, 2001; Komatsu et al., 2001; Lehmkuhl and Lang, 2001; Peck
et al., 2002; Fowell et al., 2003; Wang, 2004; Feng et al., 2005).

Though many researchers propose that humidity during the early
to mid-Holocene in eastern Asia, including Mongolia, was likely
associated with the strengthening and northward displacement of the
Pacific monsoon (van Campo and Gasse, 1993; Gasse et al., 1996;
Harrison et al., 1996; Tarasov and Harrison, 1998; Gunin et al., 1999),
ngolia. Khubsugul (Dorofeyuk and Tarasov, 1998), Shaamar (Feng et al., 2005), Gun Nuur
), HLK and XNC(Liu et al., 2002), Midiwan (Li et al., 2003).
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synthesized geological records from China (Winkler and Wang, 1993)
demonstrate that the northern limit of the monsoonwas still south of
most of Mongolia between 10 and 9 kyr BP. This exception is sup-
ported by recently published paleoenvironmental data. First, recently
published data point to warming trends during the Holocene in north
Eurasia (Dolukhanov, 1997; Velichko et al., 1997; Khotinskyr and
Klimanov, 1997; Solovieva and Jones, 2002; Andreev et al., 2002; Feng
et al., 2005 and references therein). Here, temperature increased
gradually with frequent fluctuations before 8 kyr BP, then changed to a
stable, comparatively high-temperature stage between 8 and 5 kyr BP,
followed by a period of cooling after 5 yr BP. Second, with climatic
amelioration during the early Holocene, permafrost declined and river
incision dominated across Mongolia (Owen et al., 1997; Grunert et al.,
2000). In Siberia, peatlands developed rapidly and became a global
methane source during the early Holocene (Smith et al., 2004). This
corresponds with treeline advance between 9000 and 7000 yr BP in
eastern Siberia (MacDonald et al., 2000).

A recent review shows that desert aridity increased during the
mid-Holocene, while in other parts of arid and semi-arid China dry
intervals are more asynchronous than synchronous (An et al., 2006).
For example, in non-desert regions of Xinjiang, northwest China, the
climate is generally wet during 7000–5000 yr BP (An et al., 2006). In
Mongolia, the early-mid Holocene humidity is followed by a mid-
Holocene drought. Data from northern China, such as those from
Juyanze (Chen et al., 2003), Midiwan (Li et al., 2003), and HLK and XNC
(Fig. 1; Liu et al., 2002), support this contention. During the relatively
stable and warm early-mid Holocene, a strengthening NAO enhanced
the westerly, which draws more moisture from the sea to the interior
of Eurasia. This is supported by high lake stands in central Asia (e.g.
Qin and Yu, 1998; Tarasov and Harrison, 1998). Between 8000 and
3000 yr BP, the northern limits of the summer monsoon moved
landward (Shi et al., 1994), and precipitation increased in regions
exposed to the expanding Holocene East Asian monsoon in concert
with water vapor injections from the westerly. However, in arid and
semi-arid regions, the rate of evaporation exceeded the rate of
precipitation even under the expanded East Asia monsoon. Thus,
effective moisture was reduced in warmer climates. This is the most
probable cause of the mid-Holocene drought in Mongolia. Though
some studies suggest it was wetter than present from 9 to 4 kyr BP in
northernMongolia, (Tarasov et al., 2000; Feng et al., 2005), a relatively
dry phase during the mid-Holocene can be detected in their records.
This remarkable mid-Holocene drought is also seen in the Baikal Lake
record (Bezrukova et al., 2002). Furthermore, new results based on
well-dated pollen records from the Selenga River watershed in
Mongolia demonstrate increased continentality after 5 kyr BP,
(Bezrukova et al., 2005).

In addition to the weakening of both the summer monsoon
(Morrill et al., 2003) and solar radiation (Berger and Loutre, 1991)
during the late Holocene, humidity began to increase as a result of
decreased evaporation in response to dropping temperatures in
Mongolia as recorded in lake-levels and paleosol sequences (see
above).

5. Conclusion

We suggest that the early Holocene inMongolia is characterized by
increasing temperature and humidity, followed by a humid early-mid
Holocene stage, when soils developed, lakes were at high volume, and
the limit of the forest-steppe was situated further south than its
present position. Enhanced aridity occurred during themid-Holocene,
but the beginning and ending age of the dry interval differs from place
to place. In the late Holocene, the humidity increased due to decreased
evaporation when temperatures dropped in Mongolia. Better chron-
ological controls and additional studies of sedimentary records are
necessary for a more complete understanding of the Holocene
environmental changes in Mongolia.
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