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Abstract

A loess–paleosol sequence and a lake sediment record from the central Hexi Corridor in the drylands of NW China show

patterns of persistent millennial- to centennial-scale climate variability during the Holocene epoch, which can be well correlated

with abrupt climatic events reported from the North Atlantic and the Asian monsoon-dominated regimes. Our results show that the

drylands in NW China might have been regulated both by the westerlies and by the East Asian summer monsoon (EASM) in a

roughly synchronous manner. It seems that cold–dry intervals in the central Hexi Corridor may generally correspond to cooling

phases in high latitudes of the Northern Hemisphere, and that cold/warm–wet intervals largely correlate with relatively warm

phases in northern high latitudes. A candidate mechanism involving NAO/AO and ENSO dynamics is tentatively proposed to

account for this synchroneity. Climatic patterns may be spatially different in the NW China drylands in response to the changing

predominant control of either the westerlies or the EASM, depending on the contrast of their relative strengths. Glacier meltwater

discharges associated with alpine warming may be partly responsible, at least for the two records discussed in this paper, for such

spatial heterogeneity of climatic changes during the Holocene. More work is needed to evaluate the individual roles and combined

impacts of the EASM, the westerlies and alpine glacier meltwater regulation on the NW China dryland dynamics.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Unraveling the complex Holocene environmental

responses to globally interlinked changes and under-

standing the respective roles of the different elements of

the Earth’s environmental systems represent major chal-
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lenges to earth scientists (Sarnthein et al., 2002). To this

end, stratigraphic evidence with resolution capable of

recording high-frequency changes from climatically

sensitive regions is essential for shaping general pat-

terns of climatic change histories during key periods of

the Holocene, and may contribute to the detailed un-

derstanding of causes and mechanisms of millennial- or

finer scale variability in the mid-latitude Asian dry-

lands. The vast drylands in NW China, and of central

Asia as a whole, are located at the boundary between

the East Asian summer monsoon (EASM) and the
alaeoecology 233 (2006) 149–162
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Northern Hemisphere westerly winds (Lehmkuhl and

Haselein, 2000; Yang and Williams, 2003). They are

climatically sensitive regions which are likely to have

experienced conditions during the Holocene which

were quite different to those of the present (Fontes et

al., 1996; Lehmkuhl and Haselein, 2000).

Previous work on NW China’s drylands focused pri-

marily on the Shiyang River drainage basin in the eastern

Hexi Corridor (Chen et al., 1999, 2001; Zhang et al.,

2000; Shi et al., 2002; Ma et al., 2003), the Badain Jaran

Desert (Yang, 2000; Yang and Williams, 2003; Yang et

al., 2004b), southern Inner Mongolia (Chen et al., 2003),

and northern Xinjiang (Sun et al., 1994; Wünnemann et

al., 2003). However, there is still a lack of evidence from

the middle part of the Hexi Corridor, a key region that

climatically links the EASM, the westerlies and the reg-

ulation of the Tibetan Plateau. An investigation of this

region, integrated with previous reports from adjacent

sites, will help us to understand general patterns, spatial

heterogeneity and forcing mechanisms of Holocene cli-

mate changes over the east-central Asian drylands.

To this end we present a multiproxy reconstruction of

the Holocene section of a 40-m-long sediment core (GT40

core) recovered from theYanchi playa (39845VN, 99818V
E), in the central Hexi Corridor in arid NW China. In

addition, a 3-m-long loess section (BDK section) from

Biandukou (38813V N, 100852V E), in the subalpine part
of the eastern Qilian Shan, ~200 km southeast of the

Yanchi playa, is chosen for a regional comparison. Be-

cause the Yanchi playa may be linked hydrologically via

the Ruoshui River to the alpine glaciers in the eastern

Qilian Shan, the BDK section serves as an important
Fig. 1. Location map showing the positions of the study areas (B) relative to

Biandukou (BDK) section in the eastern Qilian Shan. Light shaded areas re
complementary archive to the GT40 record. First, alpine

glaciers may respond sensitively to climatic changes of

regional and/or global significance. Second, changes in

glacier meltwater discharges in response to alpine warm-

ing may effectively regulate patterns of environmental

changes in the downstream arid areas, namely the central

Hexi Corridor. Third, by correlating these two records

with regional and global climatic evidence we hope to

contribute to the understanding of major factors that

control the evolution of the central Asian drylands dur-

ing the Holocene in the context of global changes.

Unless otherwise stated all ages, including those

from cited references, are given in calendar yr/kyr

before 1950 A.D. (cal. yr/kyr BP) with 2r errors.

Although the GT40 chronology is poorly constrained,

our results suggest that millennial-scale abrupt climate

variability may persist over east-central Asia during the

entire Holocene. Through careful correlations we ten-

tatively attribute this pattern to roughly synchronous

operations of the westerlies and the EASM. Further

work with finer sample resolution and refined chronol-

ogy is needed to assess quantitatively and more pre-

cisely the specific signatures of these controlling factors

and their combined impacts on the evolution of arid

environments in NW China and the east-central Asia.

2. Study areas and methods

2.1. Physical settings and stratigraphy

The Yanchi playa, a tectonically subsiding basin, is

located in the middle part of the Hexi Corridor (Fig. 1),
the northwestern China (A). 1: GT40 core from the Yanchi playa; 2:

present the Badain Jaran Desert and the Tengger Desert.



Fig. 2. The BDK age–depth relationship. The solid dots are calibrated

calendar ages. The solid line indicates the linear regression age model

based on 5 calibrated dates. Solid triangles indicate positions where

dating samples are collected.
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confined by the Heli-Longshou Shan to the northeast

and the Qilian Shan to the southwest. Situated in the

interior of Asian continent, it has a typical continental

climate with modern mean annual temperature ca. 8 8C,
mean annual precipitation ca. 110 mm and mean annual

evaporation up to ca. 2400 mm. The Badain Jaran

Desert and the Tengger Desert bound the Corridor on

the northeast and the east, respectively. The Yanchi

paleolake is estimated to have been formed no later

than 140 kyr BP according to paleomagnetic dating,

when the latest tectonic movement causes faulting

within the massive alluvial fans on which this lake

developed (Yang et al., 2004a).

Two sediment cores were drilled in 1999 in the

Yanchi playa. The GT40 core was recovered from a

near-shore location and the 60-m-long (GT60) core was

drilled near the center of the playa some 500 m away
Table 1

Radiocarbon dates and calendar age calibrations

Lab no. Sample no. Description of materials and

sampling positions in depth

8605 BDK-1 Bulk organic matter, 38 cm

8606 BDK-2 Bulk organic matter, 148 cm

8607 BDK-3 Bulk organic matter, 210 cm

8608 BDK-4 Bulk organic matter, 248 cm

031 BDK-5 Bulk organic matter, 192 cm

8612 GTC-1 Bulk organic matter, 1624 cm

Reservoir corrected age

Note: All samples were pretreated and measured at the laboratory of radiocarb

ages to calendar ages are worked out by using the CALIB4.3 program (Stuive

remaining 5 samples are from the BDK section.
from the GT40 site. The lithologies of the Holocene

sections of these two cores show considerable differ-

ences. The GT60 core is interrupted by two sections of

halite (NaCl crystals) deposition at depths between 0

and 237 cm and between 290 and 449 cm. Mirabilite

(NaSO4d 10H2O) crystal layers are observed in the

GT40 core between 474 and 682 cm; they are inter-

bedded with undecomposed organic material and dark-

grey peat. The second interval of mirabilite deposition

occurs between 935 and 1110 cm, accompanied by

clay/clayey silt rich in calcic carbonate nodules in the

GT40 core. These differences may result from spatial

differentiation of salt depositional process in the saline

Yanchi paleolake. In this paper we focus on the Holo-

cene section of the GT40 core in view of its sedimen-

tary continuity.

The Biandukou (BDK) section (38813V N, 100852V
E, 2840 m a.s.l.) is located on the third terrace some 27

m above the Tongziba River, which flows out of the

Qilian Shan into the eastern Hexi Corridor (Fig. 1).

Modern mean annual temperature at this site is about 3

8C and mean annual precipitation is about 400 mm.

The BDK section is capped by a topmost 10-cm-thick

modern soil. The terrace is overlain by a 380-cm-thick

loess–paleosol sequence, in which 5 paleosols are

visually identifiable. Within the Holocene section,

there are 4 paleosols evident between 10 and 40 cm,

76 and 84 cm, 120 and 152 cm, and 190 and 212 cm,

in addition to a weakly developed paleosol at 84–120

cm (Fig. 3).

2.2. Chronology

The age model for the BDK section is based on 5

conventional radiocarbon dates (see Fig. 2 and Table 1).

We choose a linear regression model to convert depth to

age in view of the relatively uniform mass accumula-

tion rate. The very high r2 (=0.99) suggests a nearly
Conventional 14C ages

(radiocarbon yr BP)

2r calendar ages maximum

(midpoint) minimum (cal. yr BP)

2481F60 2730 (2580) 2430

6209F85 7270 (7075) 6880

8626F80 9800 (9640) 9480

11,274F100 13,470 (13,235) 13,000

8070F115 9290 (8960) 8630

16,400F540 20,952 (19,551) 18,197

15,900F540 20,372 (18,976) 17,634

on geochronology of Lanzhou University. Conversions of radiocarbon

r et al., 1998). The GTC-1 sample is taken from the GT40 core and the
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constant dust accumulation rate in the eastern Qilian

Shan during the Holocene. This may imply that these

paleosols are accretionary in genesis, and that soil

formation may operate contemporaneously with contin-

uous accumulation of aeolian dusts. In response to the

uniform dust accumulation, a soil profile may rapidly

incorporate the newly deposited dusts to build up its

horizon in a bottom-up fashion. A similar case is

reported by Maher et al. (2003) from the western

edge of the Chinese Loess Plateau.

It is worth noting that the extrapolated topmost age

of the BDK section is ca. 807 yr BP, implying that the

latest section might have been truncated for some rea-

son, possibly through slope failure or strong surface

erosion. Because it seems to be unlikely that the dust

accumulation rate changed abruptly after 807 yr BP

while remaining nearly constant before that time. In

addition, the nearly complete removal of CaCO3 from

the uppermost 15 cm of sediment (Fig. 3) may indicate

strong carbonate eluviation resulting from high precip-

itation which might in turn have removed the surface

sediment.

The GT40 chronology is constructed by linear inter-

polation between a conventional radiocarbon date

(16,400F540 yr BP) on bulk sample organic matter,

and the topmost sediment which is assumed to be b0
Fig. 3. Stratigraphy and climatic proxies of the Biandukou (BDK) section. N

climatic events discussed in the text.
yrQ. Carbon reservoir correction was done by assuming

a reservoir age of 500 yr that was reported by Chen et

al. (2001) from the SJC section. Considering the very

similar saline-lake nature of these two sites and the

geographic vicinity, this method may be viable and

can be improved by further dating efforts. The reservoir

age was subtracted from the raw radiocarbon age and

then converted to calendar years (Table 1). Although

the chronological framework of the Holocene part of

the GT40 core is poorly constrained, regional and

global comparisons (see Results and discussion section)

may partly support its validity.

2.3. Measurements and interpretations of climate proxies

All sediments were subjected to multiproxy analyses

of magnetic, optical and geochemical properties at a 2-

cm sampling interval. Low-frequency magnetic suscep-

tibility (MS) was determined at 0.47 kHz using a

Bartington MS2B susceptibility meter. Analyses of

CaCO3 were done using a Bascomb calcimeter. Grain

size (GS) analyses were determined using a MasterSizer

2000 unit at the National Laboratory of Western Chi-

na’s Environmental Systems. Sediment color reflec-

tance (SCR) parameters were measured on air-dried

samples using an X-Rite 948 spectrophotometer with
ote that scales of curves B, C, E are reversed. Shaded areas indicate
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the D65 illuminant and a 108 observational horizon. The
data are represented under the L*a*b* chromatic space

by CIE 1976.

Sediment conductivity is a new proxy in this re-

search. 1.0 g of air-dried, pestle-ground sample was

dissolved in 50 ml distilled water, and sufficiently

agitated to ensure total dissolution of soluble compo-

nents. Prior to measurement, sample solutions were

stored overnight at room temperature and then were

measured using a Thermo Orion Model 555A conduc-

tivity meter. Although construction of quantitative rela-

tionships between conductivity of the sediment and that

of the lake water is not pursued in this research, we

tentatively argue that conductivity of these sediments

should indirectly reflect the overall soluble salt concen-

tration of the lake water that may be mainly controlled

by moisture availability (ratio of precipitation to evap-

oration). In this paper, higher/lower conductivity is

interpreted as a reflection of enhanced/decreased mois-

ture availability.

Next we discuss the interpretation of the proxies

used in this study. Coarse fraction GS of Chinese

loess has been mainly used to reconstruct winter mon-

soon intensity. Because the BDK section lies very near

the Badain Jaran Desert and the Tengger Desert, higher/

lower GS (N63 Am fraction) percentage may actually

reflect expansion/shrinkage of these deserts in response

to enhanced/weakened winter monsoon. CaCO3 content

is also frequently used as an indicator of paleoenviron-

mental changes. However, interpretation of this proxy

is not straightforward. For loess–paleosol sequences,

the measured CaCO3 content may be significantly af-

fected by the processes of eluviation and illuviation.

Because it seems very unlikely that the carbonate con-

tent of aeolian dusts varies markedly at this site over

millennial-scales, we tentatively argue that lower mea-

sured CaCO3 content may reflect stronger eluviation in

response to enhanced precipitation. Higher CaCO3 con-

tent may reflect either weaker eluviation caused by less

rainfall, or later illuviation of carbonates from overlying

deposits. In the latter case, the environmental signifi-

cance of the measured CaCO3 peak is unclear. Inter-

pretation of CaCO3 content of lake sediments, as in

loess–paleosol sequences, is not straightforward. How-

ever, higher/lower CaCO3 is generally assumed to re-

flect decreased/enhanced basin-scale moisture

availability (Chen et al., 2001).

SCR parameters (redness and lightness) have been

used by many researchers as environmental proxies.

Lightness in general correlates positively with carbon-

ate and opal content and negatively with organic matter

content, and redness is primarily affected by hematite
content controlled mainly by temperature (Fang et al.,

1999; Giosan et al., 2002). Because it is hard to

interpret the redness data of lake sediments due to

the complexity of dynamic lake depositional environ-

ments, we only present those for the BDK loess–

paleosol section to facilitate clearer interpretations. In

this study, higher/lower redness represents higher/

lower temperature in the alpine part of the eastern

Qilian Shan. Higher/lower lightness represents lower/

higher organic matter content, a reflection of drier/

wetter conditions.

Low-frequency magnetic susceptibility (MS) is a

useful climate proxy which has been widely used in

paleoenvironmental reconstructions. In China, higher/

lower MS is generally accepted as an indicator of

ameliorated/deteriorated combinations of temperature

and moisture availability in response to strengthened/

weakened East Asian summer monsoon (EASM). We

generally adopt this interpretation for the BDK loess–

paleosol sequence. For the GT40 lake sediment record,

this explanation is valid but other factors such as rede-

position of detrital magnetic minerals that were eroded

throughout the drainage basin (Evans and Heller, 2003)

are likely to influence the signal.

3. Results and discussion

3.1. General patterns of climate changes

The climatic conditions of the central Hexi Corridor

inferred from the GT40 proxies can be largely divided

into four stages (Fig. 4): the fluctuating wet/dry Late

Glacial; the generally humid early Holocene; the warm

and humid Holocene Climate Optimum (HCO); the

mid- to late-Holocene cooling and aridification alter-

nating with spells of wetter conditions. Several com-

mon features are shared by these proxies. First, all

proxies, except for conductivity, display significant

fluctuations during the Late Glacial and the Holocene

epoch, indicating that the central Hexi Corridor has

experienced dramatic climate and environmental

changes. Second, the general trends in MS, lightness

and CaCO3 are in agreement with the variation of the

608N June insolation, indicating that changes in solar

insolation might have exerted a strong influence on the

environmental systems over this region. Third, as

shown in Fig. 4, climates in the central Hexi Corridor

gradually became much drier during the mid- and late-

Holocene as evidenced by increased CaCO3, lightness,

conductivity and decreased MS. This aridification is so

strong that after ca. 4700 yr BP average conductivity

becomes almost 3 times greater than before. Halite



Fig. 4. Stratigraphy and climatic proxies of the Holocene section of the GT40 record. Lithology 1 is for the GT60 core and Lithology 2 is for the

GT40 core. Shaded rectangular areas indicate abrupt cooling events discussed in the text. Note that scales of curves C, D, E are reversed. Curve A is

drawn from Berger and Loutre (1991).
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deposition is also evident in the GT60 core after that

time. This may indicate the onset of a drastic desicca-

tion process that finally drains the Yanchi paleolake.

Finally, the above-mentioned general trends are super-

imposed by a series of climatic events marked by drier

conditions that punctuate the entire Holocene, indicat-

ing the existence of millennial- to centennial-scale cli-

matic fluctuations in the drylands of the central Hexi

Corridor.

Despite the above-mentioned general agreements,

the GT40 proxies show several dissimilarities that are

worth noting. First, intervals with high MS generally

correspond to silt/fine sand lithological units, while

clay/clayey silt units are generally linked with low

intervals of MS. This is also seen in the SJC section,

where finer sediments have lower magnetic susceptibil-

ity signals (Chen et al., 2001). High MS corresponding

to silt/fine sand units may result from terrigenous input

of material rich in magnetic minerals. Second, MS and

lightness are strikingly dissimilar during the early Ho-

locene (ca. 9800–8300 yr BP) and during the late
Holocene (especially at ca. 3400–1600 yr BP). During

the former interval, the declining MS signal suggests a

relatively warm and/or humid but gradually deteriorat-

ing environment that culminates at ca. 8200 yr BP,

while the lightness proxy does not display large-ampli-

tude fluctuations comparable to the MS record. This

discrepancy may result from the difference of the prop-

erties of various proxies in responding to changing

environment. Compared with the lightness record,

which is interpreted as indicative of better moisture

condition, the magnetic susceptibility record seems to

be more temperature-dependent than moisture-sensi-

tive. This is because both conductivity and CaCO3,

which are interpreted as reflections of better moisture

conditions, are low and show little variation within this

interval. During the latter interval, changes in these two

proxies seem almost out of phase, i.e. higher/lower MS

corresponds to lower/higher lightness. The actual

causes of this phenomenon are still unknown and

more investigation on the controls of these proxies is

required.
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Although high-frequency, short-lived events as

evidenced by the GT40 proxies are relatively muted

in the BDK loess section, possibly due to lower tem-

poral resolution, millennial-scale climatic changes can

also be identified in this profile (Fig. 3). The MS proxy

generally correlates negatively with the lightness

proxy, and with CaCO3 content. At intervals when

paleosols developed, climates in the Corridor side of

the eastern Qilian Shan became ameliorated with en-

hanced moisture availability as evidenced by increased

MS, decreased CaCO3 and decreased lightness. The

GS (N63 Am fraction) varies little during ca. 7000–

6000 yr BP, suggesting a period of persistent desert

retreat. A notable feature can be observed in Fig. 3.

Before ca. 8000 yr BP redness is roughly in phase with

MS, CaCO3 and lightness, but after that time it

becomes approximately 1808 out of phase with the

latter three proxies. As we interpret redness as temper-

ature-dependent and lightness/CaCO3 as moisture-

sensitive, this change may indicate a climatic reorga-

nization in terms of the configurations of temperature

and precipitation: before this shift high/low tempera-

ture may be coupled with high/low moisture availabil-

ity; while afterwards we assume the reverse case. An

exception to this pattern occurs when the uppermost

paleosol was formed (at ca. 2500–1200 yr BP). Dur-

ing this ca. 1300-yr-long unusual interval the GS (N60

Am fraction) first increases dramatically and then

decreases drastically, indicating a rapid expansion of

deserts followed by a rapid retreat. CaCO3 is almost

entirely leached and the peak of the redness proxy

suggests a climate with increased temperature. This

evidence may suggest that during ca. 2500–1200 yr

BP the mountainous regions in the eastern Qilian Shan

might have been climatically different from the nearby

deserts.

Because the BDK section is hydrologically linked

with the GT40 record, the moisture availability in-

ferred from the GT40 lightness proxy may be linked

with changes in temperature (inferred from the BDK

redness proxy) in the alpine part of the eastern Qilian

Shan through possible glacier meltwater regulations.

Correlation of these two proxies (Fig. 5) confirms

such a linkage because the three intervals of higher

BDK redness (at ca. 8500–6700, ca. 5800–4300, and

at ca. 2600–1600 yr BP) are roughly coeval with the

three intervals of lower GT40 lightness (at ca. 8200–

6700, ca. 6000–4500, and at ca. 2600–1600 yr BP)

except for several intervals. It seems that glacier melt-

water discharges in response to alpine warming do

have an impact on the evolution of drylands in the

Corridor.
3.2. Late Glacial–Holocene transition and the humid

early Holocene

The Late Glacial climate over the central Hexi Cor-

ridor was characterized by rapid, large amplitude wet/

dry fluctuations superimposed on a generally cold back-

ground, as witnessed in the significantly fluctuating

CaCO3 record. The presence of alternating mirabilite

deposits in the GT60 core and the occurrence of CaCO3

nodules in the GT40 core in sediments of the same age

further support such highly unstable Late Glacial cli-

mates. This feature is also evident in the BDK section,

in which the N63 Am GS fraction shows high-frequen-

cy, large amplitude oscillations during the Late Glacial

and until ca. 9300 yr BP during the early Holocene.

This may suggest that deserts in NW China (i.e., the

Tengger Desert and/or the Badain Jaran Desert) might

have undergone expansions and retreats during this

period in response to frequent strengthening and weak-

ening of the EASM. Our results are consistent with

pollen and lacustrine stratigraphic evidence from the

eastern Corridor (Shi et al., 2002; Ma et al., 2003).

The warm–humid phase between ca. 10,800 and

10,100 yr BP is mainly indicated by higher MS,

much-reduced CaCO3, and decreased lightness. The

presence of coarse fluvial sands and angular gravel

deposits in the GT40 core (see Fig. 4) during that

period may reflect enhanced surface erosion caused

by increased precipitation over the central Hexi Corri-

dor. This humid phase is further supported by evidence

from the adjacent Badain Jaran Desert (Yang, 2000) and

north Xinjiang (Wu et al., 2003). However, pollen

evidence from the eastern Hexi Corridor (Ma et al.,

2003) indicates dry conditions at this time. This dis-

crepancy may highlight either the spatial heterogeneity

of Holocene environmental changes over the NW

China drylands, or dating or correlation problems

which need to be addressed by a refined chronology.

The above-mentioned warm–humid phase in the

GT40 record was bracketed by two major cooling

events. As shown in Fig. 5, the former cold–dry cli-

matic event between ca. 11,200 and 10,900 yr BP

roughly correlates with the IRD event 8. The latter

cold–dry event between ca. 10,100 and 9900 yr BP is

coherent with previous reports from NW China (Chen

et al., 2001; Zhou et al., 2002), and with sites in

northern Europe (Björck et al., 2001). It is also evident

in the Guliya ice core d18O record (Thompson et al.,

1997; Wang et al., 2002) and may be correlated with

the IRD event 7 in the North Atlantic (Bond et al.,

2001) within dating uncertainties. With respect to the

YD event, the GT40 proxies do not provide evidence



Fig. 5. Comparisons of the GT40 and the BDK records with global evidence. (A) GT40 magnetic susceptibility (MS); (B) GT40 lightness; (C) BDK

redness; (D) Guliya ice core d18O record (Thompson et al., 1997); (E) stacked hematite stained grains from the North Atlantic IRD record (Bond et

al., 2001), number of IRD events is assigned by the original authors; (F) 5-point running averaged Greenland GISP2 ice core d18O record (data

provided by the National Geophysical Data Center). Note that scales of curve B and curve E are reversed.
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indicating unfavorable climate conditions during that

interval.

The warm–humid early Holocene over the central

Hexi Corridor, in phase with western China and Mon-

golia (Yang et al., 2004b), commenced at ca. 10,000 yr

BP and ended at ca. 8000 yr BP. During this interval a

paleosol developed in the BDK section possibly under

the influence of warmer and more humid climates. This

warm–humid phase, in agreement with North Atlantic

warming (Bauch et al., 2001) and boreal forest expan-

sion (MacDonald et al., 2000), might have been forced

by elevated atmospheric CO2 and methane concentra-

tion during the early Holocene (Wagner et al., 1999;

Smith et al., 2004), and might have been related to the

operation of a NAO-like pattern conducive to strength-

ened westerly winds across the Northern Hemispheric

mid-latitudes (Hoerling et al., 2001). A dry interval

accompanied by a slight fall in temperature occurred

between ca. 9300 and 9000 yr BP in the GT40 record,

roughly coeval with evidence from adjacent regions

(Chen et al., 2001; Wang et al., 2002; Zhou et al.,

2002). This event, along with other short-lived abrupt

cooling and drying events registered in the central Hexi

Corridor during the Late Glacial and the early Holo-

cene, may be correlative to freshwater discharges from

the Laurentide Ice Sheet (Magny and Bégeot, 2004),

suggesting possible links between climates in NW

China and the North Atlantic region.

3.3. Early–mid-Holocene transition (EMHT) and the

8200-yr event

The warm–humid early Holocene recorded in the

GT40 sediments was ended by a substantial cooling

phase at ca. 8400–7800 yr BP (at ca. 8200–7600 yr BP

in the BDK section), denoting the early- to mid-Holo-

cene transition (EMHT). This event in the GT40 record

may encompass two minor perturbations. The former,

of a cold–dry nature at ca. 8400–8100 yr BP, correlates

well with the so-called 8200-yr abrupt cooling event

reported from the Guliya ice core, and the Greenland

GISP2 ice core oxygen isotope record (Fig. 5). Our

results and other evidence show that during this period

the central Asian drylands experienced considerable

cooling and drying (Zhang et al., 2000; Chen et al.,

2001; Wang et al., 2002; Wünnemann et al., 2003; Ma

et al., 2003; Yang and Williams, 2003). This signal,

which is proposed to be partly propagated by the west-

erlies, may result from an upstream cooling by 4–8 8C
in the North Atlantic triggered by catastrophic drainage

of Laurentide lakes in the Laurentide Ice Sheet (LIS) to

the North Atlantic and by subsequent collapse of the
North Atlantic Thermohaline Circulation (Barber et al.,

1999). This event may have greater implications for the

drylands in NW China, taking into account the rather

significant shift in climate patterns inferred from proxy

analyses (see Section 3.1). More evidence with higher

temporal resolution and environmentally explicit prox-

ies is needed to evaluate more precisely the impact of

the 8200-yr event on the central Asian drylands.

The ensuing cooling event after the 8200-yr event in

the GT40 record occurred at ca. 8100–7800 yr BP

according to our chronology, and was characterized

by abrupt changes in temperature and enhanced mois-

ture availability. It is coherent with an abrupt atmo-

spheric circulation change at the EMHT (Stager and

Mayewski, 1997). This atmospheric reorganization may

mark a prominent shift in climatic forcing mechanisms

over arid NW China during the EMHT, when solar

insolation outweighed glacial boundary conditions as

the primary factor in directly forcing the Indian summer

monsoon and the North American climates (Fleitmann

et al., 2003). Although the 8200-yr event and the

ensuing EMHT event are both evident in the GT40

record, the quality of the chronology and the relatively

low resolution of the BDK record make such correla-

tion more or less tentative. Whether these two perturba-

tions represent true, separate climatic events or not

entails further investigations over the study area.

3.4. The mid-Holocene

The Holocene Megathermal period in the GT40

record at ca. 7800–6200 yr BP is roughly correlative

with the Holocene Climate Optimum (HCO) at ca.

8000–6600 yr BP, although both are punctuated by a

series of significant climatic events at ca. 7600–7400,

6600–5800, 5500–5100, 4900–4500 and 4500–4200 yr

BP (Fig. 5). Maximum temperature may have been

attained around 7000 yr BP, and then decreased toward

long-term cooling that culminated at ca. 4600 yr BP.

The Megathermal period of the BDK record was be-

tween ca. 7800 and 6800 yr BP, while the HCO was

between ca. 7600 and 6200 yr BP.

We assume that the onset and termination of the HCO

in the central Hexi Corridor occur significantly earlier

than in the eastern Qilian Shan, in agreement with the

conclusions of previous research (He et al., 2004).

Large-scale withdrawal of the EASM that causes termi-

nation of the HCO might have commenced shortly after

ca. 8000–7000 yr BP in northern Xinjiang and the

Tibetan Plateau (Wei and Gasse, 1999), at about 6600

yr BP in the central Hexi Corridor (GT40 record), ~6500

yr BP in the eastern Hexi Corridor (Zhang et al., 2000),
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~6200 yr BP in the eastern Qilian Shan (BDK section),

and at ca. 4000 yr BP in the western part of the Chinese

Loess Plateau (Feng et al., 2004). This gradual seaward

shift of the HCO termination is roughly in phase with

the progressive weakening of the summer monsoon as

the summer solar radiation anomaly decreases progres-

sively through the Holocene (An et al., 2000).

A dry/wet couplet may be one of the most drastic

changes in climate during the mid-Holocene. The for-

mer dry interval at ca. 6600–6100 yr BP was followed

by a transient wet spell at ca. 6100–5800 yr BP. Evi-

dence supporting the first dry interval is widely seen in

the NW China drylands (Sun et al., 1994; Zhang et al.,

2000; Chen et al., 2003; Ma et al., 2003) and in NW

India (Enzel et al., 1999). The prevalence of this drying

event suggests that the NW China may lie beyond the

reach of major monsoonal precipitation, when the Asian

summer monsoons may be greatly weakened. During

the ensuing wet phase centered on ca. 6000 yr BP,

climate over the central Hexi Corridor became much

more humid. The eastern Qilian Shan was also charac-

terized by relatively cool and humid climates (Fig. 3). In

the meanwhile, prevalent high lake levels were evident

across the Asian continent (Qin and Yu, 1998). The

EASM might have been strengthened at that time and

shifted northward for about 300–500 km than at 9000 yr

BP (Harrison et al., 1996). The summer monsoon rain-

fall in North Africa was also greatly enhanced by more

than 25% concurrently (Kutzbach and Liu, 1997). This

prevalent 6000-yr event, characterized by enhanced

moisture availability due to strengthened Asian summer

monsoons, might have been forced by the enhanced

seasonal cycle of solar insolation in the Northern Hemi-

sphere (Kutzbach and Liu, 1997). However, identifica-

tion of the 6000-yr event recorded in the GT40 record

seems to be somewhat tentative taking into account the

quality of the chronology.

The dry interval at ca. 5500–5100 yr BP in the GT40

record is broadly supported by evidence from the Asian

continent (Enzel et al., 1999; Fontugne et al., 1999; Shi

et al., 2002; Wünnemann et al., 2003).This event rough-

ly correlates with a synchronous cooling in the North

Atlantic and Greenland (Fig. 5). Weakening of the

Indian summer monsoon (Hong et al., 2003) and the

South China Sea SSS minima (Wang et al., 1999) may

also indicate that the Asian summer monsoons are

weakened owing to reduced surface evaporation and

subsequent reduction in water vapor transport north-

westward to inland Asia, leading to a much drier con-

dition in NW China.

The most prominent, two-step climatic degradation

during the mid-Holocene in the GT40 record occurred
between ca. 4900 and 4500 yr BP and the ensuing phase

between 4500 and 4200 yr BP. The fact that all proxies

show dramatic, rapid changes (Fig. 4) in the first step

clearly points to an unprecedented environmental dete-

rioration in the late mid-Holocene. This deterioration

seems to be mainly characterized by severe cooling and

moderate drying as evidenced by a sharp drop in MS,

which may be more temperature-dependent than mois-

ture-sensitive (see Section 3.1). This severe cooling was

then followed by a drastic aridification. Evidence from

the east-central Asian drylands (Sun et al., 1994; Zhang

et al., 2000; Chen et al., 2001; Shi et al., 2002; Xiao et

al., 2002; Yang and Williams, 2003) and from the

Arabian Peninsula (Bray and Stokes, 2003), agrees

well with our results. The collapse of ancient civiliza-

tions in north China (Jin and Liu, 2002; Wu and Liu,

2004) in response to such environmental deterioration

further indicates that the EASM, along with the Indian

summer monsoon, might have been greatly weakened

at approximately the same time.

Such a significant monsoon weakening might have

been caused by the establishment of the modern ENSO

band (Moy et al., 2002) characterized by increased El

Niño frequency and by changes in the location of con-

vection in the Pacific Ocean (Morrill et al., 2003). The

southward migration of the Intertropical Convergence

Zone (ITCZ) after ca. 5400 yr BP (Haug et al., 2001),

along with the above-mentioned ENSO operation may

in turn be regulated by orbitally induced insolation in the

tropical oceans (Hoerling et al., 2001; Fleitmann et al.,

2003). In view of the universality of this event across the

globe, we propose that the dramatic mid-Holocene de-

terioration was forced by the same triggering mecha-

nism, possibly variations in solar insolation.

3.5. Late Holocene cooling and aridification

The late Holocene in the central Hexi Corridor was

generally characterized by the predominance of colder

and/or drier conditions alternating with several wetter/

warmer spells. This trend of aridification is evident in

both the GT40 and the BDK records (see Figs. 3 and 4),

and in the Asian continent (Starkel, 1998). It may be

associated with decreasing Northern Hemispheric solar

insolation (Berger and Loutre, 1991). Maximum aridity

in the GT40 record lasted for about 1000 years from ca.

4500 to 3500 yr BP, and was interrupted by a transient

wet spell at ca. 4200 yr BP. This maximum drought

interval is consistent with evidence for widespread

maximum aridity at ca. 4500–3500 yr BP from lakes

in northern Xinjiang and the Tibetan Plateau (Gasse et

al., 1996; Rhodes et al., 1996; Wei and Gasse, 1999),
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and by evidence from adjacent regions (Chen et al.,

1999; Zhang et al., 2000; Shi et al., 2002; Ma et al.,

2003; Yang and Williams, 2003), indicating that this

drought phase may be ubiquitously evident over the

NW China and may have been linked to a markedly

weakened EASM.

After this prolonged dry interval, a prominent wet

event occurred between ca. 3400 and 3000 yr BP,

interrupted by a short drying spell centered at ca.

3100 yr BP. This generally wet phase is also coherent

with pollen evidence from the Tengger Desert (Zhang et

al., 2000; Ma et al., 2003). The transient dry pulse is

roughly coeval with the most severe cooling event

recorded in the Guliya ice core during the late Holocene

(Thompson et al., 1997; Wang et al., 2002), and is

coherent with an abrupt sedimentary transition from a

mid-Holocene sapropel to calcareous laminated muds

which occurred at about 3200 yr BP in Lake Bosumtwi,

Ghana, western Africa (Russell et al., 2003). It may

have been forced by internal atmospheric variability as

shown by a model simulation (Hall and Stouffer, 2001).

Taking into account the quality of the chronology and

the briefness of this drying spell, we are not certain if it

is a real reflection of a climatic event of global signif-

icance or just a local signature although the above

correlation seems plausible. When the IRD event 3

occurred, the Guliya ice core recorded a high temper-

ature but the BDK record showed cooling which was

consistent with the drying interval in the GT40 record.

This may be caused by differences in the properties of

these proxies or by imprecision of the chronology.

The most humid period during the late Holocene

over the central Hexi Corridor occurred at ca. 2600–

1600 yr BP. It coincides with a warmer climate over the

eastern Qilian Shan, and is supported by sand-dune

destabilization (Yang, 2000) and by widespread alluvial

fan formation in the central part of Turkey (Kashima,

2002). During this period, climates over the North

Atlantic also became relatively warmer. Prior to this

major humid phase there occurred a dry interval at ca.

3000–2600 yr BP, which was in phase with dune

reactivation in the Arabian Peninsula (Bray and Stokes,

2003), and with cooling in the Guliya ice core and the

North Atlantic IRD event 2 (Fig. 5).

The most recent two drying events occurred at ca.

1400–900 and ca. 500–150 yr BP (Fig. 5). The first dry

interval in the GT40 record is in phase with collapses of

ancient civilizations in central and South America in

response to persistent, long-term drought (deMenocal,

2001), possibly suggesting coherent climate controls in

the circum-Pacific regions. The latter one, along with

the preceding warming phase at ca. 900–450 yr BP, is
tentatively correlated to the Little Ice Age (LIA) and the

Medieval Warm Period (MWP), respectively. Although

the relatively poor age control and inadequate sample

resolution may preclude convincing correlations of

these two events, they do largely agree with the

MWP and LIA reported from central China (Paulsen

et al., 2003) and the Tibetan Plateau (Yang et al., 2003).

We tentatively propose that the following three factors

may account for the cold–dry conditions during the LIA

in the central Hexi Corridor: (1) decreased Northern

Hemispheric temperature (Shindell et al., 2001); (2)

strengthened Asian summer monsoon circulation due

to an increased latitudinal temperature gradient (Ander-

son et al., 2002); and (3) reduced water vapor transport

resulting from decreased SSTs in the tropical oceans

(deMenocal et al., 2000; Hendy et al., 2002).

4. Synchronous operations of the westerlies and the

EASM over the east-central Asian drylands

The results from the GT40 and BDK records and the

suggested correlations (Fig. 5) may indicate the global

nature of these recurring millennial-scale events and the

possible links between arid NW China and the North

Atlantic region. As shown in Fig. 5, most of the cli-

matic events recorded in the GT40 core are mainly

characterized by cooling/drying conditions which are

comparable to concurrent cooling in the North Atlantic

and Greenland. The wet/warm intervals are primarily

correlated to relatively warm periods in the northern

high latitudes. However, the IRD event 4 and 5 and the

intermediate period are different from the above pattern

and deserve special attention. When these two events

occurred, cold climates dominated the northern high

latitudes in contrast to generally warmer/wetter climates

in the central Hexi Corridor (Fig. 5). The intermediate

period is characterized by a generally warmer climate in

the northern high latitudes but by a colder/dryer climate

in the central Corridor. The actual causes of the dis-

crepancy remain elusive but may associate with the

climatic reorganization induced by the 8200-yr event.

Despite this dissimilarity, we tentatively propose that

the east-central Asian drylands, including NW China,

may be climatically regulated by co-operation of these

two circulation systems in a roughly synchronous way.

Our proposal of a synchronous control is supported

by increasing evidence from these two key regions. The

South China Sea (Kienast et al., 2001), the Indian

monsoon-dominated region (Enzel et al., 1999;

Goodbred and Kuehl, 2000), and the Nordic Seas in

the North Atlantic (Bauch et al., 2001) all experienced

warming during the period ca. 10,000–6000 yr BP. The
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South China Sea witnessed cooling synchronous with

the North Atlantic during the YD period (Steinke et al.,

2001), and also exhibited behavior parallel to Green-

land warming (Kienast et al., 2001). Speleothem evi-

dence from eastern China also revealed a pattern of

reduced summer monsoon moisture at times when

Greenland was experiencing stadial conditions (Wang

et al., 2001). Weakening of the Indian summer mon-

soon coincides with cold intervals recorded in the North

Atlantic (Fleitmann et al., 2003; Gupta et al., 2003;

Hong et al., 2003). Simulations also show teleconnec-

tions between the North Atlantic and the North Pacific

when the North Atlantic Deep Water Formation was

weakened (Mikolajewicz et al., 1997). The Northern

Hemisphere underwent almost synchronous changes

during the last glacial termination (Benson et al.,

1997; Hoerling et al., 2001).

We tentatively propose the following mechanism to

explain this synchroneity. When the northern high lati-

tudes are cooled, a negative state of the NAO/AO leads

to weakened, southward displaced westerlies (Magny et

al., 2003; Magny and Bégeot, 2004) with reduced water

vapor delivery to the Asian hinterland in combination

with an intensified, southward-expanded polar vortex

(Arz et al., 2001). El Niño-like patterns in the tropical

Pacific, which are concurrent with southward migrated

ITCZ (Haug et al., 2001; Lea et al., 2003), function in

concert with greatly weakened Asian summer monsoon

(Stott et al., 2002), drawing moisture away from the

Asian-side of the Pacific. The east-central Asian dry-

lands may have undergone severe cooling and persis-

tent, long-term drought owing to concurrently reduced

moisture availability from both the Atlantic and the

Pacific. Conversely, when the Northern Hemisphere

high-latitudes get warmed, a positive mode of the

NAO/AO causes northward displaced, stronger-than-

average mid-latitude westerlies (Hoerling et al., 2001)

with an enhanced latitudinal water vapor gradient into

the central Asian drylands. Synchronously, the La Niña-

like mode of ENSO accompanied by northward dis-

placed ITCZ causes strengthened Asian summer mon-

soons, bringing more precipitation to the Asian-side of

the Pacific. The east-central Asia therefore experiences

ameliorated environmental conditions with enhanced

moisture availability and reduced drought length and

frequency. Spatial heterogeneity of climatic changes in

this region is attributed to relative strength contrast of

these two circulation systems, and to potential regula-

tion of glacier meltwater discharges owing to alpine

warming. More work with refined chronology and en-

vironmental-explicit proxies is needed to test the above

hypothetic mechanism.
5. Conclusions

Our reconstructions of paleoclimate and paleoenvir-

onment over the central Hexi Corridor provide evidence

for a highly variable Holocene in drylands in NW

China. On the basis of the aforementioned discussions

several conclusions can be drawn as follows: (1) our

proxy analysis and correlations show that the arid

regions in NW China have undergone persistent mil-

lennial-scale climatic fluctuations; (2) these drylands

might have been modulated both by the East Asian

summer and winter monsoons, and by the westerlies

in a roughly synchronous way; and (3) glacial meltwa-

ter discharges associated with alpine warming may

partly contribute to the dryland spatial heterogeneity

of climatic changes during the Holocene.
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