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Abstract

In northern China, the Late Miocene–Pliocene Hipparion Red-Earth Formation in the eastern Loess Plateau fills a gap of

climate records between the well-known loess-soil sequences of the last 2.6 Ma and the Miocene loess-soil sequences from the

western Loess Plateau. Earlier studies on type sections indicate that a major part of the Red-Earth Formation is also of wind-

blown origin, covering the period from f7–8 to f2.6 Ma BP. Because the eolian dust deposited in the region originated from

the Asian desert lands, the Red-Earth must contain a record of the aridification history of the Asian interior. In this study, the

Xifeng type section in the eastern Loess Plateau is studied to assess the development of Asian aridification during Late

Miocene–Pliocene time. Eolian dust deposition continued at the central Loess Plateau since f6.2 Ma BP, indicating that

sizable desert lands in the interior of Asia and the Asian winter monsoon must have been constantly maintained during Late

Miocene–Pliocene time, and were able to provide a significant amount of eolian dust. The aridity in the source areas was

stronger from f6.2 to f5 Ma BP and weaker from f5 to f3.6 Ma BP. Two major aridification steps are observed at f3.6

and f2.6 Ma BP, respectively. The intensification of eolian deposition at f3.6 Ma BP is synchronous with a suggested uplift

of portions of the Tibetan Plateau. The general aridification history is also highly consistent with the ongoing high-latitude

cooling and the consequent expansion of Arctic sea-ice/ice sheets during this interval. Our results therefore suggest that both

Tibetan uplift and ice-building processes in the northern hemisphere were two prominent driving forces behind the long-term

desertification in the interior of Asia during Late Miocene and Pliocene time.
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1. Introduction

In the eastern Loess Plateau in northern China, the

well-known loess-soil sequences of the last 2.6 Ma

(Liu, 1985; Kukla, 1987) are underlain in several

sedimentary basins by the so-called Hipparion Red-

Earth Formation, also referred to as Red Clay

deposits (Liu, 1985). This formation fills a gap of
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the climate records in northern China between the

well-known loess-soil sequences of the last 2.6 Ma

and the Miocene loess-soil sequences recently

reported from the western Loess Plateau (Guo et

al., 2002). Magnetostratigraphic studies (Zheng et

al., 1992; Yue, 1995; Ding et al., 1998; Sun et al.,

1998a,b; Qiang et al., 2001) suggest that the com-

plete sequence of the Red-Earth extends back to

f6–8 Ma BP without significant hiatus, and there-

fore contains a near continuous record of the late

Miocene–Pliocene paleoclimate. The most complete

Red-Earth sequences, as we shall refer to them, are

usually preserved in sedimentary basins in the eastern

Loess Plateau, known as the Yuan, or basin areas

(Liu, 1985). The thickness of the Red-Earth sequence

varies from 50 to 60 m at most of the localities

(Zheng et al., 1992; Yue, 1995; Sun et al., 1998a;

Qiang et al., 2001). Recently, a number of Red-Earth

sequences have been studied, confirming their eolian

origin (Ding et al., 1998; Guo et al., 2001). Eolian

dust deposition therefore continued in northern China

from f22 Ma BP (Guo et al., 2002) to the present-

day (Liu, 1985).

The wind-blown loess-soil sequence in the region

studied has provided much information on the evo-

lution of the Asian dry lands and on paleo-atmo-

spheric circulation (e.g. Liu, 1985; An and Porter,

1997; Guo et al., 1998, 2000, 2002). It has been

confirmed that the eolian dust deposition of the loess-

soil sequence in the middle reaches of the Yellow

River mainly originated from the desert lands in

northern and northwestern China through the trans-

portation by northwesterly winter monsoon winds

(Liu, 1985; An and Porter, 1997; Guo et al., 2002).

The existence of dry lands in Asia and a seasonal

dust-carrying atmospheric circulation are thus two

necessary conditions for eolian dust deposition in

the Loess Plateau region. Consequently, the Red-

Earth eolian sequence must have documented the

history of the desert lands in Asia and the related

atmospheric circulation for Late Miocene–Pliocene

time.

Based on the studies of the Red-Earth sequence at

Xifeng (Fig. 1), a type section of the Red-Earth

sequences in the eastern Loess Plateau region, the

objective of this paper is to address the Late Mio-

cene–Pliocene history of the aridification in Asia and

its primary driving forces.
1.1. General setting and methods

The Xifeng (Fig. 1) basin (also referred to as the

Dongzhi Yuan) is one of the largest Cenozoic sedi-

mentary basins in the central Loess Plateau region,

where the loess-soil sequence of the last 2.6 Ma has

been the object of numerous studies (e.g. Kukla,

1987; Kukla and An, 1989; Guo et al., 1991, 2000).

Magnetostratigraphic measurements (Sun et al.,

1998a) have dated the lower boundary of the Red-

Earth at f7.6 Ma BP. The contact with the overlying

loess-soil sequence is near the Matuyama/Gauss mag-

netic boundary, i.e. f2.6 Ma. The fact that this

sequence records the major magneto-stratigraphic

units from f7.6 to f2.6 Ma BP indicates that it

contains a near continuous record of paleoclimate.

Recently, the section was systematically studied

using macro- and micro-morphological, sedimento-

logical, major- and trace-elemental analyses (Guo et

al., 2001) in order to characterize the origin of the

Red-Earth sequence. The results showed that the

lower section older than 6.2 Ma BP is a water-

reworked deposit (Fig. 2) due to alluvial and slope

processes, while the upper part of the section is of

eolian origin, as is demonstrated by its high similarity

to typical eolian loess, e.g. mineral composition, grain

morphology, sedimentological parameters and geo-

chemical properties (Guo et al., 2001).

In this study, only the eolian part of the section was

analyzed. The depth–age relationship was determined

based on the magnetostratigraphic results of Sun et al.

(1998a). Five hundred and sixty dry bulk samples

were taken at 10-cm intervals for mass magnetic

susceptibility measurements that were performed on

a Bartington magnetic susceptibility meter. In order to

address the changes of eolian grain-size geochemical-

ly, major elemental abundances of 90 samples were

analyzed by X-Ray fluorescence with analytical

uncertainties of F2% for all the major elements

except for P2O5 and MnO (up to F10%). The grain-

size distribution of 180 bulk samples was also deter-

mined using a SALD-3001 laser diffraction particle

analyzer. Ultrasonic dispersion, aided by the addition

of 20% (NaPO3)6 solution, was used for grain-size

measurement with a precision of about F3.5%.

In continental eolian records, the materials are

usually affected by syn- and post-depositional weath-

ering and pedogenesis during warm and humid peri-



Fig. 1. Map showing the Loess Plateau in northern China, the locations of the sites mentioned in the text, and the modern East-Asian summer

and winter monsoon circulations (modified after An and Porter, 1997).
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ods (Guo et al., 1996, 2000). This may lead to

substantial changes in the grain-size distribution of

the original eolian material. Thus, the grain-size data

obtained by direct grain-size analyses reflect a mixed

effect of depositional and post-depositional processes.

For this reason, we attempted to explore a geochem-

ical indicator of eolian dust. Two typical loess sam-

ples, respectively, from Xifeng (XF-L1-21) and Jixian

(JX-L1-608), and two weakly weathered Red-Earth

samples from Xifeng (XF-RE-107 and XF-RE-211)

were selected for this purpose (Fig. 3). The samples

were separated into 14 size fractions (<1, 1–2, 2–3.9,

3.9–5, 5–10, 10–15.6, 16.6–22.1, 22.1–31.2, 31.2–

50, 50–76, 76–88, 88–105, 105–125 and >125 Am)

using the classical sedimentation method according to

Stoke’s Law. Each fraction was then analyzed by X-
Ray fluorescence using a Philips PW-1400 unit to

determine the major-element abundances. We assume

that these four samples, especially the two typical

loess samples, have not been significantly weathered,

and that the measured grain size represents that of the

eolian dust prior to the post-depositional processes.

Microscopic observations confirm that the two loess

samples still contain more than 10% of detrital car-

bonate, indicating the weakness of weathering.

To verify the relationship between the geochemical

properties and the measured grain size of bulk loess

samples, the chemical composition and grain size of

38 Quaternary loess samples from Xifeng (Fig. 3)

were analyzed by X-Ray fluorescence and laser dif-

fraction particle-analyzing methods as described

above.



Fig. 2. Lithostratigraphic sequence, magnetic polarity, variations of mass magnetic susceptibility, median grain size (Md) and the SiO2/Al2O3

ic polarity is from Sun et al. (1998a).
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1.2. Intensity of eolian deposition in northern China

In both terrestrial and marine records, the intensity

of eolian deposition is usually characterized by dust

accumulation rate. This parameter mainly reflects the

aridity in the source areas (Hovan et al., 1989; Rea et

al., 1998) because stronger aridity leads to enlarge-

ment of source areas, to deflation of more dust, and

thus to the increase in eolian accumulation rate.

The linear accumulation rate (LAR) of the Xifeng

Red-Earth section is given in Fig. 2 (versus depth) and

Fig. 4 (versus age) and is compared in Fig. 4 with the

LAR of the Lingtai section (Ding et al., 1998), another

section in the eastern Loess Plateau (Fig. 1). From

f6.2 to f5.0 Ma BP, higher eolian accumulation

rate is suggested by the Lingtai section (Fig. 4) while

it is not clear at Xifeng. From f5.0 to f3.6 Ma BP,

eolian dust accumulates at a low rate, as is shown in

molecular ratio of the Xifeng Red-Earth sequence. Data for magnet
both sections. At f3.6 Ma, a sudden increase is

observed for both sites. Another increase occurred at

f2.6 Ma BP, corresponding to the traditional bound-

ary between the Red-Earth and the overlying loess-

soil sequence.

The eolian dust from Asian drylands was not only

deposited in northern China, but also in the North

Pacific Ocean via transport by the northern hemi-

sphere westerly winds (Hovan et al., 1989; Rea et al.,

1998), and the fine fraction was also transported as far

away as Greenland (Biscaye et al., 1997; Svensson et

al., 2000). An eolian record covering the last 11.8 Ma

was recovered from the North Pacific, based on the

ODP cores 885/886 sites (Rea et al., 1998), and thus

provides a marine record of Asian aridification. Fig. 4

shows that the variations of eolian accumulation rate

recorded by the Red-Earth sections are in agreement

with the eolian mass accumulation rate of the ODP



Fig. 3. Relationship between the SiO2/Al2O3 molecular ratio and eolian grain size. (a) Distribution of the SiO2/Al2O3 molecular ratio in different

grain-size fractions for two typical loess samples and two weakly weathered Red-Earth samples. The two loess samples are from the Late

Pleistocene loess L1 in the Xifeng (XF) and Jixian (JX) sections, respectively. The two Red-Earth (RE) samples are from Xifeng. (b)

Cumulative percentage of the grain-size fractions of the four samples shown in a. The fractions >76 Am (U=3.61) represent only 2.3% in the

sample XF-RE-107, 2.9% in XF-RE-211, 2.0% in XF-L1-21 and 1.15% in JX-L1-608. (c) Linear correlation between the SiO2/Al2O3 molecular

ratio and median grain size of 38 loess samples from Xifeng.
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885/886 sites. The higher eolian accumulation rate

from f6.2 to f5 Ma BP, as recorded at Lingtai, is

also clearly documented in the North Pacific records

(Rea et al., 1998). The apparent lower accumulation

rate during this interval at Xifeng may be related to

local depositional factors.

Thus, both marine and terrestrial proxies have

documented higher dust deposition intensity from

f6.2 to f5 Ma BP and lower intensity from f5
to f3.6 Ma BP. Two sharp increases in the accumu-

lation rate are documented by all the records at f3.6

and f2.6 Ma BP, respectively.

1.3. Eolian grain-size changes of the Red-Earth

Because the grain size of deposited dust was

affected by syn- and post-depositional weathering

and pedogenesis during warm and humid periods

(Guo et al., 1996, 2000), it is necessary to explore a

grain-size proxy, which is able to reflect the original

grain size of the deposited dust. Since the mineral

assemblage in different grain-size fractions in a dust

sample usually varies, which can be reflected by the

chemical composition, we might expect to develop a

geochemical indicator of the eolian post-depositional

grain size, but prior to any subsequent weathering.

For this purpose, the distribution of the most stable

elements in different size fractions of the four

above-mentioned samples (XF-L1-21, JX-L1-608,

XF-RE-107) and XF-RE-211) was examined. The

results revealed that the SiO2/Al2O3 molecular ratio

is closely related to grain size (Figs. 2 and 3),

indicating that the chemical composition varies with

grain size. For the fraction <76 Am (U=3.61) in

each sample, the SiO2/Al2O3 ratio increases with

increasing grain size while the relation is reversed

for the fraction >76 Am (Fig. 3a). The fact that the

curves of the two Red-Earth samples are steeper

than for the loess samples may be attributable to the

difference in grain-size distribution between the Red-

Earth and the loess. Although the ratio for the

fractions >76 Am is negatively correlated with the

grain size, its influence on the SiO2/Al2O3 ratio of
Fig. 4. Correlation of eolian grain size, accumulation rate of the

Xifeng Red-Earth with the North Pacific eolian records, marine

y18O record and ice-rafting terrigenous detrital sediment content in

the North Pacific. (a) Variations of median grain size (solid line) and

the SiO2/Al2O3 molecular ratio (dashed line) versus age. The time

scale was developed based on the magneto-stratigraphic results of

Sun et al. (1998a) by linear interpolation. (b) Linear accumulation

rates of the Xifeng (dashed line, after Sun et al., 1998a) and Lingtai

(solid line, after Ding et al., 1998) Red-Earth sequences. (c) Mass

accumulation rate (MAR, solid line) and eolian grain size (dotted

line) from the North Pacific ODP Site 885/886 (Rea et al., 1998). (d)

Marine y18O record from ODP Site 846 (Shackleton et al., 1995).

(e) Natural gamma radioactivity plotted against depth with age

controls. It is a measure of ice-rafted terrigenous detrital sediment

content at the ODP Site 883 (DeMenocal, 1993).



Z. Guo et al. / Global and Planetary Change 41 (2004) 135–145 141
the total sample is negligible because the cumulative

weight for the fractions >76 Am represents only a

proportion of less than 3% by weight of the total

sample (Fig. 3b). Linear correlation between the

SiO2/Al2O3 ratio and the median grain size (Md)

of 38 bulk loess samples from Xifeng yields a

correlation coefficient (R2) of 0.66, confirming the

close relationship of the two parameters.

The SiO2/Al2O3 ratio of the bulk sample can

therefore be used as a suitable indicator for addressing

original eolian grain-size changes. The fact that this

relationship is persistent for Quaternary loess samples

from Xifeng and Jixian as well as for the Tertiary Red-

Earth samples suggests that it has spatial and temporal

significance for the late Cenozoic eolian deposits in

the Loess Plateau region. Because SiO2 and Al2O3 are

among the most stable elements in a wide range of

climatic conditions, this index can be used on the

eolian deposits in northern China. As might be

expected, microscopic examination reveals that coars-

er fractions contain significantly more quartz, which is

responsible for the higher SiO2/Al2O3 ratios.

Variations of the median grain size of the Xifeng

Red-Earth sequence are shown in Figs. 2 and 4, and

compared with those of the SiO2/Al2O3 ratio. The

two proxies are coherent, confirming that post-depo-

sitional weathering processes have not significantly

affected the long-term trends of eolian grain size at

Xifeng.

Generally, eolian grain size is controlled most

importantly by two factors: the strength of the trans-

porting winds (Hovan et al., 1989, Rea et al., 1998;

An and Porter, 1997) and the distance from the

source area to the depositional site (Liu, 1985; Kukla,

1987; Ren et al., 1996; Ding et al., 1999). Since the

aeolian dust deposits in northern China was trans-

ported by the Asian winter monsoon winds (Liu,

1985), the grain size must carry information on the

strength of the Asian winter monsoon. The southern

margin of the desert lands experienced drastic dis-

placement during the glacial– interglacial cycles (Sun

et al., 1998c). These displacements were of the order

of a few hundred kilometers and must have affected

the distance from the source areas for a given

depositional site, which must have strongly con-

trolled the grain-size variations in the loess sequences

in China (Liu, 1985; Kukla, 1987; Ren et al., 1996),

as is supported by the fact that the grain size of loess
decreases from northwest to southeast in the Loess

Plateau region (Liu, 1985). Recent studies along a

north–south transect in the Loess Plateau confirm

that eolian grain size for the same loess units is

highly coherent with the distance from the desert

margin (Ding et al., 1999).

In the North Pacific, the eolian mass accumulation

rate is interpreted as an indication of the continental

aridity while the eolian grain size mainly reflects the

strength of the westerly winds (Hovan et al., 1989;

Rea et al., 1998). This is because the dust deposited

in the North Pacific was transported by the westerly

winds, and the long distance from the source in Asia

to a given site in the North Pacific, located in the East

of the source region, remained relatively constant,

since the changes of the desert boundaries were

mainly characterized by north–south oscillations

(Sun et al., 1998c). During the Quaternary, variations

of the grain size of Chinese loess (e.g., Vandenberghe

et al., 1997) are highly consistent with the eolian

mass accumulation rates in the North Pacific (see

Hovan et al., 1989), suggesting also that the former

bears strong signals of the continental aridity in Asia.

The similarity between the grain size of the eolian

deposits in China and the mass accumulation rate in

the North Pacific (Rea et al., 1998) is also observed

for Late Miocene and Pliocene time (Fig. 4). In the

loess-soil sequence of the last 2.6 Ma, the success-

ful construction of the loess time scales using the

grain-size parameters (An and Porter, 1997; Vanden-

berghe et al., 1997) indicates that eolian grain size

in the Loess Plateau region has indeed coherently

varied with the dust accumulation rate, suggesting

that both proxies are closely linked with continental

aridity.

In summary, the variations of eolian grain size for

the Loess Plateau region in China resulted from the

mixed effects of continental aridity in the source region

(desert extent) and the strength of the dust-transporting

winds. The high consistency between the eolian grain

size in China and the eolian mass accumulation rate in

the North Pacific, the spatial distribution pattern (Liu,

1985; Ding et al., 1999), and the coeval variations of

grain size and loess accumulation rate, as demonstrated

in earlier studies (An and Porter, 1997; Vandenberghe

et al., 1997), suggest that extent of desert areas may

have played a primary role on the grain size of Chinese

loess.
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1.4. Late Miocene–Pliocene aridification history of

the Asian interior

The eolian dust deposited in the middle reaches of

the Yellow River (Huang He) mainly originated from

the desert lands in Asia, including those in northern

and northwestern China (Liu, 1985). The existence of

dry lands in Asia is thus one of the necessary con-

ditions for eolian dust deposition in the Loess Plateau

region. The Miocene loess-soil sequences in the west-

ern Loess Plateau indicate the onset of desertification

in the Asian interior by 22 Ma ago (Guo et al., 2002).

The eolian deposits younger than 6.2 Ma, as recorded

in the Xifeng section, indicate that the desert lands in

Asia, which were able to provide a significant amount

of eolian dust, must have been constantly maintained

during Late Miocene–Pliocene time. However, the

finer texture and the generally lower accumulation rate

of the Red-Earth compared with the overlying loess of

the last 2.6 Ma suggest smaller desert extent and

weaker wind strength.

Fig. 4 shows that over the whole studied period,

eolian dust accumulated at a high rate from f6.2 to

f5 Ma BP in both Loess Plateau region and North

Pacific, associated with coarser eolian grain size in

China. These suggest stronger continental aridity in

the source regions. According to the grain-size data of

the Red-Earth and the eolian mass accumulation rate

in the North Pacific (Rea et al., 1998), this drier period

lasted until f5.4 Ma BP. From f5–5.4 to f3.6 Ma

BP, eolian accumulation rates in China and in the

North Pacific and eolian grain-size of the Red-Earth

coherently dropped to a lower level, indicating less

dry conditions in the interior of Asia. Drastic increases

of eolian accumulation rate and eolian grain-size at

f3.6 Ma BP are obvious for all the records, indicat-

ing a significant strengthening of the Asian continen-

tal aridity. Another increase of the aridity occurred at

f2.6 Ma BP, as is shown by both the eolian accu-

mulation in China and in the North Pacific, the

median grain size (Md) and the SiO2/Al2O3 ratio of

the Red-Earth (Fig. 4).

A seasonal atmospheric circulation sufficiently

energetic across the drylands is necessary to transport

dust particles to the depositional site. It is generally

agreed that the loess deposits were mainly brought to

the Loess Plateau by the northwesterly winds, the so-

called Asian winter monsoon related to a high-pres-
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sure cell over Siberia (Liu, 1985; An and Porter,

1997). The high degree of similarity between the

geochemical properties of the Red-Earth and loess

samples (Guo et al., 2001) suggests rather similar

source areas and comparable dust-transporting trajec-

tories. Thus, the Asian winter monsoon circulation

was always the main dust-carrier during Late Mio-

cene–Pliocene time.

Obvious discrepancies exist between the grain-size

changes of the Xifeng Red-Earth (Fig. 4a) and those

of the ODP Sites 885/886 (Fig. 4c). The grain-size

changes in the North Pacific are interpreted as a

proxy of the strength of the westerlies (Hovan et

al., 1989; Rea et al., 1998). This implies again that

the dominant dust-transporter for the Loess Plateau

region in the Late Miocene and Pliocene was the

Asian winter monsoon, rather than the westerly

winds.

1.5. Links with the Tibetan uplift and the ice build-up

in the northern hemisphere

Two main factors may be invoked to explain the

desertification in the interior of Asia in the Late

Miocene–Pliocene time. Climate models suggest that

the uplift of the Tibetan Plateau may have played an

important role in Asian aridification through modu-

lating the atmospheric circulation and its barrier effect

to moisture (Ruddiman and Kutzbach, 1989; Manabe

and Broccoli, 1990; An et al., 2001). Another factor is

the ongoing global cooling and the expansion of

Arctic ice-sheet, which is likely to have had a major

impact on the intensity of the winter Siberian high-

pressure cell, resulting in higher continental aridity in

Asia (Ruddiman and Kutzbach, 1989).

Although the timing of the Tibetan uplift is still

controversial (Sun and Zheng, 1998), the available

data (e.g. Li et al., 1997; Sun and Zheng, 1998)

suggest that an uplift of portions of the Plateau

occurred at f3.6 Ma BP, which is synchronous with

a major increase in Asian continental aridity (Fig. 4).

However, the return to more humid conditions in

Asia at f5–5.4 Ma BP (Fig. 4) is difficult to

explain by the Tibetan uplift because tectonic impact

on climate should be a unidirectional step during this

interval. Another strengthening of the Asian aridifi-

cation occurred at f2.6 Ma BP although no evi-

dence indicates a major uplift of the Tibetan Plateau
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at that time. These suggest that other factors have

also played a major role on the development of

Asian desertification.

The marine y18O records of benthic foraminifers

are commonly accepted as an indication of global

cooling and ice-volume variations, which include both

the signals from the southern and northern hemi-

spheres (Shackleton and Pisias, 1985; Shackleton et

al., 1990, 1995). The amount of ice-rafted debris in

the circum-Arctic region can also be regarded as a

good indicator of the development of the circum-

Arctic sea-ice and ice-sheets (DeMenocal, 1993).

In Fig. 4, the Late Miocene–Pliocene Asian aridi-

fication history, as indicated by the Xifeng eolian

accumulation rate and grain-size proxies, is compared

with the ODP 846 y18O record (Fig. 4d) (Shackleton

et al., 1995), an indication of global ice-volume

variations, and with natural gamma radioactivity

(Fig. 4e), a measure of ice-rafted, terrigenous, detrital

sediment content at the ODP Site 883 in the North

Pacific (DeMenocal, 1993). The former includes both

the signals from the southern and northern hemi-

spheres (Shackleton et al., 1995) while the amount

of ice-rafted debris may reflect the development of the
Fig. 5. Coupled changes between the loess accumulation rate in the central

line). Calculation of the loess accumulation rate of the Xifeng loess-soil se

and An (1989) and revised by the new geomagnetic polarity time scale (C

here is a 20-point moving average curve based on the data from V19-30 (S

ODP 846 sites (Shackleton et al., 1995).
ice-sheets in the northern hemisphere (DeMenocal,

1993). Although ice-rafting history near the Arctic

region may be traced back to f 12 Ma BP, a real ice-

sheet in the Arctic region appeared at f6–7 Ma BP

in Greenland (Jansen and Sjoholm, 1991). Fig. 4

shows that the high Asian continental aridity from

f6.2 to f5 Ma BP is correlative with intense ice-

rafting events in the Arctic region, and with a cooler

events indicated by the marine y18O record. The lower

aridity from f5.0 to f3.6 Ma BP correlates with the

lower intensity of ice-rafting events and warmer con-

ditions. The strong aridification at f2.6 Ma BP,

indicated by the intense eolian deposition (the lower

boundary of the loess-soil sequence) in northern

China is synchronous with a sudden increase in the

amount of ice-rafted debris. Although the increase in

aridity at f3.6 Ma BP has no equally clear counter-

part in the ODP 883 ice-rafting record, all of the

marine y18O records (e.g. Shackleton et al., 1995)

indicate a similar increase in global ice-volume at that

time.

The aridification history in the Late Miocene and

Pliocene in East Asia is therefore highly consistent

with the ongoing cooling and the development of the
Loess Plateau (Xifeng, thick line) and the marine y18O record (fine

quence was made at 200-ka intervals. The time scale is from Kukla

ande and Kent, 1995). The composite marine y18O sequence shown

hackleton and Pisias, 1985), ODP 677 (Shackleton et al., 1990) and
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Arctic ice-sheet. The stepwise increases of loess

accumulation rate at f1.8 and f0.9 Ma BP as

recorded by the loess of the last 2.6 Ma also strongly

support this interpretation (Fig. 5). This suggests that

the development of the northern hemispheric ice-

sheets had played an important role in driving the

Asian aridification over the past 6 Ma. The f0.9 Ma

age boundary would also be consistent consistent

with another uplift phase of the Himalayas–Tibetan

complexes (Amano and Taira, 1992; Sun and Zheng,

1998; Lu et al., 2001).

The links between the Asian aridification and

northern hemisphere cooling are likely to be explain-

able by two mechanisms. First, ocean cooling would

provide less moisture to the continents, and thus lead

to drier conditions in Asia. Second, cooler high-

latitudes, extended sea-ice and ice-sheets in the arctic

region strengthened the Siberian high-pressure cell,

which in turn, significantly intensify the continental

aridity in the interior of Asia (Ruddiman and Kutz-

bach, 1989).

Our results therefore indicate that both the Tibetan

uplift and the ongoing global cooling/arctic ice-build-

ing processes have played major role on the aridifi-

cation in the interior of Asia during the in the late

Cenozoic. Their roles are not mutually exclusive.
2. Conclusions

Until now, most of the Late Miocene and Pliocene

climatic information about the East Asian drylands

has been recovered from marine records (e.g. Rea et

al., 1998). The Xifeng Red-Earth Formation, however,

provides a continuous terrestrial record, having docu-

mented a detailed history of the East Asian continent

for this period. This terrestrial record is largely con-

sistent with the marine records from the North Pacific

(Rea et al., 1998).

The Asian desertification was started by 22 Ma

ago (Guo et al., 2002). Since the existence of arid

lands in East Asia is a necessary condition for

eolian dust deposition in northern China, the eolian

origin of a major part of the Red-Earth indicates

that sizeable desert lands in East Asia must have

been maintained during Late Miocene–Pliocene

time, and were able to provide a significant amount

of eolian dust. The continental aridity was stronger
from f6.2 to f5 Ma BP, weaker from f5 to

f3.6 Ma and then strengthened at f3.6, and more

significantly at f2.6 Ma BP. The most important

aridification event at f3.6 Ma BP corresponds to

an uplift of portions of the Tibetan Plateau. The

detailed changes are, however, in good agreement

with the ongoing global cooling and the Arctic ice-

sheet development as reflected by the record of ice-

drafted terrigenous materials and marine y18O re-

cord. Our results therefore suggest that both the

Tibetan uplift and the ongoing global cooling/arctic

ice-building processes have played major role on

the aridification in the interior of Asia during Late

Miocene and Pliocene time, and that their roles are

not mutually exclusive.
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