
Hydrologic and geologic factors that in£uenced
spatial variations in loess deposition in China during

the last interglacial^glacial cycle: results from proxy climate
and GCM analyses

Dean Rokosh a;�, Andrew B.G. Bush a, Nathaniel W. Rutter a,
Zhongli Ding b;c, Jimin Sun b;c

a Institute of Geophysics, Department of Physics, P412 Avadh Batia Physics Laboratory, Edmonton, AB, Canada T6G 2J1
b Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, AB, Canada

c Academy of Sciences, Beijing, PR China

Received 2 October 2000; accepted 6 January 2003

Abstract

Results from climate proxy and General Circulation Model (GCM) analyses suggest that variations in soil
moisture and desert expansion are key hydrologic and geologic factors, respectively, influencing temporal and spatial
variations in loess texture and distribution in the Loess Plateau of China. During the last glacial period a reduction in
soil moisture led to dune destabilization and a southward expansion of the desert (the source of loess) toward the
Loess Plateau. Changes in soil moisture in East Asia may have been influenced by the size and extent of the
Fennoscandian ice sheet, and the atmospheric circulation pattern that it induced downstream. These results suggest
that both regional factors (i.e. changes in soil moisture and the position of the desert margin) and hemispherical
factors (i.e. changes in the size and extent of the Eurasian ice sheets) have influenced loess deposition on the Loess
Plateau of China.
8 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

On the Loess Plateau of China, the basic geo-
logic and climatic model explaining loess deposi-
tion during former cold and warm periods is that

loess grains are coarser and beds thicker during
glacial periods compared to interglacial periods
(Liu, 1985; An et al., 1991a,b; Ding et al.,
1995; Shackleton et al., 1995; Vandenberghe et
al., 1997). According to this model, loess deposi-
tion continues during interglacial periods but at
reduced rates. Using these observations as a
guide, the two main paleoclimatic mechanisms
that have a¡ected glacial and interglacial varia-
tions in loess deposition are: (1) variations in
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insolation received (e.g. An et al., 1991a), and
(2) global ice volume variations (e.g. Liu and
Ding, 1993; Ding et al., 1995; Shackleton et al.,
1995). However, these paleoclimatic forcing mech-
anisms were interpreted using a simple, geologic
model based solely on temporal variations in loess
grain size and accumulation rates that assumes
that the temporal variations are equally valid spa-
tially. More recently, Rokosh (2001) suggested
that temporal variations in loess grain size and
accumulation rates are not representative of spa-
tial variations in these properties. Loess grain size,
thickness and accumulation rates in the Loess Pla-
teau were compared for the last interglacial and
glacial periods, resulting in a new model of loess
deposition that contains both spatial and tempo-
ral components. According to this model, loess
deposition is best interpreted as part of a des-
ert^loess depositional system where sediment tex-
ture (Ding et al., 1999) and loess distribution are
largely controlled by desert expansion and con-
traction, during cold and warm periods, respec-
tively. In this two-compartment model, a com-
parison of the last interglacial and glacial
depositional systems shows that there is very little
di¡erence between these systems in terms of the
size of loess grains, the thickness and geometry of
the beds, and loess accumulation rates. However,
the principal distinction between the last glacial
and interglacial depositional systems is that the
distribution of loess is di¡erent, owing to desert
expansion and contraction during glacial and in-
terglacial periods, respectively. Glacial to intergla-
cial variations in ice volume, therefore, result in a
change in the distribution of loess through desert
expansion and contraction, rather than having a
direct in£uence on variations in grain size or ac-
cumulation rates. Thus, variations in global ice
volume have exerted a less direct in£uence on
variations in Chinese loess grain size, thickness
and accumulation rates than has previously been
assumed.
In this paper we use a new model of loess de-

position and results from a coupled ocean^atmo-
sphere General Circulation Model (GCM) analy-
sis to determine the in£uence of hydrologic and
geologic factors on glacial to interglacial varia-
tions in loess deposition. We take a four-fold ap-

proach to our analyses, as follows. (1) We review
the links between variations in insolation, ice vol-
ume and loess deposition during the last intergla-
cial^glacial cycle. (2) We review a new model of
loess deposition during the last interglacial^glacial
cycle, using results from a north to south transect
of the Loess Plateau (Fig. 1). The geologic and
climatic controls on spatial and temporal varia-
tions in loess deposition are outlined. (3) We ex-
amine climatic and hydrologic factors that in£u-
ence modern loess deposition in North China in
order to gain insight into the controls on dust
deposition during the last interglacial period
and, possibly, the last glacial period. (4) We gen-
erate a numerical simulation of soil moisture dur-
ing the Last Glacial Maximum (LGM) in East
Asia using the coupled GCM (Bush and Philan-
der, 1999), and determine the factors that in£u-
ence interglacial to glacial variations in soil mois-
ture.

2. Methods

The grain size and magnetic susceptibility of
loess and paleosol samples from seven sites were
determined from the central Loess Plateau (Fig.
1). Samples were taken every 5^10 cm in the L1
loess bed and every 2^5 cm in the S1 paleosol. A
smaller sample interval was used in thinner loess
beds at the southern end of the transect. Grain
size analysis was performed using a PRO-700 SK
Laser Micron Sizer. An analysis of 20 replicate
samples indicated a precision of 3.5%. Organic
material, pedogenic iron and carbonates were re-
moved prior to analysis. Bulk magnetic suscepti-
bility was determined using a Bartington MS II
susceptibility meter at the Academy of Sciences in
Beijing. Susceptibility values represent one read-
ing on an approximately 50 g bagged sample. The
values are volume-speci¢c and are presented as
carbonate-free by calibrating each sample to the
amount of carbonate present using the formula:

A2 ¼ A1ð100=ð1003CÞÞ

where A1 and A2 are the measured and resul-
tant magnetic susceptibility, respectively, and C is
the wt% carbonate.

PALAEO 3034 7-3-03

D. Rokosh et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 193 (2003) 249^260250



Age control is determined by correlation with
the age model of Liu et al. (1995), developed at
Weinan at the south end of the transect (Fig. 1).
The chronology of this model spans the last ca.
130 kyr and is based on accelerator mass spec-
trometry (AMS) measurements on radiocarbon
and on thermoluminescence (TL) measurements
of loess and paleosols. Loess^paleosol alterna-
tions were correlated with Marine Oxygen Isotope
Stages (MIS) (Liu, 1985; Kukla, 1987a,b; Liu et
al., 1995), where MIS 2, 3 and 4 (last glacial peri-
od) correspond with the Malan loess (L1), and
MIS 5 (last interglacial period) corresponds with

paleosol S1 (Fig. 2). The Malan loess is further
subdivided in this paper into members L1-1 to
L1-5, where L1-1 corresponds to MIS 2, while
L1-2, 3 and 4 corrrespond with MIS 3, and L1-
5 with MIS 4.

3. Comparison of loess and susceptibility records
with global ice volume and insolation variations
during the last interglacial^glacial cycle

Grain size and susceptibility records from
Wupu and Yanchang in the Loess Plateau (Figs.

Fig. 1. Map of the Loess Plateau showing the sites mentioned in the text. The base map was modi¢ed from U.S. Defense Map-
ping Agency Aerospace Center (1987).
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1 and 2) are compared with oceanic N
18O curves

and a top-of-the-atmosphere insolation record
from Berger and Loutre (1991). The N18O records
are from the Maldives Ridge (core MD900963;
latitude 05‡03.30PN, longitude 73‡52.60PE) of the
tropical Indian Ocean (Bassinot et al., 1994), and
ODP 677 in the eastern equatorial Paci¢c Ocean
(Shackleton et al., 1990; Shackleton, 1996; lati-
tude 1‡12PN, longitude 83‡44PW). The glacial to
interglacial variation in N

18O from core
MD900963 may have been in£uenced by a local
salinity change, which Bassinot et al. (1994) sug-
gest was most likely controlled by changes in
monsoon intensity.
In Fig. 2, the stratigraphy of the last glaciation

is interpreted as alternating loess beds (L1-1, L1-
3, and L1-5) and paleosols (L1-2 and L1-4). The
insolation curve exhibits three periods of rela-
tively reduced insolation intensity and two periods
of increased intensity during the last glaciation
(e.g. Berger and Loutre, 1991). Insolation and

grain size variations are inversely correlated, while
the susceptibility pro¢le is linearly correlated with
insolation during this period. The loess^paleosol
variations correspond very well with the curve of
Berger and Loutre (1991), showing periods of rel-
atively reduced insolation intensity corresponding
to the loess beds and higher insolation intensity
corresponding to the paleosols.
The N

18O curves show a steady increase in ice
volume beginning early in MIS 5, and peak dur-
ing MIS 2. The deep-sea N

18O curves show higher
ice volumes during MIS 2 than MIS 4 and, in
ODP 677, a slight reduction in global ice volume
during interstadial MIS 3. This corresponds very
well with the grain size and susceptibility pro¢les
at Wupu and Yanchang. The grain size variations
show more abrupt changes during the last glacia-
tion, although di¡erences in sample resolution of
the deep-sea and loess records may, in part, ex-
plain di¡erences in the magnitude of the changes.
Both N

18O and insolation variations show a

Fig. 2. Comparison of loess^paleosol stratigraphy with N
18O records from the Indian and Paci¢c oceans. The Berger and Loutre

(1991) insolation values are calculated relative to the 1950 AD value of 427 W/m2.
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strong correlation with loess grain size and accu-
mulation rate. A temporal comparison of grain
size and accumulation rates clearly shows that
loess grains are coarser and beds thicker in glacial
units as compared to those deposited in intergla-
cial units (Liu, 1985; An et al., 1991a,b; Ding et
al., 1995; Shackleton et al., 1995; Vandenberghe
et al., 1997). This is the basic temporal geologic
and climatic model relating loess deposition to
variations in insolation and global ice volume.
In the next section we examine the two-compo-
nent loess depositional model. In particular, var-
iations in inferred loess grain size and accumula-
tion rates for the last interglacial and glacial
periods are examined and compared.

4. Loess depositional model

The Malan loess (L1; MIS 2^4) is subdivided

into three loess members and two paleosols, based
on ¢eld observations (Figs. 1 and 3). Vertically
alternating loess and paleosols re£ect variations
in the rate of loess accumulation along a shifting
climatic gradient (Pye, 1987; Pye and Tsoar,
1987). The Malan loess generally thins southward
along the transect and thickens along the £ank of
the Qinling Mountains (Figs. 1 and 3). The archi-
tecture of the correlations is consistent and sug-
gests a relatively consistent wind direction during
deposition of the Malan loess.
The Malan loess exhibits a southward decrease

in grain size (Liu and Chang, 1964). Lateral var-
iations in grain size in the Malan re£ect proximity
to the desert source (Ding et al., 1999). In the
desert^loess transition zone near Yulin (Figs. 1
and 4), Sun et al. (1995) show that there were at
least three periods of desert expansion and two
periods of desert contraction during the last inter-
glacial^glacial cycle. Thus, lateral variations in

Fig. 3. Stratigraphic cross-section from the central Loess Plateau showing the continuity of the strata along the north to south
transect. All locations use the same vertical scale (in meters). Magnetic susceptibility values are carbonate-free.
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grain size are, in part, coupled to the relative
movement of the desert margin.
The peak median diameter of loess (Fig. 5a)

displays a relatively steady increase northward to-
ward the source during both the last interglacial
and glacial periods. The general decline in the
median diameter of loess evident in both glacial
and interglacial units at all sites along the transect
has the e¡ect of shifting similar grain size means
southward along the glacial set compared to the
interglacial set, e.g. Yulin interglacial and Yi-
chuan glacial (both 28 Wm), and Yichuan intergla-
cial (14 Wm) and the closely similar Weinan gla-
cial. These similarities in loess median grain size
add a subtle dynamic and spatial quali¢cation to
the prevalent temporal model in which coarser
loess grain size is directly attributed to glacial

periods and ¢ner loess to interglacial periods.
The e¡ect of variations in global ice volume on
loess deposition, therefore, is to alter the distribu-
tion of loess grains through desert expansion and
contraction, rather than to in£uence loess grain
size directly.
Loess is generally thickest and accumulation

rates highest near the source in both the last gla-
cial and interglacial units (Fig. 5b). However,
there is no evidence that glacial loess units are
consistently thicker (Rokosh, 2001) or show high-
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er accumulation rates than interglacial loess units.
For example, loess accumulation rates (using the
MIS 1/2, 4/5 and 5/6 boundaries of Liu et al.,
1995) were higher during the last interglacial peri-
od (S1; MIS 5) at Yulin, Ding Bien, Lijia Yuan,
Xining and Baicaoyuan than is recorded in most
glacial loess units in the southern Loess Plateau
(Figs. 1 and 5). This suggests that both the thick-
ness and accumulation rate of glacial and inter-
glacial loess re£ect, in part, proximity to the
source. In contrast, the temporal model suggests
that loess accumulation rates were higher during
glacial periods than interglacial periods. However,
this observation is derived by comparing loess ac-
cumulation rates from sediments deposited rela-
tively close to the source (during a glacial period)
with loess deposited distal from the source (during
an interglacial period). Thus, the temporal depo-
sitional model does not accurately re£ect regional
(i.e. spatial) variations in loess thickness or accu-
mulation rates.
However, the reconstruction of the desert^loess

depositional system is incomplete, because sedi-
ment proximal to the last interglacial desert mar-
gin and sediment distal from the last glacial desert
margin have not been located (Rokosh, 2001).
For this reason proximal grain size and accumu-
lation rates during the last interglacial and glacial
periods cannot be compared. Nonetheless, the
present results suggest that, for the last intergla-
cial^glacial cycle, variations in loess grain size and
accumulation rates may have been in£uenced by
climatic or non-climatic factors other than, or in
addition to, desert migration and global ice vol-
ume variations. Some of the factors that a¡ect
modern loess deposition are examined below as
a means of gaining insight into past processes
that may have operated on the Loess Plateau.

5. Modern dust deposition

Modern dust accretion in North China occurs
largely during dust storms of ‘calm’ events (Deere,
1984; Zhang et al., 1992, 1999). Dust storms in
the Loess Plateau occur most frequently during
April and May, and to a lesser extent during au-
tumn (Ing, 1972; Deere, 1984; Liu, 1985; Litt-

mann, 1991; Middleton, 1991; Merrill et al.,
1989; Zhang et al., 1992; Mitsuta et al., 1995).
There is also evidence (based on recent measure-
ments) that appreciable dust falls occur all year
round in North China, especially north of the
northern margin of summer monsoon penetra-
tion, with a broad set of maxima in the summer
half of the year (Derbyshire et al., 1997). Accord-
ing to Littmann (1991), dust storms in North Chi-
na from 1976 to 1986 were associated with cold
surges (see also Pye, 1987) during the spring, em-
anating from the high Arctic (Ren et al., 1985;
Chang, 1987; Murakami, 1987). Dust storms are
also associated with winter cold surges (Littmann,
1991), but at present in North China the winter
storms are less frequent than those in spring
(Merrill et al., 1989; Littmann, 1991). Hence, at
present loess deposition in the Loess Plateau
largely occurs after the aric winter monsoon re-
treats (e.g. late March; Chang, 1987), and prior to
the onset of the wet summer monsoon (e.g. about
mid-July; Tao and Chen, 1987) at a time when
the Siberian high pressure system is relatively
weak or absent (Barry and Chorley, 1968; Litt-
mann, 1991; Chang, 1987).
Three main factors govern the potential for

loess deposition (Tsoar and Pye, 1987). These
are: (1) the availability of loess, (2) the frequency,
magnitude and direction of loess transporting
winds, and (3) a suitable sediment trap. In the
modern record in China, the dust storm maxima,
according to Littmann (1991), correspond to peri-
ods of low soil water storage during the spring,
when evapotranspiration and surface heating are
at a maximum (Gillette, 1986; Littmann, 1991).
The spring maxima in dust storm frequency (from
1976 to 1986; Littmann, 1991) show a very weak
correlation with mean monthly temperature
(r=30.03), a positive correlation with evapora-
tion (r=0.31), and an inverse correlation with
both surface atmospheric pressure (r=30.46)
(see also Pye, 1987), and mean monthly precipita-
tion (r=30.26) (Littmann, 1991). Furthermore,
there is no correlation between the seasonal
strength of winds and dust storm frequency (Litt-
mann, 1991). The strongest winds at present occur
during the winter in China, while dust storms are
most frequent during the dry spring. At present,
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therefore, soil moisture content exerts a strong
in£uence on the availability of dust in China for
re-sedimentation in the Loess Plateau.

6. Soil moisture content during the last glaciation

Based on a multi-criteria approach (palyno-
logic, pedogenic, paleocryogenic, paleoecologic),
Velichko (1984) determined that continental Sibe-
ria at the LGM was cooler and drier than at
present, whereas the Asian east coast was wetter.
According to Velichko (1984), the Scandinavian
Anticyclone (related to the north-Eurasian ice
sheets), along with the Siberian and Polar anticy-
clones ‘merged’ (to a degree), leading to a cooler
and drier climate in East Asia. Results from a
numerical simulation of the LGM with a coupled
atmosphere^ocean GCM (Bush and Philander,
1999) indicate that, according to the soil moisture
content, the Asian continental interior was drier
at the LGM whereas the east coast tended to be
wetter (Fig. 6a). This pattern of soil moisture dif-
ference is thus in good agreement with that pre-
sented by Velichko (1984). Diagnosis of the model
output indicates that annual mean surface tem-
peratures were lower than those of today in the
continental interior compared to those along the
east coast (Fig. 6b). Temperatures were lower in
the deep interior both because of downstream
cooling induced by the Fennoscandian ice sheet,
and because of the great distance to the oceans. A
consequence of this pattern of cooling was that
the hydrological cycle in the continental interior
was weakened, leading to less available moisture
in the atmosphere. In addition to this, the Fenno-
scandian ice sheet induced large-scale atmospheric
subsidence downstream of its leeward margin,
thereby suppressing precipitation over a large por-
tion of the continental interior. This situation pre-
vailed until the winds reached the east coast,
where precipitation increased relative to that of
the present (Fig. 6c).
As indicated in Fig. 6, the Loess Plateau is

located along the boundary between drier and
wetter regions. The desert margin would have
been sensitive to these changes in its surface hy-
drology, through dune destabilization or stabiliza-

tion by vegetation (Bagnold, 1941). This would
also have been true of loess distribution on the
plateau. These results suggest that non-local ef-
fects (i.e. the Fennoscandian ice sheet and the at-
mospheric circulation pattern that it induced to
leeward) may well have in£uenced migration of
the desert margin and hence loess deposition in
East Asia. The link between ice volume and pa-
leo-loess deposition in China, therefore, involved
desert expansion or contraction, conceivably as a
result of changes in soil moisture during relatively
dry glacials and wet interglacials.

7. Discussion

The interpretation of climate mechanisms that
forced a change in loess deposition during the last
interglacial^glacial cycle must account for at least
four observed stratigraphic and sedimentological
characteristics of the succession in the Loess Pla-
teau, as follows. (1) The stratigraphic alternation
of sand, loess and paleosols involves variations in
the rate of sediment accumulation along a shifting
climatic gradient (Pye, 1987; Pye and Tsoar,
1987). (2) Loess beds are thickest and accumula-
tion rates are highest near the desert source in
sedimentary units laid down during both glacial
and interglacial periods. Glacial loess beds are not
exclusively thicker with higher accumulation rates
than interglacial loess beds. However, the thick-
ness of glacial and interglacial loess beds cannot
be compared along the entire desert^loess deposi-
tional system, because of a lack of sites both near
the interglacial desert source and distal from the
last glacial source. (3) Glacial and interglacial
loess units show similar grain size variations in
space, although the distribution of the sizes varies
because of the e¡ects of desert expansion and
contraction. (4) Temporal records of loess show
coarser mean grain sizes for loess of glacial peri-
ods compared to the interglacial periods in re-
sponse to desert expansion and contraction.
Alternations of loess and paleosols during the

last interglacial^glacial cycle on the Loess Plateau
were driven by variations in the rate of dust ac-
cretion (high near the desert source; low distal
from the source) along a regional climatic gra-
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dient. This gradient broadly shifted southward
during glacial periods and northward during in-
terglacial periods.
Vertical and lateral variations in grain size are

related to ice volume variations through desert
migration. Lateral variations in loess grain size
are, in part, a function of proximity to the desert
source (Ding et al., 1999), while vertical grain size
trends appear to re£ect desert expansion and con-
traction. Variations in regional accumulation
rates are di⁄cult to explain solely by climatic
forcing. At present there does not seem to be
any consistent relationship between loess accumu-
lation rates and insolation or global ice volume
variations (Rokosh, 2001). Other climatic or non-
climatic factors that may a¡ect rates of loess de-
position must be considered (Rokosh, 2001), such
as: (1) regional ice volume variations (Benn and
Owen, 1998; Svendsen et al., 1999) that reach
maxima prior to the LGM of the Laurentide
and Scandinavian ice sheets ; (2) variations in
the rate and methods of silt production during
glacial and interglacial periods (Reizebos and
Van Der Wall, 1974; Smalley, 1995; Wright et
al., 1998); (3) multiple source areas (Fang et al.,
1999); (4) glacial winds may be more persistent
than interglacial winds, but not necessarily of
higher velocity (Phillips et al., 1993); (5) erosion,
especially at warm to cold climate transitions;
and (6) variations in soil moisture in the source
and depositional areas (Bagnold, 1941; Velichko,
1984; Rea, 1994).
With respect to soil moisture, it is clear that in

modern records low soil moisture values show a
consistently positive relationship with increases in
the frequency of dust storms. This may imply that
there were more dust storms during the last gla-
cial period than in the last interglacial period.
However, it is yet to be clearly demonstrated
that an increase in the number of dust storms
led to an increase in the dust deposited in the
Loess Plateau during the last glaciation.

8. Conclusion

Temporal records of loess grain size, thickness
and accumulation rates for the last interglacial^

glacial cycle do not accurately re£ect regional spa-
tial variations in these properties. Speci¢cally, the
temporal model of coarser grain sizes and thicker
loess units during glacial periods than in intergla-
cial periods is not applicable to both spatial and
temporal components of loess properties. Inter-
pretations of climatic forcing of the paleomon-
soons have been largely based on observations
of temporal changes in grain size and accumula-
tion rates and do not accurately re£ect the region-
al climatic or geologic in£uences on loess deposi-
tion.
The expansion and contraction of the desert

source results in a change in the distribution of
loess. Primary vertical or temporal changes in
loess grain size are related to ice volume varia-
tions through shifts in the climatic gradient that
result in desert expansion and contraction, while
lateral variations in grain size, in part, re£ect
proximity to the source (Ding et al., 1999). How-
ever, the movement of the desert margin was due,
in part, to variations in the Fennoscandian ice
sheet that also a¡ected East Asian wind patterns
(Velichko, 1984; Bush and Philander, 1999) and
induced changes in soil moisture. Thus, loess
grain size variations in China are indirectly in£u-
enced by both regional and global ice volume
variations. Variations in the thickness or accumu-
lation rates of loess are not directly related to
variations in insolation or global ice volume var-
iations, and may correspond to other climatic or
non-climatic factors.
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