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Abstract

In the present study, the Chashmanigar loess^soil sequence in southern Tajikistan is studied; this loess section has a
paleomagnetic basal age of about 1.77 Myr. Magnetic susceptibility, color reflectance and grain size were
systematically measured for closely spaced samples from the section. Paleosols consistently have a finer grain size
distribution, higher magnetic susceptibility, redder color reflectance and lower dust sedimentation rate than loess
horizons, suggesting a colder, drier and dustier environment during glacial periods than in interglacial periods. The
grain size record was tuned to variations in obliquity and precession of the Earth’s orbit. The resulting magnetic
susceptibility, grain size and color reflectance time series all show well-expressed astronomical periodicities during the
Pleistocene. The mid-Pleistocene climate transition, characterized by a shift of dominant climatic periods from 41 kyr
to 100 kyr at about 1.0^0.8 Myr, is clearly documented in these proxy records. Comparison of the Chashmanigar loess
record with the Lingtai loess section in China and the ODP site 677 N

18O record shows that during the entire
Pleistocene, the climate cycles recorded by the Central Asian loess can be well correlated to the Chinese loess and
deep-sea oxygen isotope records. It is suggested that alternations of loess and soil horizons both in Central Asia and
China could be basically forced by global ice volume variations, although different wind systems have controlled the
Pleistocene loess transport and sedimentation in the two areas. = 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Continental loess deposits have long been re-
garded as one of the most important archives of
Pleistocene climatic evolution [1^7]. On the globe,
the thickest and most complete loess records are

preserved in the Chinese Loess Plateau and Cen-
tral Asia [5,8^12]. The formation of the loess^pa-
leosol sequence in the Chinese Loess Plateau is
closely associated with variations in the East
Asian monsoon system [9,13,14], whereas the re-
gional westerly winds controlled the transport and
sedimentation of the loess in Central Asia. There-
fore, correlation of loess records between the two
far-separated regions would be invaluable in the
understanding of the forcing mechanisms for
long-term hemispheric or global climate evolution
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[11]. In recent years, abundant information on
regional climatic changes of the Pleistocene has
been derived from the Chinese loess sequences,
based on the analyses of various climate proxies.
Comparatively, studies of climatic changes regis-
tered in the Central Asian loess have received less
attention except for a magnetic susceptibility rec-
ord of the past 0.8 Myr provided by Shackleton
and co-authors [11]. This thus hinders the detailed
comparison between long-term climatic evolution
of the two loess regions.
Recently, we conducted magnetic susceptibility,

grain size and color re£ectance analyses of the
Chashmanigar loess section in southern Tajiki-
stan, which spans the past 1.77 Myr. The Chash-
manigar loess record on an orbital time scale was
then correlated with the Lingtai loess record of
the Chinese Loess Plateau, the eolian mass accu-
mulation rate records of the Northwest Paci¢c
and an oxygen isotopic record of deep-sea sedi-
ments. This paper presents the results of the stud-
ies, and brie£y addresses the paleoclimatic impli-
cations of the Tajik loess record.

2. Setting and general nature

The Chashmanigar loess section (latitude
38‡23P32QN, longitude 69‡49P57QE) is situated in
southern Tajikistan where loess deposits are
widely distributed on river terraces and pied-
monts. Although the so-called ‘Loess Yuan’ ^
the broad, £at, high tablelands in the Chinese
Loess Plateau ^ is not seen in southern Tajikistan,
loess hills there can reach up to 200 m in height.
Stratigraphic and chronological studies have pre-
viously shown that the Central Asian loess began
to accumulate about 2^2.5 Myr ago, and the
loess^soil sequences at di¡erent sites can be corre-
lated with each other [8,15,16].
Loess accumulation in southern Tajikistan is

tightly related to the geographic and atmospheric
conditions in the area. The great deserts such as
Karakum and Kyzylkum are situated directly to
the west and northwest of the loess region, and
the lofty Pamir Plateau with an average elevation
of more than 3000 m to the east (Fig. 1b). The
vast deserts, with sparse vegetation cover, can

provide an enormous quantity of eolian dust for
the loess region. Modern atmospheric observa-
tions [16,17] show that the frequency of dust
storms in the deserts is over 50 days per year.
The climate in this loess region is characterized
by hot, dry summers and mild, wet winters. Dur-
ing the dry summer season, dust storms prevail in
the deserts, and the de£ated eolian dust is carried
by westerly air streams to the east, where it rap-
idly settles down when the air currents meet the
Pamir Plateau. During the wet winter season, dust
storms basically disappear in the deserts with the
increase of precipitation. Therefore, the occur-
rence and transport of atmospheric dust in Cen-
tral Asia signi¢cantly di¡er from that in the Chi-
nese Loess Plateau, where dust storms occur in
the dry, cold winter season and are transported
by the northwesterly winter monsoon winds.
At present, the mean annual temperature and

precipitation at Chashmanigar are about 11‡C
and 842 mm, respectively. The Chashmanigar
loess section, with a thickness of about 205 m,
is underlain by gravel sediments. The loess se-
quence is composed of many loess and paleosol
horizons. The loess horizons show a yellowish
color and a massive structure, while the paleosols
are characterized by a brownish or reddish color,
a subangular blocky structure and more or less
translocated clay coatings. In general, there is a
carbonate nodule horizon directly below the pa-
leosols. The stratigraphic structure of the section
can be roughly subdivided into two parts. The
paleosols in the lower part of the section are rel-
atively thin and closely spaced, whereas they are
much thicker and separated by thick loess layers
in the upper part. These features are almost the
same as those found in the Chinese Loess Plateau.
However, although the loess^paleosol sequence at
Chashmanigar can be generally correlated in the
¢eld with the Chinese loess, some outstanding
stratigraphic markers such as L9 and L15 in the
Loess Plateau [2] are indistinct in the Chashmani-
gar section.
A total of 29 paleosols are distinguishable

above a depth of 195 m at Chashmanigar. The
lowermost part of the section is unfortunately
covered by slumps. In the ¢eld, we correlated
the loess^soil sequence at Chashmanigar with
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the S0^S24 portion of the Chinese loess. Samples
were taken at 5 cm intervals from the top to a
depth of 161.8 m, and at 10 cm intervals for the
lowermost part of the section. A total of 3542
samples were collected. In addition, paleomagnet-
ic samples were taken from the positions where
previous work indicated that paleomagnetic
events occur [8]. The paleomagnetic samples are
concentrated on the B/M boundary, the Jaramillo
subchron and the lowermost part of the section.

3. Stratigraphy and climatic records

Magnetic susceptibility, color re£ectance and
grain size were measured for all the samples col-
lected at Chashmanigar, using a Bartington MS2

susceptibility meter, a Minolta-CM2002 spectro-
photometer and a SALD-3001 laser di¡raction
particle analyzer, respectively. The grain size anal-
ysis procedures are described in [18]. The paleo-
magnetic samples were analyzed with a 2G three-
axis Cryogenic Magnetometer in the Institute of
Geology and Geophysics, CAS.
Down-section changes in median grain size,

magnetic susceptibility, and chromaticity (a*) at
Chashmanigar are shown in Fig. 2, together
with the paleomagnetic results. The numbering
of the loess^soil units for the entire Chashmanigar
section is adopted from the Chinese loess [5],
while the traditional soil designation [8] for the
upper part of the section is retained. Loess par-
ticle changes are believed to be mainly related
with changes in both the intensity of the trans-
porting wind system and the distance of the de-
positional area to the source region [9,19,20]. In
the Chashmanigar section, median grain size in
loess horizons is consistently coarser than in pa-
leosols, suggesting that during glacial periods, the
intensity of the regional westerly winds was sig-
ni¢cantly enhanced and/or the deserts in Central
Asia were expanded, with respect to interglacial
periods. There is a clear upward increase in par-
ticle sizes of loess horizons from the bottom of the
section up to L6 (Fig. 2). Except for the wide
variation in particle sizes between loess and paleo-
sol units, a second-order grain size change is also
found within some loess or paleosol horizons such
as S1, L2 and L6 (Fig. 2).
In the Chinese loess, magnetic susceptibility re-

cords are widely used as a proxy for changes in
summer monsoon precipitation [13,21,22]. Suscep-
tibility values are consistently higher in paleosols
than in the underlying loess beds at Chashmani-
gar (Fig. 2), implying that pedogenic origin of
magnetic minerals may also be an important pro-
cess during the development of the paleosols in
the Central Asian loess. However, the paleocli-
matic interpretation of the magnetic susceptibility
variability at Chashmanigar is complicated by the
fact that there is an upward increase of loess sus-
ceptibility. From the bottom to the top of the
section, susceptibility values of the loess beds
gradually increase from about 10 to 50U1038

m3Wkg31 (Fig. 2). This increase in loess suscepti-

Fig. 1. Schematic maps (a) showing the localities where the
records mentioned in the paper are obtained, and (b) show-
ing the distribution of loess, deserts, and mountains in Cen-
tral Asia (adopted from [2]). The locality of the Chashmani-
gar loess section is indicated by the solid arrow.
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bility values may not be caused exclusively by
pedogenic enhancement, since such a pedogenic
increase trend was not recognized in the ¢eld for
the loess horizons. Susceptibility values are mostly
below 60U1038 m3Wkg31 for the paleosols below
S4, whereas the three paleosol complexes above
S4 have susceptibility values higher than
100U1038 m3Wkg31 (Fig. 2).
A Minolta-CM2002 spectrophotometer can

give the L*a*b* color space of the samples being
measured. In this color space, L* indicates light-
ness and a* and b* are the chromaticity coordi-
nates. In the a*, b* chromaticity diagram, the a*
and b* indicate color directions: +a* is the red
direction, 3a* is the green direction, +b* is the
yellow direction, and 3b* is the blue direction. In
the Chashmanigar loess^paleosol sequence, L*
values are higher in loess horizons than in paleo-

sols (not shown), being consistent with the obser-
vation that loess beds are generally lighter than
paleosols. In the ¢eld, the most visible color dif-
ference between loess and paleosol horizons is
that paleosols are much redder than loess beds.
Actually, color is a most important criterion in
¢eld work for distinguishing paleosols from loess
deposits. The chromaticity a* values in paleosols
are about two times as high as in loess beds at
Chashmanigar, coinciding with ¢eld observations.
Variation in a* values is more consistent than the
grain size and susceptibility records; they are
mostly around 4 in loess beds, and around 8 in
paleosols. The highest a* values (about 10) in the
entire sequence occur in S3.
According to paleomagnetic measurements, the

Brunhes/Matuyama magnetic reversal occurred in
loess unit L8 or between PC9 and PC10, and the

Fig. 2. Median grain size, magnetic susceptibility, and color re£ectance records of the Chashmanigar loess section, together with
paleomagnetic analytical results. The loess^soil units are labeled with both the Li^Si system as used in the Chinese loess and the
PCi system traditionally used in Tajikistan. The axes for the grain size curves are reversed.
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upper and lower boundaries of the Jaramillo sub-
chron are de¢ned, respectively, within L10 (be-
tween S9 and S10) and at the bottom of S11
(Fig. 2). These results are in agreement with pre-
vious work [8] and the Chinese loess magnetostra-
tigraphy [4,23]. One previous study [8] found that
the Olduvai subchron occurs in the lowermost
part of the Chashmanigar section. In the present
study, this part was not sampled because of poor
exposure. However, magnetic remanence data
were measured for the stratum from S22 to L25.
All the samples show reversed polarity except for
the lowermost sample (Fig. 2). In the Chinese
loess sequence, the upper boundary of the Oldu-
vai is found in the middle of loess unit L25 [5,24].
As the Chashmanigar loess^soil sequence is well
correlated with the Chinese loess, we infer that the
Chashmanigar section has been sampled in the
present study down to the upper boundary of
the Olduvai, thus suggesting a basal age of about
1.77 Myr for the Chashmanigar loess.

4. Orbital time scale

It has long been demonstrated that the cyclic
change of the Quaternary climate was initially
forced by variations in the Earth’s orbital geom-
etry [25^27]. The theoretically calculated astro-
nomical records can thus be used to ¢ne-tune
time scales of climatic proxy records. This ap-
proach has achieved great success in developing
climatic time scales of deep-sea and loess sedi-
ments for the entire Quaternary period [9,28^31].
As shown in Fig. 2, the major loess^soil units
recognized in the Chinese loess are also recorded
by the Chashmanigar loess section, thus suggest-
ing that near-continuous dust deposition at
Chashmanigar has been preserved and the pre-
condition for establishing an orbital time scale is
satis¢able for the section.
Shackleton et al. [11] have tuned the magnetic

susceptibility record above S8 (PC10) of the Ka-
ramaidan loess section in Tajikistan to orbital
changes. Here we tune the whole Chashmanigar
grain size curve simultaneously to the calculated
changes in obliquity and precession of the Earth’s
orbit [32], with the following procedures. Firstly,

the phase relations between the grain size cycles
and the corresponding obliquity and precession
cycles must be assumed because loess chronolog-
ical studies cannot provide accurate constraints
on the relations. Since previous loess studies
[11,14] have shown that climate variability in
both southern Tajikistan and the Chinese Loess
Plateau has been forced initially by changes in
global glacial-boundary conditions, we assumed
an in-phase change of the loess record relative
to N

18O records. In the tuning targets, therefore,
the obliquity curve is lagged to 8 kyr and the
precessional index curve to 5 kyr, both values
being derived from [27]. As will be seen below,
these lags remain relatively stable for the whole
tuned climate record.
Secondly, we established an initial time scale

for the Chashmanigar grain size record, using
the magnetic reversals (Fig. 2) as time controls.
In doing so, the orbital time scale of the Kara-
maidan loess section [11] is used for the upper
part (above S8). For the lower part, we assign
each of the grain size peaks within thick loess
horizons to a precession cycle, and each of the
paleosols to an obliquity cycle except for S13
and S23. S13 and S23 are both exceptionally thick
soils. Each of them is interpreted to correspond to
three precession cycles. The S13 paleosol complex
is correlative to marine oxygen isotope stage 35
[31], which consists of three precession-related
cycles. For S23, an additional precession-related
cycle at the transition between its lowermost part
to the uppermost of L24 is recognizable from the
climate proxy records shown in Fig. 2. It should
be indicated that in establishing the initial time
scale, the lock-in depth of paleomagnetic reversals
[33] is considered. As the lock-in e¡ect always
makes the measured paleomagnetic reversals
downward in loess sequences, they have to be
displaced upward relative to the proxy curves.
To assign the paleosol directly above each of the
reversals to a height of obliquity that should be
slightly younger than the age of the measured pa-
leomagnetic boundary, the upper and lower
boundaries of the Jaramillo Chron have been dis-
placed upwards by several tens of centimeters,
and the B/M boundary by over 1 m (see Fig. 3).
Thirdly, we repeatedly used two phase-free dig-
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ital ¢lters respectively with central periods of 41
kyr and 22 kyr to extract these frequency compo-
nents from the grain size record on the initial time
scale, and matched the phase of each cycle of the
¢ltered curves to the phase of the corresponding
cycle in the target curves by manually adding new
time control points and by assuming uniform de-
position rate between these points. The ¢lter
length is 50 kyr for the 22 kyr central period
and 130 kyr for the 41 kyr period, respectively.
This tuning results in an intermediate time scale
for the grain size record. Finally, we applied the
Dynamic Optimization method to automatically

add new time control points to the grain size rec-
ord on the intermediate time scale. This method
iteratively adjusts each of the climatic data in or-
der to achieve the highest correlation coe⁄cients
between the orbital frequency curves ¢ltered from
the grain size record and the target curves [34].
Fig. 3 shows the ¢nal version of the tuned

Chashmanigar grain size time scale (here called
the CGS time scale) and a comparison of the
¢ltered obliquity, precession and eccentricity com-
ponents from the grain size record on the CGS
time scale with variations in the three orbital ele-
ments of the Earth. For both the obliquity and

Fig. 3. Grain size time series of the Chashmanigar loess section, and ¢ltered precession, obliquity and eccentricity signals (dashed
lines) versus lagged theoretical orbital precession (reversed) and obliquity and non-lagged eccentricity records (solid lines). The ¢l-
tered precession, obliquity and eccentricity signals from the grain size time series have a Central period of 22, 41 and 100 kyr, re-
spectively. The theoretical orbital data are from Berger and Loutre [32]. The ¢ltered signals and orbital records are all normal-
ized. The positions of the measured B/M paleomagnetic reversal and the upper and lower boundaries of the Jaramillo Chron are
shown with respect to the grain size curve.
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precession signals, almost all the ¢ltered cycles ¢t
the theoretical versions, with the amplitudes being
fairly similar to the astronomical forcing except
for the lowermost part of the obliquity record.
The correlation coe⁄cients between the ¢ltered
orbital components and the theoretical orbital
curves are 0.915 for obliquity and 0.924 for pre-
cession. In addition, the 100 kyr period compo-
nent ¢ltered from the time series also shows a
roughly in-phase change with the orbital eccen-
tricity record over the past 0.8 Myr.
We then used a cross-spectral comparison of

the resulting grain size time series with the orbital
data to evaluate the CGS time scale. Fig. 4 shows
the results of the cross-spectral analysis between
the grain size data plotted on the CGS time scale
and the theoretical orbital record (ETP curve).
The ETP curve was formed by stacking the nor-
malized eccentricity and obliquity curves and the
normalized and reversed precession index curve
[32]. In the last 1.77 Myr, cross-spectral analysis
(Fig. 4, left) shows that the Chashmanigar grain

size time series closely matches the orbital signals
at the periods of obliquity (41 kyr) and precession
(23 and 19 kyr) with coherencies higher than 0.95.
These peaks in the coherency spectrum coincide
well with the peaks in the ETP spectrum. The
coherency at the eccentricity period (100 kyr) is
insigni¢cant during the entire Pleistocene (Fig. 4,
left). In the last 0.8 Myr, however, we measured a
coherency of about 0.96 at the 100 kyr period
(Fig. 4, right), this being well above the 5% sig-
ni¢cance level.
To monitor temporal evolution in the phase

relation, we used an evolutive coherency method
to do cross-spectral analysis between the CGS
time scale and the ETP record. Coherency was
calculated with record length of 400 kyr with a
10 kyr o¡set, and with the degree of freedom
being 6. Results show that the assumed time
lags, i.e. 8 kyr for obliquity and 5 kyr for preces-
sion, remain quite stable for the entire sequence.
The averaged time lag is 7.89 kyr at the 41 kyr
period and 4.77 kyr at the 19 kyr period, respec-

Fig. 4. Coherency and variance spectra calculated from the Chashmanigar grain size and theoretical orbital records over the time
intervals 0^1.77 Myr (left) and 0^0.8 Myr (right). Two signals have been processed: (1) ETP, a signal formed by normalizing
and adding variations in orbital eccentricity, obliquity, and precession (reversed); (2) the Chashmanigar grain size record on the
CGS time scale (Fig. 3). Top: variance spectra (solid line: cross-spectrum between the two signals; dashed line: ETP variance
spectrum), plotted on arbitrary log scales. Bottom: coherency spectrum plotted on a hyperbolic arctangent scale and provided
with a 5% signi¢cance level. Frequencies are in cycles per 1000 yr.
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tively. At the 23 kyr period, the averaged time lag
is 5.37 kyr before 1.3 Myr and 4.84 kyr after 1.3
Myr. These cross-spectral analyses therefore sug-
gest that this tuned time scale is tightly con-
strained, thereby providing the opportunity to as-
sess the time duration of each of the loess^soil
units at Chashmanigar (Table 1).
The orbital time scale allows calculation of dust

deposition rate changes for the Chashmanigar
loess section. The depth^age curve (Fig. 5) can
be roughly subdivided into three parts. Over the

time interval 1.77^0.8 Myr, the averaged dust de-
position rate is about 7.1 cm/kyr. It increases to
about 13.4 cm/kyr between 0.8 and 0.3 Myr. The
highest averaged deposition at Chashmanigar is
found in the last 0.3 Myr. It is about 20 cm/kyr,
almost three times as high as that in the early
Pleistocene. The upward increase in the averaged
dust deposition rate in the Chashmanigar loess
section implies that the deserts in Central Asia
may have experienced a stepwise expansion in
the Quaternary, since dust deposition rates can
be used as an indicator of aridity in source areas
[35].

5. Orbital periodicities and climate correlation

To examine the time-dependent characteristics
of climatic frequencies registered in the Chashma-
nigar loess section, we conducted spectral analyses
on the grain size, magnetic susceptibility, and col-
or re£ectance records plotted on the orbital time
scale (Fig. 6). The three time series all show a
clearly time-dependent feature of the climatic pe-
riodicities. In the last 1.0 Myr or so, the strongest
power is centered at about 100 kyr, with relatively
weak powers of the obliquity (41 kyr) and preces-
sion (23 and 19 kyr). During the past 0.6 Myr, a
power centered at about 30 kyr is also evident in
all the three signals. Over the time interval 0.8^
1.77 Myr, the 100 kyr eccentricity-associated pe-

Table 1
Age estimates of soil units from the CGS time scale

Unit Top (Myr) Bottom (Myr) Unit Top (Myr) Bottom (Myr)

S0 0.000 0.015 S11 1.060 1.071
S1 0.076 0.128 S12 1.105 1.117
S2-1 0.194 0.219 S13 1.141 1.189
S2-2 0.230 0.243 S14 1.217 1.245
S3 0.307 0.333 S15 1.256 1.286
S4 0.382 0.426 S16 1.309 1.335
S5 0.507 0.619 S17 1.346 1.359
S6 0.685 0.712 S18 1.373 1.403
S6P 0.725 0.736 S19 1.437 1.451
S7 0.782 0.788 S20 1.482 1.495
S8 0.798 0.867 S21 1.507 1.519
S9-1 0.930 0.954 S22 1.540 1.571
S9-2 0.972 1.009 S23 1.596 1.623
S10 1.020 1.031 S24 1.713 1.738

Fig. 5. Age^depth plot of the Chashmanigar loess sequence.
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riodicity is not detected, whereas the 41 kyr ob-
liquity power becomes dominant. Therefore, these
spectral analyses suggest that there is a clear shift
of dominant periodicities at about 0.8^1.0 Myr in
the long-term climatic evolution in Central Asia.
The resulting orbital time scale also allows the

correlation of climate changes at southern Tajiki-
stan with other well-established climate records in
the world, and the calculation of dust sedimenta-
tion rate (SR) for each of the loess^soil units (Fig.
7). The SR values (Fig. 7F) mostly vary between
0.05 and 0.3 m/kyr. In general, the eolian sedi-
mentation rate of loess horizons is much higher
than that of the overlying paleosols, indicating a
dustier and drier environment during glacial peri-
ods compared with interglacial times. This is con-
sistent with glacial^interglacial mass accumulation
rate (MAR) variability of atmospheric dust over
the Northwest Paci¢c Ocean, as recorded by deep-
sea core V21-146 (Fig. 7E) [36]. Throughout the

Pleistocene, there is a general upward increase in
SR at Chashmanigar, implying that the deserts of
Central Asia are developing toward a drier envi-
ronment during the Quaternary. This trend is also
generally coincident with the ODP 885/886 MAR
record derived from the northwestern Paci¢c (Fig.
7E) [35,37].
Fig. 7 also shows the correlation of the grain

size and color re£ectance records at Chashmani-
gar (Fig. 7A,B) with the Lingtai grain size record
in China (Fig. 7C) and the ODP 677 oxygen iso-
tope record in the equatorial Paci¢c (Fig. 7D).
The Lingtai loess section is located in the middle
part of the Chinese Loess Plateau (Fig. 1a). It has
a thickness of about 175 m and is composed of
the S0^L33 loess^soil units with a basal age of
about 2.6 Myr [24]. According to ¢eld observa-
tions and climatic proxy records, the Lingtai loess
section can be regarded as representative of the
Quaternary loess sediments in China. The grain

Fig. 6. Spectra of the Chashmanigar grain size, magnetic susceptibility, and color re£ectance records derived from CGS orbital
time scale over four di¡erent time intervals. Frequencies are in cycles per 1000 yr.
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size record at Lingtai has been published in [38].
In this study, we also tuned the Lingtai grain size
record to variations in the orbital obliquity and
precession of the Earth. The time scale of the
ODP site 677 N

18O time series [29] was generated
by tuning the N

18O record to the output of the
model described in [39].
The similarity of the climatic records is mani-

fested mainly in two aspects. Firstly, variations in
the median grain size and color re£ectance of the
Chashmanigar loess can be correlated to the Ling-
tai median grain size and the ODP 677 oxygen
isotope records almost cycle by cycle. This cycle-
to-cycle correlation is more obvious between the
Chashmanigar color re£ectance and the oxygen
isotope records in the early Pleistocene. Even

Fig. 7. Correlation of the Chashmanigar median grain size (A) and color re£ectance (B) records with the Lingtai median grain
size (C), ODP 677 N

18O (D) [29], and V21-146 [36] and ODP 885/886 [37] eolian MAR (E) records. Averaged dust sedimentation
rate, calculated using the CGS time scale, for each of the loess^soil units at Chashmanigar is shown (F). The loess^soil units in
both the Chashmanigar and Lingtai loess records and the glacial^interglacial stages in the ODP 677 N

18O record are all labeled.
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within some thick loess units (e.g. L2), the second-
order climatic variations can be well correlated
between the Chashmanigar and Lingtai grain
size records. Secondly, climatic variability in the
early Pleistocene is characterized by relatively
high frequencies with reduced amplitudes for all
the records. In the late Pleistocene, however, cli-
matic frequencies become lower, with an obvious
increase in amplitudes (Fig. 7). This event is ac-
companied by a shift of dominant climatic perio-
dicity from 41 kyr to 100 kyr at about 1.0^0.8
Myr (Fig. 6).
Despite the similarities, discrepancies are also

evident among the records. The most striking
one lies in the fact that there is a consistent in-
crease in the median grain size from 1.77 Myr to
about 0.65 Myr for the Chashmanigar section,
whereas this trend is absent in the Lingtai grain
size and Chashmanigar color re£ectance records.
Although a slight trend of this kind can also be
seen in the oxygen isotope record over this time
interval, we believe that it is most likely a local
event in southern Tajikistan because of the strik-
ing expression of the trend in the Chashmanigar
grain size record. In the Lingtai record, there are
clearly expressed second-order grain size cycles
within the thick loess units such as L2, L5, L6,
and L9 (Fig. 7C). These cycles represent the in£u-
ence of orbital precessional cyclicity on the cli-
mate of northern China. However, these second-
order cycles are not well documented in either the
Chashmanigar loess or the deep-sea isotope rec-
ord. Another disagreement between the Lingtai
and Chashmanigar grain size records is concerned
with the loess units of L9 and L15. It has long
been recognized that loess units L9 and L15 are
among the thickest and coarsest in the entire loess
sequence in China [2]. They are interpreted to
represent the coldest and driest periods in the
Quaternary on the Loess Plateau. However, these
two extreme climatic events are not recorded by
the Chashmanigar loess and ODP 677 N

18O re-
cords (Fig. 7).

6. Discussion and conclusions

In studies of the Central Asian loess, there is a

debate regarding the paleoclimatic interpretation
for the alternation of loess and soil horizons in
Central Asian loess deposits. Some authors as-
sumed that the loess horizons in Central Asia
were deposited during glacial periods, whereas pa-
leosols formed during interglacial periods. How-
ever, another school of authors considered that
paleosol formation is associated with pluvial
events during glacial periods, while loess deposi-
tion corresponds to interglacial times (see review
[10]). Measurements of multiple climatic proxies
in the present study show that all the paleosols at
Chashmanigar are characterized by ¢ner grain
size distributions, higher magnetic susceptibilities,
higher chromaticity a* values, and lower dust sed-
imentation rates, compared to the loess horizons.
Therefore paleosols can be interpreted as having
formed under relatively humid, calm, warm cli-
matic conditions with low atmospheric dust load-
ings. During formation of the loess horizons, the
climate in Central Asia would be dry, windy and
cold with comparatively high atmospheric dust
loadings. The correlation of the Chashmanigar
climatic records with the Chinese loess and
deep-sea N

18O records (Fig. 7) indicates that the
paleosols in Central Asia correspond to intergla-
cial periods, whereas the loess horizons corre-
spond to glacial periods.
The above interpretation is actually similar to

that for the loess^soil alternations in China. How-
ever, the wind system transporting the Central
Asian loess is essentially di¡erent from that for
the Chinese loess. As mentioned above, transport
and sedimentation of the loess in southern Tajiki-
stan is closely related to the regional westerly
winds during summer seasons, whereas the Chi-
nese loess is thought to be transported by the
northwesterly winter monsoonal winds originated
in the Siberian area [19]. In addition, the present
climate in southern Tajikistan is characterized by
hot, dry summers and cold, wet winters, which is
in striking contrast with the hot, wet summer and
cold, dry winter climate in the Loess Plateau. The
similarity between the loess records of southern
Tajikistan and the Loess Plateau therefore implies
that climatic changes in both regions during the
Pleistocene may be controlled by the same forcing
factors on hemispheric or global scales.
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Spectral analyses on long-term climatic records
both from deep-sea sediments and Chinese loess
have shown that at about 1.0^0.8 Myr, there oc-
curred a major shift of dominant periodicities
from 41 kyr variations to 100 kyr oscillations
[9,28,40^42]. To date, the cause for the mid-Pleis-
tocene climatic transition is still a puzzle in paleo-
climatology [43,44]. Although variation in eccen-
tricity of the Earth’s orbit has a distinct 100 kyr
periodicity, it makes less than a 0.1% direct con-
tribution to insolation changes on the Earth [32].
Besides, the 100 kyr climatic rhythms during the
early Pleistocene, if detected in any climatic rec-
ord, do not show a clear phase relation with the
theoretical eccentricity record. Therefore the mid-
Pleistocene climate transition is most likely caused
by changes in internal forcing factors within the
climate system [43,44]. The well-documented mid-
Pleistocene transition at Chashmanigar and the
agreement between climatic records of Tajik loess
and deep-sea sediments both strongly suggest that
the alternation of loess^soil units in southern Ta-
jikistan could be forced by variations in global ice
volume, supporting an earlier suggestion [11].
The comparison of climatic records between the

Lingtai and Chashmanigar loess sections (Fig. 7)
suggests that atmospheric dust deposition over
both regions may be also closely associated with
changes in regional forcing factors. The coarsen-
ing of loess particles from 1.77 Myr to about 0.65
Myr at Chashmanigar (Fig. 7) implies a gradual
enhancement of the regional wind intensity and/or
expansion of the Central Asian deserts during gla-
cial periods. Although this phenomenon can be
explained partly by the increase in global ice vol-
ume over this interval, it may be largely a re£ec-
tion of gradual changes in regional climate
boundary conditions. It is unclear at present
which regional forcing factors are responsible
for this trend. Perhaps tectonic change of this
region may be one of the most important candi-
dates.
The occurrence of the prominent coarse, thick

loess beds such as L9 and L15 in the Chinese loess
record is also di⁄cult to explain by global ice
volume forcing, because of the absence of these
events in both the ODP 677 N

18O and Chashma-
nigar loess records (Fig. 7). In the Chinese loess,

paleosols are separated by thick loess horizons
above L9, whereas they are closely spaced below
it except for some thick loess beds. These thick
loess beds are numbered L9, L15, L24, L27, L32,
and L33 and are used as stratigraphic markers in
¢eld work [5]. The grain size distributions of L9,
L15, and L33 are among the coarsest in the entire
loess sequence, while L24, L27, and L32 are rela-
tively coarser than other loess horizons below L9
[9,38]. Some authors speculated that the deposi-
tion of the coarse loess beds might be linked to
tectonic uplift of mountains in Asia [3,45]. Moun-
tain uplift implies a profound change in boundary
conditions for the regional climate system, the
e¡ect of which should be retained on subsequent
loess deposition. However, this expected e¡ect
does not occur in loess grain size records, thus
challenging the tectonic explanation. Interestingly,
the excursions of L9, L15, L24, L27, and the L32^
L33 couplet occurred roughly at every 0.4 Myr,
and the timing for most of the excursions is ap-
proximately consistent with the lowest values of
the long wavelength cycles (the 0.413 Myr period)
in the Earth’s eccentricity record (not shown).
This suggests that the regional climate system
controlling atmospheric dust deposition in China
may be more sensitive to the direct forcing of
variations in the Earth’s orbit than those a¡ecting
the loess sedimentation in Central Asia. The clear
precessional 20 kyr cycles registered in grain size
changes of L2, L5, L6, and L9, which are absent
in both the Chashmanigar loess and ODP 677
N
18O records (Fig. 7), further support this conten-
tion.
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