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Abstract

Quaternary loess–soil sequences in China and Tajikistan are valuable archives of the chemical weathering history for arid and semi-
arid regions of Asia. The development of new proxies independent of grain size are vital to reconstruct the long-term chemical weath-
ering history of eolian deposits. In this study, we analyze major elemental and Rb, Sr, and Ba concentrations of decarbonated residue
from representative loess and soil units along a north–south transect on the Chinese Loess Plateau and compare these concentrations
among different grain-size fractions. Results show that most of the elemental abundances and ratios vary considerably among different
grain-size fractions for both loess and paleosols, indicating transport-driven compositional differentiation of minerals during subaerial
transport. However, (CaO + Na2O + MgO)/TiO2 ratios show little variation among different size fractions for the loess–soil transect.
Loess–soil sequences at Lingtai (northern China) and Chashmanigar (southern Tajikistan) for the past 1.50–1.77 Ma show lower
(CaO + Na2O + MgO)/TiO2 ratios in soil units than in adjacent loess horizons, in good agreement with greater weathering intensity
in soils than in loess units. The (CaO + Na2O + MgO)/TiO2 ratio of the decarbonated residue is therefore a reliable proxy for chem-
ical weathering of loess deposits that is independent of grain size. The (CaO + Na2O+MgO)/TiO2 ratios of the Lingtai and Chash-
manigar sections display a relatively regular oscillation within a narrow range in the early Pleistocene, and a rapid increase in average
values and in variance from 0.85–0.6 Ma to the present, indicating lowered chemical weathering intensity in both the dust source
regions and the depositional areas. This event may be causally related to the expansion of northern hemisphere ice and/or the regional
tectonic uplift of high mountains in Asia since the mid-Pleistocene.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

In Asia, arid environments dominate the middle lati-
tudes, as in the Mu Us, Badain Jaran, Taklimakan, Kara-
kum and Kyzylkum deserts (Fig. 1). These deserts, along
with the adjoining loess regions, can be regarded as a single
large, integrated arid and semi-arid region. The formation
and evolution of this region is causally related to the rear-
rangement of the regional heat and moisture distributions,
which may be attributed to the uplift of high mountains in
Asia (Kutzbach et al., 1989; Ruddiman and Kutzbach,
1989; Manabe and Broccoli, 1990; Rea et al., 1998; An
et al., 2001) and buildup of the northern hemisphere ice
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(Shackleton et al., 1984; Raymo, 1994). As such, chemical
weathering intensity of superficial sediments in this region
is highly sensitive to changes in regional heat and moisture
balances.

Long-term chemical weathering history of these arid
regions is hindered by the paucity of long, continuous,
well-dated geological records. However, loess deposits
downwind from the arid region are valuable archives of
regional chemical weathering history. The loess sections
in Asia with the greatest continuity, completeness and tem-
poral range to date lie in China (Kukla, 1987; Liu,
1988; Kukla and An, 1989; Liu and Ding, 1998) and
Tajikistan (Dodonov, 1991; Dodonov and Baiguzina,
1995; Shackleton et al., 1995; Ding et al., 2002a). The dust
deposits on the Chinese Loess Plateau were transported by
the East Asian winter monsoon (Liu, 1988; An et al., 1991;
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Fig. 1. Schematic map showing loess and desert distribution in Central Asia and China (modified from Dodonov, 1991). The solid and dashed arrows
indicate the major moisture sources and dust transport winds, respectively, for the loess regions in Central Asia and northern China. Deserts: 1, Otindag;
2, Hobq; 3, Mu Us; 4, Tengger; 5, Badain Jaran; 6, Gobi; 7, Gurbantunggut (Junggar); 8, Taklimakan; 9, Muyunkum; 10, Kyzylkum; 11, Karakum; 12,
Thar. Loess-soil transect: a, Jiyuan; b, Mubo; c, Ningxian; d, Binxian; e, Lantian.
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Liu and Ding, 1998), while the regional westerly winds
were responsible for the transport of loess in Central Asia
(Lydolph, 1977; Ding et al., 2002a) (Fig. 1). At present, the
East Asia monsoon system dominates the Chinese Loess
Plateau, with hot, moist summers and cold, dry winters
(Domrös and Peng, 1988). In contrast, the loess region of
Tajikistan is characterized by hot, dry summers and mild,
moist Mediterranean-type winters (Lydolph, 1977). Given
that the loess deposits in the Chinese Loess Plateau and
Central Asia are located at the eastern and western margins
of the same large arid region, correlation of chemical
weathering records between the far-separated regions
would be useful for the understanding of the long-term
hemispheric paleoclimate evolution and the history of
regional tectonic uplift.

To date, elemental and isotopic ratios have been widely
employed to quantify the chemical weathering intensity of
loess deposits such as Ba/Sr (Gallet et al., 1996), Th/U
(Gallet et al., 1996; Gu et al., 1997), Rb/Sr (Chen et al.,
1999), Na/Al (Gu et al., 1999), Chemical Index of Alter-
ation (CIA, see definition in Fig. 12) (Liu et al., 1995),
Fe2O3(free)/Fe2O3(total) (Guo et al., 2000) and 87Sr/86Sr
(Yang et al., 2001). Chemical weathering intensity reflected
by these proxies is largely determined by three factors:
chemical weathering in source regions, post-depositional
weathering, and grain size. The third factor is related to
depositional processes. Yang and Ding (2004) show that
the grain size of loess is principally influenced by source-
sink distance, i.e., the greater the transport distance the
finer the grain size of dust deposits. Since elemental concen-
trations of dust deposits are partially dependent on
grain-size changes (Wen, 1989; Eden et al., 1994), the
elemental ratios of loess at different sites, which have
undergone different transport distances, may be quite
variable prior to any post-depositional weathering
processes, even though they are transported and deposited
by a single dust storm. Thus, a proxy free of grain-size
effects must be developed to reconstruct long-term
chemical weathering history of the region. In this study,
we first develop such a proxy based on the investigation
of elemental depletion characteristics in Chinese and Tajik
loess and elemental ratios in different size fractions for a
north–south transect on the Loess Plateau. Then we char-
acterize the Pleistocene chemical weathering history
recorded in loess deposits at Lingtai (northern China)
and Chashmanigar (southern Tajikistan).

2. Site locations and lithostratigraphy

Our study transect runs north–south from Jiyuan near
the Mu Us desert margin, to Lantian in the southernmost
part of the Loess Plateau (Fig. 1). Five loess sections
located at Jiyuan (37.14�N, 107.39�E), Mubo (36.43�N,
107.46�E), Ningxian (35.44�N, 107.94�E), Binxian
(34.96�N, 108.05�E), and Lantian (34.15�N, 109.27�E) were
studied (Fig. 1). At present, the mean annual temperature
at Jiyuan is 7.9 �C and the annual precipitation 317 mm;
the values for Lantian are 13 �C and �600–650 mm. Both
mean annual temperature and rainfall increase southwards
along the loess transect. All loess sections consist of the
loess(L)–soil(S) sequence S0, L1, and S1.

The Holocene soil S0 is dark in color because of its rel-
atively high organic matter content. The upper part of the
Holocene soil has been partly eroded or disturbed by agri-
cultural activities at some sites along the transect. The loess
unit L1 was deposited during the last glacial period and is
yellowish in color and massive in structure. The L1 loess
unit can be generally subdivided into five sub-units, termed
L1-1, L1-2, L1-3, L1-4, and L1-5 (Fig. 2). L1-2 and L1-4
are weakly developed soils, and the others are typical loess
horizons. Previous studies (Kukla, 1987; Kukla et al., 1988)
have shown that L1-1 is correlated with ocean oxygen
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Fig. 2. Median grain-size (Md) records of the five sections along the north–south loess transect. Subdivision of the loess–soil sequences is designated. The
stratigraphic positions for the selected samples in Figs. 10–12 are marked in solid triangles in each section. Note that the depth scale varies from one
section to another. Grain-size data for Jiyuan and Lantian are from Ding et al. (1998) and Ding et al. (2005), respectively, and those for other three
sections are from Yang and Ding (2004).
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Fig. 3. Magnetic susceptibility (SUS) and median grain-size (Md) records
of the loess–soil sequence at Lingtai, the Chinese Loess Plateau (after
Yang and Ding, 2004). The major paleomagnetic reversal is indicated
(modified from Yang and Ding, 2004). Most of the soil units (Si) and
major loess beds (Li) are indicated.
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isotope stage 2, L1-5 with stage 4, and L1-2, L1-3, and L1-4
together with stage 3. The fivefold subdivision of L1 is
clearly expressed in the grain-size variations (Fig. 2). The
soil unit S1, being brownish or reddish in color and having
an A-Bw-C or A-Bt-C horizon sequence, developed in the
last interglacial period, marine oxygen isotope stage 5
(Kukla, 1987; Kukla et al., 1988). Grain size and thickness
both decrease southward in loess and soil units, indicating
strong spatial differentiation of dust during southward
transport.

In addition to the transect sites, we studied two loess–
soil sequences at Lingtai and Chashmanigar. The Lingtai
section (35.0�N, 107.5�E) is situated in the central part of
the Loess Plateau (Fig. 1), with mean annual temperature
and precipitation values of 8.6 �C and 600 mm, respective-
ly. The Lingtai loess has a thickness of 175 m, with each of
the S0–L33 loess–soil units (Rutter et al., 1991) being read-
ily identified in the field. Details of the stratigraphy and
time scale of the section are given in Ding et al. (1999,
2002b). In this study, only the loess deposits above S20
are addressed (Fig. 3).

The Chashmanigar loess section (38.4�N, 69.8�E) is
situated in southern Tajikistan where loess deposits are
widely distributed on river terraces and piedmonts
(Fig. 1). At present, the mean annual temperature and pre-
cipitation at Chashmanigar are about 11 �C and 842 mm.
The Chashmanigar section, with a thickness of �205 m,
is underlain by gravel. The lowermost part of the section
is covered by slumps, only the upper 195 m being accessible
for study. According to Ding et al. (2002a), a total of 29
paleosols have been identified in the section, which can
be correlated with the S0-S24 portion of the Chinese loess
(Fig. 4). Paleomagnetic dating (Ding et al., 2002a) suggests
a basal age of about 1.77 Ma for the Chashmanigar loess
(Fig. 4). Details of the stratigraphy and time scale of the
section are given in Ding et al. (2002a).

In general, the stratigraphic structure of the Lingtai
and Chashmanigar sections can be divided into two parts.
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Fig. 4. Magnetic susceptibility (SUS) and median grain-size (Md) records
of the Chashmanigar loess section, southern Tajikistan, together with
paleomagnetic analytical results (adapted from Ding et al., 2002a). The
loess–soil units are labeled using both the Li–Si system, as used in studies
of Chinese loess, and the PCi system traditionally used in Tajikistan.
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The upper parts (above S8) have a thickness of 124 and
59 m, and the lower parts 71 and 48 m for Chashmanigar
and Lingtai, respectively (Figs. 3 and 4). The paleosols in
the lower parts are relatively thin and closely spaced, while
upper-section paleosols are much thicker and separated by
thicker loess layers. Throughout section, paleosols are
characterized consistently by higher susceptibility values
and finer particle sizes, compared to the loess horizons
above and below them (Figs. 2–4). The alternation of loess
and soils documents large-scale oscillations between glacial
and interglacial conditions during the Pleistocene (Kukla,
1987; Liu, 1988).

3. Sampling and analytical procedures

For the loess–soil transect, two samples were selected
from each section, one from the last glacial maximum loess
unit (L1-1), and the other from the last interglacial soil unit
(S1). The basis of this sample selection was the median
grain-size record shown in Fig. 2. For loess horizon L1-1,
samples were selected from units containing the coarsest
grain sizes, whereas samples from soil unit S1 were gener-
ally taken from the finest grain-size units (marked in
Fig. 2). At Lingtai, 494 samples were taken at vertical inter-
vals of �20–50 cm, and 842 samples were taken at vertical
intervals of �20–40 cm at Chashmanigar. According to the
time scales of the two sections (Ding et al., 2002a,b), this
sample spacing yields a mean depositional resolution of
�3000 years for the Lingtai section and of �2000 years
for the Chashmanigar section.

The samples from the north–south transect were divided
into six size fractions (<2, 2–5, 5–16, 16–32, 32–63, and
>63lm) using the pipette method. These samples, together
with those from Lingtai and Chashmanigar, were first
finely ground in agate mortar. Then they were treated with
1 M acetic acid for over 12 h at room temperature to re-
move carbonate. The residue was rinsed, dried up in an
oven at 105 �C. For X-ray fluorescence analysis, 1.2 g of
the sample powder was mixed with 6 g of dry lithium tet-
raborate (Li2B4O7) and fused to glass beads in Pt crucibles.
Major element and Rb, Sr, and Ba abundances were then
determined using the Shimadzu XRF-1500 spectrometer
in the Institute of Geology and Geophysics, CAS. Analyt-
ical uncertainties are ±5% for all major elements except for
MnO and P2O5 (up to ±10%), ±6% for Ba and Sr, and
±10% for Rb. Loss on ignition (LOI) was obtained by
weighing after 1 h of calcination at 950 �C.

4. Characteristics of elemental depletions in loess deposits

4.1. Major element and Rb, Sr, and Ba abundances of the

Lingtai and Chashmanigar sections

The geochemical data of the carbonate-free samples
from Lingtai and Chashmanigar are presented in electronic
annexes EA-1 and EA-2, respectively. In comparison to the
Tajik loess, the Chinese loess is characterized by higher
SiO2 concentrations (70–75 wt% vs. 66–71 wt%), and
by lower concentrations of Fe2O3 (4.4–5.6 wt% vs.
5.4–6.8 wt%), Al2O3 (13.0–15.5 wt% vs. 14.5–16.6 wt%),
MgO (1.2–2.2 wt% vs. 2.0–3.2 wt%) and CaO (0.6–2.0 wt%
vs. 0.7–4.0 wt%) (Figs. 5 and 6). From 1.5 Ma to the pres-
ent, the Fe2O3 content increases gradually at Lingtai, while
the contents of MgO, CaO, and Na2O show a gradual
increase since �0.6 Ma (Fig. 5). For the Chashmanigar sec-
tion, there is an upward decrease in K2O and an accompa-
nying increase in Na2O since 1.77 Ma (Fig. 6). The Al2O3

concentrations at Chashmanigar exhibit stepwise decreases
at �1.3, �0.9, and �0.5 Ma, while MgO, CaO, and Fe2O3

increase markedly since 0.4–0.5 Ma. Rb, Sr, and Ba values
are comparable between Lingtai and Chashmanigar. In the
Lingtai section, most paleosols exhibit higher SiO2 and Rb,
and lower P2O5 concentrations than adjacent loess units,
while only some paleosols at Chashmanigar show such
characteristics. In both sections, paleosols are generally
characterized by higher concentrations of TiO2, Al2O3,
MnO, K2O, and Ba, and lower concentrations of CaO,
MgO, Na2O, and Sr, compared to the loess horizons above
and below them.

4.2. Changes in major element concentrations during

pedogenesis

Chemical weathering leads to the removal of more solu-
ble components (Loughnan, 1969). In a plot of Na2O/
Al2O3 vs. K2O/Al2O3 introduced by Garrels and Macken-
zie (1971), depletion of Na and K is evident in all loess and
paleosol samples for both sections, compared to average
upper continental crust (UCC) (Taylor and McLennan,
1985) (Fig. 7). Moreover, all the loess and soil samples
exhibit much more Na depletion than K depletion, and
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Fig. 5. Major element and Ba, Rb, and Sr abundances of loess–soil sequence at Lingtai. The major and trace element data are recalculated on a volatile-
free basis. The time scale is taken from Ding et al. (2002b).
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the paleosols show slightly more Na depletion than loess
samples. The Chashmanigar section has a larger spread
in K2O/Al2O3 ratios than the Lingtai section, which
can be explained by larger variations in K2O contents
(2.5–3.5 wt%) at Chashmanigar (Fig. 6) compared to
Lingtai (2.5–3.0 wt%) (Fig. 5). These changes in K2O
concentrations may be related to variations in the amount
of K-rich minerals (e.g., mica) present.

The depletion of Na and K in both loess and paleosol
samples indicates that loess materials have been subjected
to considerable weathering processes before transport, con-
sistent with previous studies (Gallet et al., 1998; Ding et al.,
2001a; Jahn et al., 2001). Therefore, it is hard to estimate a
real gain/loss in elemental abundances within the loess
deposits. However, the relative changes in elemental abun-
dances between paleosols and loess units can still be esti-
mated using the method of Gallet et al. (1996). A basic
assumption with this method is that the initial composition
of a particular paleosol layer was the same as that of the
underlying loess. For example, L2 loess layer is the ‘‘parent
loess’’ of S1 soil unit. This makes it possible to quantita-
tively examine the change in elemental abundances due to
pedogenesis, a precondition for the development of
weathering proxies. We then performed a constant oxide
calculation (Garrels and Mackenzie, 1971) for the soil
units in the two sections, using TiO2 as the constant oxide
(Figs. 8 and 9). In both sections, the SiO2 shows a small
loss (<8%), and a small gain or loss (<10%) for Al2O3,
Fe2O3, and K2O. Most paleosols of the two sections are
characterized by a major loss of P2O5 (up to 55%), CaO
(up to 40%), Na2O (up to 25%), and MgO (up to 25%),
and gain of MnO (up to 33%). The gain–loss patterns of
the two sections are essentially similar to those calculated
using Al2O3 as the constant oxide (not shown). These re-
sults are consistent with previous studies of Chinese loess
weathering (Gallet et al., 1996; Jahn et al., 2001).

5. Major element and Rb, Sr, and Ba characteristics in

different size fractions for the loess transect

5.1. Elemental abundances and ratios

Results from our transect study sites (given in electronic
annex EA-3) show that SiO2, CaO, Na2O, and Sr concen-
trations are higher in coarser fractions, while Al2O3,
Fe2O3, MnO, MgO, K2O, P2O5, Ba, and Rb concentra-
tions are higher in finer fractions, for both loess and paleo-
sols (Figs. 10 and 11). TiO2 content shows little variation
among different fractions except for slightly higher values
in size fractions 2–5 and 5–16 lm.

The values of the weathering proxies used in loess
studies, such as CIA, Na2O/Al2O3, Rb/Sr, and Ba/Sr,
are calculated for different size fractions (Fig. 12). Again,
those proxies vary considerably with grain-size changes.
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From clay (<2 lm) to sand fraction (>63 lm), CIA val-
ues decrease from �75–80 to �55, and Na2O/Al2O3 ra-
tios increase from �0.03 to �0.32–0.37, while Rb/Sr
and Ba/Sr ratios decrease from �1.3–2.0 to �0.5 and
from �6–11 to �3, respectively. In general, the spatial
(north–south) changes in elemental abundances and ra-
tios in a specific size fraction are minor for both glacial
loess and interglacial soil units when compared to varia-
tions among different size fractions. For a specific sec-
tion, the temporal changes (between loess and soil
units) in elemental abundances and ratios in a specific
size fraction are also minor when compared among dif-
ferent size fractions.

5.2. The relationship between elemental differentiation and

mineralogical constituent among different grain-size

fractions

The variations in elemental ratios in our loess study
can be understood in terms of mineralogic changes
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among different grain-size fractions identified by previous
studies (Liu, 1988; Eden et al., 1994). Loess is a highly
homogeneous mixture of atmospheric dust composed of
minerals of several origins (Liu, 1988). In the silt-sized
fraction of loess, the most abundant minerals are quartz,
feldspar, and mica (Liu, 1988; Eden et al., 1994). Accord-
ing to Eden et al. (1994), quartz and feldspar contents de-
crease from coarse to fine fractions, while mica and
chlorite increase. This is corroborated by our results
(Fig. 10). The SiO2, Al2O3, and K2O variations are con-
sistent with the increased quartz and decreased mica in
coarse fractions. Higher CaO and Na2O in coarse frac-
tions suggest increased plagioclase. Fe2O3 variations indi-
cate the increased iron oxides in fine fractions, while
higher MgO in fine fractions may be related to the in-
creased chlorite. In addition, the abundant clay minerals
(e.g., illite, kaolinite, and chlorite) in the clay-sized frac-
tion (<2 lm) (Liu, 1988; Eden et al., 1994), mainly of
detrital origin (Liu, 1988; Ji et al., 1999), are also respon-
sible for the highest peaks of Al2O3, Fe2O3, MgO, and
K2O in that fraction.
In loess deposits, TiO2 mainly comes from Ti-rich min-
erals (e.g., rutile, anatase, brookite, and sphene) (Liu,
1988). These minerals are common in clastic sediments in
the dust source regions as part of the heavy mineral frac-
tion. The invariance of TiO2 with grain size indicates that
the Ti-rich minerals may be relatively evenly distributed
in different size fractions, which possibly suggests unique
behaviors of Ti-rich minerals to wind transport and
sorting. However, this interpretation requires more evi-
dence and mineralogical analyses.

6. A new proxy for chemical weathering intensity

The ratio of mobile to immobile elements is always
adopted as a good measure of the degree of weathering
(Nesbitt and Young, 1982; Gallet et al., 1996; Chen
et al., 1999; Gu et al., 1999; Ding et al., 2001a; Jahn
et al., 2001; Muhs et al., 2001). As shown in Figs. 8
and 9, P, Ca, Na, and Mg are the most mobile elements
in loess deposits, while Ti, Al, Si, and Fe are the least
mobile. Because silicate minerals are the major constituent
of loess material and P mainly occurs in the accessory
minerals such as apatite and monazite, we assume that
the sum of CaO, Na2O, and MgO contents reflects
the general depletions of elements from loess during
weathering processes. The (CaO + Na2O + MgO)/SiO2

ratios are higher in finer size fractions, while the (CaO +
Na2O + MgO)/Al2O3 and (CaO + Na2O + MgO)/Fe2O3

values are higher in the coarser fractions (Fig. 12). How-
ever, it is highly significant that (CaO + Na2O + MgO)/
TiO2 values show small variations among the six size
fractions (Fig. 12).

Most elemental contents (Figs. 10 and 11) and ratios
(Fig. 12) vary with changes in grain size, indicating that
elemental distribution is dependent on grain size to a
considerable extent. The new proxy (CaO + Na2O +
MgO)/TiO2 suffers little grain-size influence, which can
be explained by two mechanisms. First, TiO2 contents
show small variations among different size fractions
(Fig. 10). Second, the higher MgO contents in fine size
fractions is offset by lower Na2O and CaO (Fig. 10), so
the sum of Ca, Mg, and Na varies little with grain-size
changes (Fig. 12). Therefore, (CaO + Na2O + MgO)/
TiO2 of decarbonated residue may be regarded as the
best proxy for chemical weathering intensity of loess
deposits.

In Chinese loess, carbonate content is up to 20% in
loess horizons, while it is near zero in paleosols
(Liu, 1988; Ding et al., 2001b). Therefore, the (CaO +
Na2O + MgO)/TiO2 values would be higher for loess
horizons and would change little for soil units if bulk
sample chemistry was considered. We arrive at maximum
estimates of chemical weathering for the loess units by
measuring the (CaO + Na2O + MgO)/TiO2 ratio of the
decarbonated residue because carbonate, the most readily
weathered component in dust deposits, remains to be
leached out of loess units.
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7. Pleistocene chemical weathering history recorded in loess

deposits of China and Tajikistan

7.1. Comparison of elemental ratio records

The alternation of loess and soils in the Chashmanigar
and Lingtai sections is clearly expressed in the elemental ra-
tio curves (Figs. 13 and 14), with soils exhibiting lower
Na2O/Al2O3 and (CaO + Na2O + MgO)/TiO2 values and
higher Rb/Sr, Ba/Sr, and CIA values compared to the
adjacent loess units. In the Chashmanigar section, the
median grain size increases progressively from 1.77 to
0.85 Ma, especially in the case of the loess units (Fig. 13).
Likewise, the Na2O/Al2O3, Rb/Sr, and Ba/Sr values dis-
play an oscillatory increase or decrease over the same time
interval, similar to the grain-size record. However, CIA
and (CaO + Na2O + MgO)/TiO2 show relatively regular
fluctuations during the time interval 1.77–0.85 Ma, indicat-
ing that the variation patterns of Na2O/Al2O3, Rb/Sr, and
Ba/Sr in this time interval may be influenced by the grain
size. From 0.85 Ma to the present, the Na2O/Al2O3 and
(CaO + Na2O + MgO)/TiO2 values increase gradually,
while Rb/Sr, Ba/Sr, and CIA decrease.
In the Lingtai section, the elemental ratio curves can
also be divided into two parts (Fig. 14). From 1.5 to
0.6 Ma, the five elemental ratio proxies generally show reg-
ular fluctuations. From 0.6 Ma to the present, Na2O/Al2O3

show a gradual increase; Rb/Sr and Ba/Sr display a grad-
ual decrease; and CIA and (CaO + Na2O + MgO)/TiO2

show a rapid decrease and increase, respectively. The differ-
ence between the new proxy and other elemental ratios lies
in the fact that the (CaO + Na2O + MgO)/TiO2 curve is
much smoother, and some soil units (e.g., S4 and S8),
which are not well expressed in the other four elemental ra-
tio curves, are clearly seen in the (CaO + Na2O + MgO)/
TiO2 record.

7.2. Pleistocene chemical weathering history

The comparison of the new proxy with other elemental
ratios at Lingtai and Chashmanigar further suggests that
(CaO + Na2O + MgO)/TiO2 does eliminate the grain-size
effects to a large extent and is a robust proxy for chemical
weathering intensity. It also appears that CIA is less influ-
enced by grain size than is Na2O/Al2O3, Rb/Sr, and Ba/Sr.
This may be related to the fact that CIA incorporates the



0

001

002

003

004

005

006

007

008

009

0001

0011

0021

0031

0041

0051

A
ge

(k
a)

03 02 01

(dM μ )m

3.0 2.0 1.0

aN 2 lA/O 2O3

2.18.0

rS/bR

4 5

rS/aB

075606

AIC

680121

aN+OaC( 2 )OgM+O
OiT/ 2

0

001

002

003

004

005

006

007

008

009

0001

0011

0021

0031

0041

0051

A
g

e(ka
)

1S

0S

2S

3S

4S

5S

6S

8S

7S

9L

9S

31S

41S

21S

11S

01S
01L

51L

02L
02S

51S

61S

71S

81S

91S

1L

2L

3L

4L

5L

6L

7L

8L

11L

21L

31L

41L

61L

71L

81L

91L

Fig. 14. Changes in median grain size (Md), Na2O/Al2O3 (molar ratio), Rb/Sr, Ba/Sr, CIA, and (CaO + Na2O + MgO)/TiO2 (molar ratio) at Lingtai.
The time scale is taken from Ding et al. (2002b). The dashed lines are linear fits of each curve for different time intervals. The shaded zones indicate
interglacials.

1706 S. Yang et al. 70 (2006) 1695–1709
loss of Ca, Na, and K, rather than a single element, into its
calculation (Nesbitt and Young, 1982). As seen in Fig. 10,
the contents of Na2O and CaO are higher in coarser frac-
tions, while K2O content is higher in finer fractions. Thus
the sum of Ca, Na, and K may offset grain-size effects to
some extent. In the Lingtai and Chashmanigar sections,
the CIA and (CaO + Na2O + MgO)/TiO2 variations are
quite similar through time. This may result from (1) CIA
being partially independent of grain size, and (2) a small
difference in median grain size (generally <10 lm) between
loess and soil units in the two sections. In this context, the
TiO2 based new proxy will reflect chemical weathering
intensity more reliably in dust deposits with large grain-size
variations, which are distributed in the areas close to dust
source regions (Yang and Ding, 2004; Ding et al., 2005).

At Chashmanigar, the (CaO + Na2O + MgO)/TiO2 val-
ues show a stable oscillation between 8 and 13 from 1.77 to
0.85 Ma (Fig. 15). From 0.85 Ma to the present, the proxy
increases from 10 to 13, as indicated by the fit line (Fig. 15).
At Lingtai, the (CaO + Na2O + MgO)/TiO2 ratio also dis-
plays a relatively stable oscillation between 6.5 and 9.5
from 1.5 to 0.6 Ma except for the loess units L9 and L20,
and a rapid increase from 7.2 to 10.5 for the past 0.6 Ma
(see the fit line) (Fig. 15).
In both sections, glacial loess units display consistently
higher (CaO + Na2O + MgO)/TiO2 values compared to
the adjacent interglacial soil horizons, indicating lower
chemical weathering intensity for loess units. The weather-
ing intensity shows a rapid decrease since 0.85 Ma for the
Tajik loess and since 0.6 Ma for the Chinese loess. Both
sections are characterized by high frequency, small ampli-
tude oscillations for the early Pleistocene and low frequen-
cy, large amplitude oscillations after the mid-Pleistocene
(Fig. 15).

8. Discussion

Loess in Tajikistan was transported by regional westerly
winds from Karakum and Kyzylkum deserts (Lydolph,
1977; Ding et al., 2002a), while the Chinese loess was trans-
ported by East Asian winter monsoon from the arid re-
gions in northwestern China (Liu and Ding, 1998; Sun,
2002) (Fig. 1). The (CaO + Na2O + MgO)/TiO2 ratios of
both the Lingtai and Chashmanigar loess–soil sequences
indicate that the chemical weathering intensity of loess
has decreased rapidly since 0.85–0.6 Ma. This implies that
the weathering intensity of the large arid and semi-arid
region decreased since the mid-Pleistocene, as the
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(CaO + Na2O + MgO)/TiO2 ratios reflect a combination
of chemical weathering in the source regions and the depo-
sitional areas. This may arise from two possible causes:
namely, lowered maturity of clastic material in the source
regions and lowered post-depositional weathering
intensity.

There is evidence to support both explanations. Fe and
Mg have increased since the mid-Pleistocene in both the
Lingtai and Chashmanigar sections (Figs. 5 and 6). This
is consistent with the gradual increase of unstable minerals
(e.g., pyroxene and amphibole) in Chinese loess from the
early to late Pleistocene (Liu, 1988), indicating increased
fresh clastic materials in the source regions and/or a cooler
and drier climate in the depositional areas. The higher dust
sedimentation rate since 0.85–0.6 Ma in loess deposits,
reflected by the thicker loess and soil units above S8 espe-
cially S5 soil unit (Figs. 3 and 4), and the oscillatory in-
crease in eolian flux in North Pacific Ocean (Hovan
et al., 1991; Rea et al., 1998) (Fig. 15), both suggest an in-
creased aridity in Asian dust source regions since the mid-
Pleistocene.

The decreased post-depositional weathering intensity is
related to the shortened exposure time due to increased
dust sedimentation rate (mentioned above) and the cool-
ing and drying of climate conditions in the dust deposi-
tional regions. The deterioration of climate conditions
around 0.85 Ma may be caused by the further increase
of ice volume in northern hemisphere, as indicated by
the ocean oxygen isotope record (Shackleton and Pisias,
1985; Shackleton et al., 1990) (Fig. 15). The mid-Pleisto-
cene climate transition, characterized by a shift of
dominant climatic periods from 41 to 100 ka at about
1.0–0.8 Ma, is clearly documented in both ocean oxygen
record and loess deposits in China and Tajikistan, imply-
ing a close relationship between northern hemisphere ice
and Asian loess deposition (Shackleton et al., 1995; Ding
et al., 1995, 2002a,b). A recent study (Ding et al., 2005)
suggests a stepwise weakening of the East-Asian summer
monsoon since the late Pliocene, occurring at 2.6, 1.2,
0.7, and 0.2 Ma, which progressively reduced moisture
transport from ocean to the Loess Plateau. However,
glacial loess units are generally thought to be non-weath-
ered or only slightly weathered in the depositional areas
(Liu, 1988). Therefore, the rapid decrease of chemical
weathering intensity of loess units since 0.85–0.6 Ma is
more likely to reflect the lowered maturity of clastic
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materials in the source regions. This may have resulted
from two processes. First, expansion of northern hemi-
sphere ice resulted in cooling and drying of Asian inland
(e.g., Ding et al., 1995; Liu and Ding, 1998). Second, the
regional tectonic uplift of high mountains (Li, 1991; Sun
and Liu, 2000) produced abundant clastic materials for
the dust source regions through enhanced denudation.
In this context, both climate and tectonic forcing factors
may be responsible for the decreasing chemical weather-
ing intensity since the mid-Pleistocene.

It should be noted that the new proxy still reflects a
mixed signal of weathering from both the source regions
and the depositional areas, though it eliminates the
grain-size effects to a large extent. An important future task
is to develop proxies which can distinguish chemical weath-
ering signal in source regions from that in depositional
areas.

9. Conclusions

The major element and Rb, Sr, and Ba geochemistry of
the north–south loess transect suggest that almost all
elemental abundances and the currently used chemical
weathering proxies such as CIA, Na2O/Al2O3, Rb/Sr,
and Ba/Sr vary considerably with changes in grain size. It
was found that (CaO + Na2O + MgO)/TiO2 ratio of
decarbonated residue is a robust proxy for chemical weath-
ering intensity of loess deposits. The advantages of this
proxy are that: (1) it appears independent of grain size,
thus eliminating the influence of transport-driven differen-
tiation of minerals to a large extent, (2) it reflects the
comprehensive loss of elements for the loess deposits, and
(3) it reflects chemical weathering intensity more reliably
in dust deposits with large grain-size variations. The
(CaO + Na2O + MgO)/TiO2 ratios of the Tajik and
Chinese loess increase rapidly since 0.85–0.6 Ma, indicating
that both the vast dust source regions and the depositional
areas have undergone a decreasing chemical weathering
intensity since the mid-Pleistocene. This event may be
causally related to the expansion of northern hemisphere
ice and/or the regional tectonic uplift of high mountains
in Asia since the mid-Pleistocene.
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