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Abstract

143Nd/144Nd and 87Sr/86Sr ratios of the acid-insoluble residues of the red clay and overlying loess–paleosols from the Lingtai
profile of the Loess Plateau, China, were investigated. The results show that variations of the 87Sr/86Sr ratios of the Lingtai profile
can be divided into two stages. From ∼7 Ma B.P. to 2.5 Ma B.P., the acid-insoluble residues in the Red Clay (RC) Formation, are
characterized by higher 87Sr/86Sr ratios with an average of 0.7230. From 2.5 Ma B.P. to the present, the acid-insoluble residues in
the Wuchen Loess (WL4-WS1), Lishi Loess (L15-S1), Malan Loess (L1) and Holocene Loess (S0) have relatively lower 87Sr/86Sr
ratios and display an overall descending trend from 0.7223 at ∼2.5 Ma B.P. to 0.7182 at the present. Among three possible
interpretations for the variations of 87Sr/86Sr ratios of acid-insoluble residues of the loess (provenance change, chemical weathering
change, or grain-size distribution change), only grain-size distribution change provides a satisfactory interpretation. This implies
that the East Asian winter monsoon strength was weak and relatively stable from ∼7 Ma B.P. to ∼2.5 Ma B.P., but became
continuously enhanced from ∼2.5 Ma B.P. to the present. All the red clay and the overlying loess-paleosols in the Lingtai profile
have generally identical εNd (0), implying that the source regions of these Eolian deposits of the Chinese Loess Plateau may be
relatively stable and has not changed since 7 Ma B.P.
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1. Introduction

The Loess Plateau in northern China contains the
thickest Eolian sediments worldwide and thus can serve
as one of the best-preserved archives of Pliocene–
Pleistocene environmental evolution. The Loess Plateau
is mainly comprised of the Red Clay Formation and the
overlying loess–paleosol sequence. The red clay, with a
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thickness of tens of meters to more than 100 m, began to
accumulate at ∼4 to 7 Ma B.P., based on magnetostrati-
graphic studies (Liu et al., 1988b; Zheng et al., 1991;
Evans et al., 1991; Ding et al., 1998a; Sun et al., 1998;
An et al., 2001). Paleomagnetic measurements at dif-
ferent sites on the Loess Plateau showed that the contact
between the red clay and the overlying loess–paleosols
is around the Matuyama/Gauss magnetic reversal
(Heller and Liu, 1982; Liu et al., 1988b; Kukla and
An, 1989; Rutter et al., 1990; Zheng et al., 1991; Ding
et al., 1992). The entire Red Clay Formation appears to
be strongly pedogenically modified, suggesting a
relatively warm–wet climate (Ding et al., 2000). The
loess–paleosol sequence has been demonstrated to be
a continuous deposit, which is dated back to about
2.5 Ma (Heller and Liu, 1982; Liu, 1985), and is gen-
erally believed to have been formed by transportation
and accumulation of Eolian dusts carried by the East
Asian monsoon (Heller and Liu, 1982; Liu, 1985; Kukla
and An, 1989; Rutter et al., 1990; Ding et al., 1993).

The East Asian climate is mainly controlled by the
summer monsoon (southeasterly winds) and winter
monsoon (northwesterly winds). The archives of the
Fig. 1. Sketch map showing the location of the L
East Asian monsoon change are well preserved in the
loess profiles of the Loess Plateau (Liu, 1985). Some
proxy records have been put forward to indicate
variations in the summer monsoon intensity, such as
magnetic susceptibility (An et al., 1991a; Heller et al.,
1993; Maher et al., 1994; Liu et al., 1995), pollen and
snail assemblages (data reported only from the last
interglacial age to the present; Sun et al., 1997; Rousseau
and Wu, 1997), Rb/Sr ratios (Chen et al., 2000), and
ratios of free iron to total iron contents (Ding et al.,
2001a). However, very limited indices have been
suggested as indicators of the winter monsoon intensity,
such as the abundance of the coarse grain-size fraction
(An et al., 1991b; Lu andAn, 1997) or quartz grains (data
reported only from 130,000 a B.P. to the present, Xiao et
al., 1995). Therefore, it is significant to present new and
reliable proxy indicators for the winter monsoon
intensity. In the present study, we suggest a new proxy
of the winter monsoon strength, i.e. 87Sr/86Sr ratio of the
acid-insoluble residue, and inquire into change of the
East Asian winter monsoon strength since 7 Ma B.P.

The stability of material source regions of the Loess
Plateau is another important problem for the study on
ingtai profile in the Loess Plateau of China.



Table 1
The determined 87Sr/86Sr and 143Nd/144Nd ratios of acid-insoluble
residues from the Lingtai profile

Horizon Depth 87Sr/86Sr Depth 143Nd/144Nd εNd(0)

(m) (m)

L1 5.22 0.718231 (15) 2.30 0.512187 (8) −8.8
S1 12.30 0.720576 (18) 12.50 0.512184 (9) −8.9
L2 16.32 0.719126 (16) 16.32 0.512094 (7) −10.6
S2 20.30 0.720443 (15) 21.10 0.512180 (5) −8.9
L3 25.12 0.720165 (16) 25.32 0.512172 (8) −9.1
S3 26.80 0.721098 (16) 26.70 0.512166 (5) −9.2
L4 30.20 0.720186 (16) 30.40 0.512158 (9) −9.4
S4 33.70 0.720988 (18) 33.70 0.512105 (9) −10.4
L5 35.50 0.720123 (17) 35.30 0.512144 (7) −9.6
S5 42.80 0.721914 (16) 42.70 0.512148 (8) −9.6
L6 47.40 0.720514 (16) 47.60 0.512155 (6) −9.4
S6 50.40 0.720858 (16) 50.40 0.512211 (8) −8.3
L7 54.00 0.721049 (17) 53.80 0.512149 (7) −9.6
L8 56.00 0.512040 (9) −9.7

57.40 0.512178 (8) −9.0
57.72 0.512186 (4) −8.9

S8 58.90 0.720771 (15) 59.10 0.512182 (7) −8.9
L9 64.52 0.720894 (16) 66.12 0.512177 (9) −9.0

66.52 0.720478 (16)
S9 68.30 0.721152 (19) 68.20 0.512168 (9) −9.2
L10 71.10 0.721501 (15) 71.10 0.512282 (14) −6.9

71.52 0.512157 (3) −9.4
71.70 0.512181 (8) −8.9

S12 75.60 0.721397 (17) 75.90 0.512239 (5) −9.7
L13 79.40 0.720912 (16)
S13 81.20 0.721780 (16) 81.50 0.512205 (8) −8.4
L14 83.00 0.720344 (16) 83.80 0.512183 (9) −8.9
S14 84.20 0.721298 (16) 84.00 0.512169 (8) −9.2
L15 87.32 0.720220 (17) 87.50 0.512157 (9) −9.4
S15 90.80 0.720751 (16) 90.80 0.512141 (7) −9.7
L16 92.40 0.721102 (17) 92.20 0.512151 (8) −9.5
S19 101.00 0.721935 (17) 100.00 0.512146 (3) −9.6
L21 106.00 0.721553 (16) 106.40 0.512167 (6) −9.2
S22 110.40 0.722354 (16) 110.40 0.512166 (7) −9.2
L24 118.40 0.721463 (17) 118.60 0.512181 (5) −8.9
S25 125.60 0.722530 (16) 127.20 0.512174 (7) −9.1
L26 129.20 0.721909 (17) 129.20 0.512169 (7) −9.1
S26 131.00 0.722346 (17) 131.60 0.512160 (9) −9.3
L27 134.00 0.721460 (16) 134.80 0.512142 (6) −9.6
S27 140.80 0.722744 (16) 140.60 0.512116 (3) −10.2
L29 144.00 0.721612 (16) 144.00 0.512121 (19) −10.0
S30 147.80 0.723180 (16) 147.60 0.512124 (9) −10.0
S31 153.20 0.722222 (15) 153.00 0.512136 (8) −9.8

157.00 0.722339 (15)
159.40 0.722290 (15)

L32 161.80 0.722973 (15) 161.80 0.512211 (9) −8.3
S32 166.60 0.721929 (15)
L32 154.00 0.512148 (6) −9.6

155.00 0.512153 (4) −9.5
L33 169.60 0.723128 (15) 169.60 0.512152 (8) −9.5
RC 173.00 0.722963 (16)
RC 174.80 0.723348 (15)
RC 187.40 0.723085 (17)
RC 189.80 0.723262 (15) 189.80 0.512142 (6) −9.7

(continued on next page)
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the East Asian climate during the Late Cenozoic. At
present, many conclusions on the proxy indicators of the
East Asian monsoon related to the Loess Plateau are
based on the assumption that material source regions of
the Loess Plateau have kept no change since 7 Ma B.P.

At present, while numerous Nd and Sr isotopic data
for loess and desert samples in different sites in China
have been published (for example, Golstein et al., 1984;
Nakai et al., 1993; Liu et al., 1994; Jones et al., 1994;
Asahara et al., 1995; Honda and Shimizu, 1998;
Asahara et al., 1999; Chang et al., 2000; Yokoo et al.,
2001; Kanayama et al., 2002; Bory et al., 2003; Yokoo
et al., 2004; Nakano et al., 2004), only few investiga-
tions (Gallet et al., 1996; Jahn et al., 2001; Sun, 2005)
were related to the stability of provenance of loess in a
temporally continuous profile of the Loess Plateau.
Gallet et al. (1996) and Jahn et al. (2001) investigated
Nd and Sr isotopes using bulk soil samples of the Loess
Plateau over the past 0.80 Ma to 0.14 Ma, respectively.
They concluded that Nd and Sr isotopic compositions of
the loess–paleosols are rather uniform and suggest a
uniform source region during the period of loess
deposition since 0.80 Ma B.P. However, the temporal
span (0.80 Ma) investigated by them is too short as
compared with 7 Ma of the Loess Plateau. In the present
study, we systematically collected the red clays and
loess–paleosols in the Lingtai profile and determined
the Nd–Sr isotopic compositions of acid-insoluble
residues, in an attempt to provide key constraints on
the stability of source regions of the Loess Plateau and
to reconstruct the East Asian winter monsoon history
since 7.0 Ma B.P.

2. The Lingtai profile

The Lingtai profile is located near Lingtai County
(35°04′N, 107°33′E), Gansu Province, northern China
(Fig. 1). The Lingtai profile consists of a complete
loess–soil sequence with a total thickness of 288 m
including≥100 m of the red clay deposits. It comprises
a lower unit (Red Clay Formation) and an upper unit
(Loess–Paleosol Formation). The Red Clay Formation,
unconformably overlies the Mesozoic fluvial–lacus-
trine sandstones, and could have been deposited from
∼7Ma B.P. to 2.5 Ma B.P. (Liu, 1985; Liu et al., 1988a;
Ding et al., 1993). The Loess–Paleosol Formation
including the Wuchen Loess (WL4-WS1), the Lishi
Loess (L15-S1), the Malan Loess (L1) and the
Holocene Loess (S0), has accumulated from 2.5 Ma
B.P. to the present (Ding et al., 1998b, 1999). To the best
of our knowledge, the Red Clay Formation at Lingtai
may contain the thickest red clay sequence in the Loess



Table 1 (continued )

Horizon Depth 87Sr/86Sr Depth 143Nd/144Nd εNd(0)

(m) (m)

RC 193.20 0.722958 (16)
RC 198.80 0.723418 (17)
RC 204.00 0.722533 (15)
RC 210.40 0.722892 (15)
RC 216.00 0.723414 (16) 216.00 0.512167 (14) −9.2
RC 222.20 0.722657 (17)
RC 228.40 0.722951 (15)
RC 234.60 0.722805 (15) 234.60 0.512119 (6) −10.1
RC 241.80 0.722196 (16)
RC 248.80 0.722821 (15) 248.80 0.512147 (8) −9.6
RC 255.80 0.723532 (17)
RC 262.60 0.723134 (16)
RC 269.20 0.722897 (17) 269.20 0.512142 (8) −9.7
RC 275.20 0.723402 (15)
RC 280.20 0.723054 (16)
RC 286.00 0.721931 (16)
RC 286.40 0.512185 (9) −8.8

εNd(0) = [(
143Nd / 144Nd)sample / (

143Nd / 144Nd)CHUR− 1] × 10,000,
(143Nd /144Nd)CHUR=0.512638.
87Sr/86Sr normalized to 86Sr/88Sr = 0.1194, 143Nd/144Nd to
146Nd/144Nd=0.7219.
The numbers in brackets represent error (2σm). RC—red clay, L—
loess, S—paleosol.
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Plateau. It includes numerous carbonate nodule hor-
izons. A detailed description of the pedostratigraphic
units of the Lingtai profile has been given by Ding et al.
(1999) and Guo et al. (2004). The red clays are among
these nodule levels. They generally contain relatively
abundant clay minerals and Fe–Mn minerals, and are
likely to have been subjected to strong chemical
weathering and pedogenesis (Ding et al., 1998a,b,
1999, 2001a,b).

3. Methods and results

Strontium in the loess and paleosols of the Loess
Plateau is found in two groups of minerals. One group is
detrital minerals derived from source regions. The other is
secondary carbonate, mainly calcite, which formed
mostly during pedogenesis (Chen et al., 1997). Therefore,
the Sr isotopic composition of the bulk soil sample in the
Loess Plateau is affected by pedogenesis and cannot
reflect the information on source materials due to the
existence of secondary carbonates (Yang et al., 2000,
2001). Therefore, it is necessary first to remove car-
bonates from the bulk soil sample in order to get rid of
influence of pedogenesis. A series of different acid-
leaching procedures have been carried out previously by
Sheng et al. (2000) and Yang et al. (2001), and the results
demonstrated that dilute acetic acid leaching (0.5 M) can
dissolve all the calcite in loess samples but does not
essentially destroy the structure of detrital minerals
(quartz, feldspar, clay minerals and dolomite) derived
from source region. The sorting method for the
determination of Nd isotopic compositions of the acid-
insoluble residue of different grain-size fractions of loess,
paleosol and red clay in the Duanjiapo profile of the Loess
Plateau, is as follows: first, N45 μm and 45–28 μm
fractions were successively obtained by sieving; then, the
solution containing the b28 μm fraction was centrifuged
(1000 c/m) for 5 min and the residue 28–2 μm fraction.
The surviving solution was centrifuged again (5000 c/m)
for 30 min and the final residue b2 μm fraction.

87Sr/86Sr ratios of acid-insoluble residues of 63
samples and 143Nd/144Nd ratios of acid-insoluble
residues of 51 samples in this study were measured
(Table 1). The bulk soil samples were gently crushed
with a hammer. Grinding was avoided. Carbonates in the
sample powders were selectively dissolved with purified
0.5 M acetic acid at room temperature for 4 h. After
centrifuging, acid-insoluble residues were digested with
an HNO3+HF+HClO4 mixture and prepared for Sr and
Nd isotopic analyses.

Sr and Nd were separated using standard ion ex-
change techniques (Yang et al., 1997). Sr andNd isotopic
analyses were performed on a VG 354 mass spectrom-
eter with 5 collectors at the Center of Modern Analysis,
Nanjing University. Reproducibility and accuracy of Sr
isotope runs have been periodically checked by running
the Standard Reference Material NBS 987 and Labora-
tory Standard La Jolla during the past 5 years, with a
mean 87Sr/86Sr value of 0.710342±0.000040 (certified
value: 0.710340±0.000260) and a mean 143Nd/144Nd
value of 0.511840±0.000008 (uncertainty given as two
sigma of the mean), respectively. The analytical blank
was b1 ng for Sr and b60 pg for Nd. The 87Sr/86Sr and
143Nd/144Nd ratios of acid-insoluble residues of the
samples from the Lingtai profile are listed in Table 1.

The ages of samples follow Sun and An (2002). The
dates of samples are based on the method of Porter and
An (1995), that is, the control points are first established
according to the dating scales of paleogeomagnetism
and then the ages among the control points are
determined according to the grain size–age model, as
described in detail by Porter and An (1995).

4. Discussion

4.1. Stability of source regions of the Loess Plateau
since 7.0 Ma B.P.

The Sr and Nd isotopes of the loess in the Loess
Plateau may carry various information, including



Table 2
The εNd(0) values of acid-insoluble residues of four grain-size
fractions for the selected three samples (one loess, one paleosol and
one red clay) from the Duanjiapo profile

Sample 143Nd/144Nd εNd(0)

L1, bulk 0.512186 (4) −8.8
L1, N45 μm 0.512185 (4) −8.8
L1, 45–28 μm 0.512200 (9) −8.5
L1, b28 μm 0.512165 (8) −9.2
L1, b2 μm 0.512191 (5) −8.7
S5, bulk 0.512196 (6) −8.6
S5, N45 μm 0.512200 (6) −8.5
S5, 45–28 μm 0.512184 (8) −8.9
S5, b28 μm 0.512175 (9) −9.1
S5, b2 μm 0.512168 (5) −9.2
RC, bulk 0.512169 (7) −9.2
RC, N45 μm 0.512171 (3) −9.1
RC, 45–28 μm 0.512184 (4) −8.9
RC, b28 μm 0.512192 (7) −8.7
RC, b2 μm 0.512199 (5) −8.5
143Nd/144Nd normalized to 146Nd/144Nd=0.7219. RC—red clay, L—
loess, S—paleosol.

Table 3
The comparison between the data of Sun (2005) and us

143Nd/144Nd
(average)

εNd
(0)

Difference

Sun (2005) (Jinchuan)
Loess–paleosol (from 2.5 Ma

B.P. to the present)
0.5120803 −10.8

Red clay (from 8 Ma B.P.
to 2.5 Ma B.P.)

0.5120973 −10.5 0.3

This study (Lingtai)
Loess–paleosol (from 2.5 Ma

B.P. to the present)
−9.3

Red clay (from 7 Ma B.P.
to 2.5 Ma B.P.)

−9.5 0.2
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provenance, monsoon intensity during Eolian transport,
chemical weathering and pedogenesis.

Neodymium in the loess of the Loess Plateau exists
mainly in detrital minerals derived from source regions
and a very small amount of Nd in carbonate. Therefore,
after removing the calcite by dilute acetic acid leaching,
the Nd isotopic composition of the acid-insoluble
residue remains the same as that of the bulk soil sample.

The Nd isotope ratio is generally taken as a powerful
tool for source-area identification because minerals
and rocks have distinct 143Nd/144Nd ratios, depending
on their geologic derivation, and the Nd isotope ratio
is strongly resistant to alteration in surface chemical
weathering and pedogenesis (Golstein et al., 1984;
Goldstein and Jacobsen, 1988; Revel et al., 1996;
Biscaye et al., 1997; Yokoo et al., 2004; Grousset and
Biscaye, 2005).

But no any investigation involving the influence of
grain-size sorting, caused by change of monsoon in-
tensity during Eolian transport, on the Nd isotopic ratio
of the loess has been reported until now.

Table 2 shows the results determined by us for the Nd
isotopic compositions of the acid-insoluble residue of
different grain-size fractions of loess, paleosol and red
clay in the Duanjiapo profile of the Loess Plateau. The
results indicate that the Nd isotopic composition of the
acid-insoluble residue, and is only is related to the
provenance of the source materials.

Table 1 shows the εNd(0) values in the whole Lingtai
profile from 7 Ma B.P. to the present, ranging from −6.9
to −10.6, with an average of −9.3. Except for four
anomalous values, the values lie between −8.8 and
−9.8. The red clay has a relatively narrow range from to
−8.8 to −10.1, with an average of −9.5, and the over-
lying loess–paleosols have εNd(0) values, ranging from
−8.3 to −10.6, with an average of −9.3. The difference
between averages of the red clay and overlying loess–
paleosols is only 0.2ε units. This indicates the relatively
homogeneous εNd(0) values in the whole profile and the
provenance of loess of the Lingtai profile is relatively
stable and has not changed since 7 Ma B.P.

A recent publication by Sun (2005) described Nd
isotopic variations in the Jinchuan profile, only 50 km
away from the Lingtai profile, in the Loess Plateau.
Although the data of Sun (2005) are similar to ours
(Table 3). Sun considered that a change of the source of
loess took place and the source of the red clay is
different from the overlying loess–paleosols. Howmuch
of the fluctuation of εNd(0) in the loess can we recognize
as a reliable change of Nd isotopes over time? The
answer can be obtained from the determination of
analytical error of the isotopic mass spectrometer.

The error of 143Nd/144Nd in a single determination
in an isotope mass spectrometer is generally within
0.000020, which would lead to a change of εNd(0)
within 0.3ε units. In fact, the total experimental error
should include the error of 143Nd/144Nd for multiple
determinations, correction error of Standard Reference
Material, and the chemical error of pre-treatment. It is
generally accepted to be within ±0.000050, which
would lead to a change of εNd(0) within 0.7ε units.
Thus, the Nd isotopic composition has changed or an
isotopic anomaly takes place only when the difference
of εNd(0) between samples is larger than 0.7ε units. It is
obvious from Table 3 that the fluctuations of εNd(0)
values in both of the Lingtai and Jinchuan profiles are



Fig. 2. Variations in εNd(0) of acid-insoluble residues from the Lingtai
profile from 7 Ma B.P. to the present.
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much smaller than 0.7ε units, i.e. the fluctuations are
within the range of the experimental error.

Fig. 2 shows that there are four short positive fluc-
tuations of εNd(0) in the Lingtai profile from 2.6 Ma B.P.
to the present (∼2.6 Ma B.P., εNd(0)=−8.3; ∼1.2 Ma
B.P., εNd(0)=−8.4; ∼1.0 Ma B.P., εNd(0)=−6.9;
∼0.7 Ma B.P., εNd(0)=−8.3). Three anomalous events
since 2.6 Ma B.P. that took place at ∼2.6 Ma B.P.,
1.0 Ma B.P. and 0.7 Ma B.P., respectively, have been
reported and might have been caused by impacts of
extraterrestrial objects (e.g. Kyte and Browalee, 1985;
Kyte et al., 1988; Margolis et al., 1991; Glass and Wu,
1993; Schmid et al., 1993). Another possibility may be
the supply of young volcanic components with higher
εNd(0) admixed to the Asian dust due to the large-
scale volcanisms during the periods of the events (e.g.,
Asahara et al., 1999; Pettke et al., 2000). Furthermore,
Prueher and Rea (2001) have provided a reliable
investigation for the event at ∼2.6 Ma B.P., which
demonstrated that the mass accumulation rates of both
glass and ice-rafted debris of North Pacific deep-sea
sediment increased markedly at 2.65 Ma B.P. and the
flux of the volcanic glass increased just prior to the
flux of ice-rafted material, suggesting that the cooling
resulting from explosive volcanic eruptions was the
ultimate trigger for the intensification of Northern
Hemisphere glaciation at approximately 2.6 Ma B.P.
Therefore, the fluctuations in Nd isotopes towards
higher values at ∼2.6 Ma B.P. and ∼1.0 Ma B.P. in the
Loess Plateau of China revealed in the present study,
seem likely to be corresponded with pulses of circum-
Pacific explosive volcanism.

Controversies also exist about the origin of the red
clay of the Loess Plateau. Some workers, mainly based
on field observations or magnetic susceptibility anisot-
ropy determinations, suggested that, similar to the
overlying loess and paleosols, the red clay is of Eolian
origin (Liu et al., 1988a; Evans et al., 1991; Ding et al.,
1997; Sun et al., 1998). For example, Ding et al. (1998b,
1999) proposed that all of the red levels are of Eolian
origin because they have similar grain-size distribution
and REE patterns to the overlying loess–paleosols.
However, Mo and Derbyshire (1991) believed that the
red clay in the Jing–Le Basin was developed under
warm/temperate and sub-humid conditions as a weath-
ered mantle transported down gentle slopes by creep and
rain wash. Evans et al. (1991) suggested that the upper
part of the Red Clay Formation at Baoji might be of
Eolian origin while the lower part may be of lacustrine
origin. Rea et al. (1998) inferred that the upper sequence
(b3.6 Ma B.P.) of the Red Clay Formation was of Eolian
origin, while the older portion is water-lain. Guo et al.
(2001) put forward that the lower part of the Red Clay
Formation (N6.2 Ma B.P.) may be a water-reworked
deposit related to alluvial and slope processes; the
middle part (from ∼6.2 to 3.6 Ma B.P.) was derived
from in situ Eolian dust deposition; and the upper part
(from ∼3.6 to 2.6 Ma B.P.) is an Eolian dust deposition
also.

The present study provides six εNd(0) values in the
Red Clay Formation, two from the lower member of the
Red Clay Formation, two from the middle member and
two from the upper member. Our results exhibit a
relatively narrow range from to −8.8 to −10.1, with an
average of −9.5. The difference between the average



Fig. 3. Variations in 87Sr/86Sr ratios of acid-insoluble residues and median grain size (Md) (Ding et al., 2001a,b) from the Lingtai profile with
sampling depth.
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εNd(0) of the red clay and the overlying loess–paleosols
is only 0.2ε units. Therefore, no matter how the red clay
was deposited, the lower, middle and upper members of
the Red Clay Formation have the identical source
regions and the source regions of the red clay are the
same as those of the overlying loess–paleosols.
4.2. Variations in 87Sr/86Sr in the Lingtai profile since
2.5 Ma B.P.

The variations of 87Sr/86Sr ratios of acid-insoluble
residues from the Lingtai profile since 2.5 Ma B.P. are
shown in Fig. 3. They have two features: (1) the
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87Sr/86Sr ratios of acid-insoluble residues in the loess
levels are generally lower than those in the intercalated
paleosol levels, (2) an overall descending trend is from
0.7230 at ∼2.5 Ma B.P. to 0.7182 at the present.

In general, there are three possible interpretations for
the variations of 87Sr/86Sr ratios of acid-insoluble residues
of thewhole Lingtai profile: provenance change, chemical
weathering change, and grain-size distribution change.

As mentioned above, very few investigations on
provenance change of the loess have been published
until now. Gallet et al. (1996) and Jahn et al. (2001)
investigated Nd and Sr isotopes using bulk soil samples
of the Loess Plateau over the past 0.80 Ma to 0.14 Ma,
respectively. Gallet et al. (1996) obtained nearly iden-
tical εNd(0) values for the bulk loess and paleosol sam-
ples in the Luochuan profile, which are in a range from
−9.1 to −10.4 since 0.80 Ma B.P., with an average of
−9.7. They concluded that Nd and Sr isotopic com-
positions of loess–paleosols are rather uniform and
suggested a uniform source region during the period of
loess deposition since 0.80 Ma B.P. No any other
reliable evidence about provenance change has been
reported until now, except that Sun (2005) considered
that the source of the red clay sequence might be
different from the overlying loess–paleosols. However,
his inference might be problematic as we have pointed
out above, based on his data and experimental error
analysis. In the present study, our Nd isotopic data verify
that the source areas of the loess of the Loess Plateau
were generally stable since 7 Ma B.P.

The second interpretation is involved with chemical
weathering. In essence, Sr (in particular the radiogenic
fraction) in minerals is comparably soluble. Hence,
enhanced rainfall may lead to enhanced chemical
weathering, which in turn will preferentially remove
the radiogenic portion of the host material, forming the
basis for the leachate isotope approach. In this process,
the Sr isotope ratio of the host material would be
reduced as well. In the case of the Loess Plateau, the
decrease in Sr isotopic composition in acid-insoluble
residues of the Lingtai profile since 2.5 Ma B.P. would
indicate a long-term increase in chemical weathering.
But this interpretation of chemical weathering is in a
Table 4
The 87Sr/86Sr ratios of acid-insoluble residues of four grain-size fractions for
from the Lingtai profile

Sample depth (m) Bulk soil sample N45 μm sample

71.30 (L) 0.720951 (10) 0.722665 (18)
165.40 (S) 0.720509 (12) 0.718122 (20)
273.40 (RC) 0.721554 (18) 0.719930 (13)

87Sr/86Sr normalized to 86Sr/88Sr=0.1194. The numbers in brackets represen
strong contradiction with the fact that the 87Sr/86Sr
ratios of acid-insoluble residues in the loess are usually
lower than those in the intercalated paleosol levels. It is
generally accepted now that the loess of the Loess
Plateau accumulated by higher atmospheric dust influx
under a strong winter monsoon (weak chemical weath-
ering) during glacial periods, while the paleosol was
developed under an intensified summer monsoon
(strong chemical weathering) and a weakened winter
monsoon during interglacial periods (Liu, 1985; Kukla
and An, 1989; An et al., 1991a; Rutter and Ding, 1993).

The third interpretation is related to grain-size dis-
tribution change. Dasch (1969) and Biscaye and Dasch
(1971) have argued that Sr isotopic ratios of the loess
could be a function of grain sizes, depending on
monsoon intensity during Eolian transport, and there-
fore provided less information about provenance than
desired. In order to further verify the influence of grain
sizes on the Sr isotopic ratio, we selected three samples
(one loess, one paleosol and one red clay) and separated
them into four grain-size fractions, and the Sr isotopic
composition of acid-insoluble residue of each fraction
was analyzed. The sorting method of grain-size fractions
was the same as described above. The Sr isotope results
are shown in Table 4. Clearly, all of the fine grain-size
fractions (b2 μm) have higher 87Sr/86Sr ratios than the
bulk soil samples and coarser grain-size fractions.

One of the consequences of the intense winter
monsoon is grain-size sorting during Eolian transport,
meantime leading to mineral sorting as well. The ratio of
fine to coarse grain-size fractions in the loess of the Loess
Plateau decreased during the strong winter monsoon;
however, the ratio of fine to coarse grain-size fractions in
paleosols increased during the weak winter monsoon.
Therefore, the 87Sr/86Sr ratio of acid-insoluble residue of
the loess is a proxy indicator of the winter monsoon, and
the curve of 87Sr/86Sr ratios of acid-insoluble residues of
the Lingtai profile may reflect variations in the winter
monsoon intensity since 7.0 Ma B.P.

Previous studies on mineralogy of the loess and
paleosols of the Loess Plateau have revealed that they
consist mostly of quartz, mica, feldspar, carbonate and
clay minerals, and that these clay minerals are finer
the selected three samples (one loess, one paleosol and one red clay)

45–28 μm sample 28–2 μm sample b2 μm sample

0.719476 (7) 0.720302 (10) 0.726261 (9)
0.720316 (18) 0.719415 (13) 0.729943 (29)
0.720479 (28) 0.719946 (12) 0.725733 (9)

t error (2σm). RC—red clay, L—loess, S—paleosol.
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grained than the silt-sized quartz and feldspar grains and
are concentrated in the b2 μm grain-size fraction (Liu,
1985; Zheng et al., 1994). As mentioned above, the
loess of the Loess Plateau was formed under a strong
winter monsoon during glacial periods, while the
paleosols were developed under an intensified summer
monsoon and weak winter monsoon in interglacial and
interstadial periods. This gave rise to more clay minerals
(with high Rb/Sr and 87Sr/86Sr ratios) and less feldspars
in the paleosols than in the loess, leading to the paleosol
with higher 87Sr/86Sr ratios than the loess.

The variations in 87Sr/86Sr ratios of acid-insoluble
residues of the Lingtai profile in Fig. 3 can be divided into
two stages. The first stage is the Red Clay Formation from
∼7 Ma B.P. to 2.5 Ma B.P. and is characterized by a high
average ratio of 0.7230. The second stage is the overlying
loess–paleosols and the 87Sr/86Sr ratios display an overall
descending trend from 0.7230 at∼2.5 Ma B.P. to 0.7182
at the present. This result implies that the East Asian
winter monsoon was weak and relatively stable from
∼7Ma B.P. to∼2.5 Ma B.P. and that it was continuously
enhanced from ∼2.5 Ma B.P. to the present.

Median grain size (Md) (the fiftieth percentile value
of the grain-size distribution). is lower in the paleosols
than the loess (Zheng et al., 1994; Lu and An, 1997).
The concentration of coarse grain-size or median grain-
size (Md) fractions has been used as a proxy indicator of
the winter monsoon intensity (Lu and An, 1997; An
et al., 2001).

Fig. 3 shows that Md in the Lingtai profile is generally
low in the first stage from∼7 Ma B.P. to 2.5 Ma B.P., but
shows a higher variability and a gradually increasing trend
at the second stage from∼2.5 Ma B.P. to the present. The
Md variation is similar to that of 87Sr/86Sr ratios of acid-
insoluble residues in the Lingtai profile. The fluctuations
of both 87Sr/86Sr ratios and Md of the Lingtai profile
imply: (1) the East Asian winter monsoon might be weak
from ∼7 Ma B.P. to ∼2.5 Ma B.P., (2) the East Asian
winter monsoon strengthened from ∼2.5 Ma B.P. to the
present, and (3) ∼2.5 Ma B.P. was a pivot between these
two stages. These conclusions are consistent with the
climate-model simulations for glacial conditions (Prell and
Kutzbach, 1992). The major Northern Hemisphere
glaciation began at ∼2.5 Ma B.P. and the strengthened
wintermonsoon northwesterlywinds across easternAsian.
Continued aridity in central Asian were caused by the
Quaternary climatic fluctuations on the glacial–interglacial
timescale, which may be genetically related to continued
uplift and expansion of the Tibet–Qinghai Plateau along its
northern and eastern margins (An et al., 2001).

On the basis of the temporal variations of the monsoon
indices, mainly magnetic susceptibility and coarse grain-
size fraction, Rb/Sr ratio and Eolian flux, An et al. (2001)
divided the East Asian climate from 6 to 2 Ma B.P. into
three intervals. The period from 6 to ∼3.6 Ma B.P. was
characterized by considerable variability of the monsoon
indices but relatively small trends. The period from about
3.6 to 2.5 Ma B.P. contained simultaneous intensification
of both summer andwintermonsoon on the Loess Plateau,
as well as a sustained increase of Eolian flux to the North
Pacific. After 2.5 Ma B.P., the East Asian summer
monsoon becomes more variable and the East Asian
wintermonsoon intensified. The investigation ofRea et al.
(1998) also clearly showed that an increase in Asian dust
flux to the Pacific occurred at 3.6 Ma B.P. The present
investigation of 87Sr/86Sr ratios of the Lingtai profile has
obtained similar results to those of An et al. (2001) at two
intervals from 6 to∼3.6 Ma B.P. and from 2.5 Ma B.P. to
the present, but the change of another interval from ∼3.6
to 2.5 Ma B.P. has not been observed. The Nd fluctuation
of the Lingtai profile also is not compatible with such
variations in the 3.6–2.5 Ma B.P. interval (Fig. 3).

5. Conclusions

The following conclusions can be drawn by the
present study on Nd and Sr isotopes of acid-insoluble
residues from the Lingtai profile of the Loess Plateau:

(1) 87Sr/86Sr ratios of acid-insoluble residues in the
loess levels are generally lower than those in the
intercalated paleosol levels. It is attributed to finer grain-
size fractions or more clay minerals in the paleosol than
in the loess.

(2) Variations in 87Sr/86Sr ratios can be divided into
two stages. The first stage (∼7 Ma B.P. to 2.5 Ma B.P.)
is characterized by an average value of 0.7230. In the
second stage the 87Sr/86Sr ratios display a stronger
variability and overall descending trend from 0.7230
at ∼2.5 Ma B.P. to 0.7182 at the present. This stage
includes the Wuchen Loess (WL4-WS1), the Lishi
Loess (L15-S1), the Malan Loess (L1) and the Holocene
Loess (S0). It implies that the East Asian winter
monsoon was weak and relatively stable from ∼7 Ma
B.P. to ∼2.5 Ma B.P. and that it was continuously
enhanced from ∼2.5 Ma B.P. to the present.

(3) Based on Nd isotopes, the source areas of the
Loess Plateau may have been relatively constant since
7 Ma B.P., and both red clay and overlying loess–
paleosols may have the same source regions.
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