
Climate Dynamics (1996) 12:701-709

Cllnmate
Rynamlcs

0 Springer-Verlag 1996

High frequency pulses of East Asian monsoon climate in
the last two glaciations: link with the North Atlantic
Z. Guol, T. Liuí, J. Guiotí,  N. Wul, H. Liií,  J. Haní, J. Liul, Z. GUI

I Institute of Geology, Chinese Academy of Sciences, PO Box 9825, Beijing 100029, China
* Laboratoire de Botanique Historique et Palynologie, UA CNRS 1152, FacultC  de St-JCrBme,  Marseille F-13397 CCdex 20

Received: 16 October 1995 / Accepted: 10 May 1996

Abstract. Three loess sections in the Loess Plateau of
China have been studied to characterize the variations
of the East Asian monsoon climate in the Late Quater-
nary period. Paleo-weathering profiles based on two
weathering indices reveal a series of spatially correla-
tive intervals of lower weathering intensity (LW), in
the last glacial and late penultimate glacial loess, indi-
cating significantly cooler or/and drier conditions.
Most of them are identified at or near the transitional
boundaries between loess and soil units, suggesting
that climatic conditions favorable for LW events
tended to occur at or near major climatic boundaries.
Twenty-eight radiocarbon and thermoluminescence
measurements, combined with Kuklaís magnetic sus-
ceptibility age model date these events at - 14, - 21,
-29, -38, -52, -71, - 135, and - 145 ka BP, with
- 5-10 ka frequency inlaid within the orbitally induced
-20-ka periodicity. The ages of the first six events in
the last glacial period are therefore close to those of
the coarse-grained Heinrich layers in the North Atlan-
tic Ocean, which resulted from massive discharges of
icebergs. The results indicate that the climate in the
area affected by the East Asian monsoon has experi-
enced high-frequency changes more or less synchron-
ous with the Heinrich events. These high-frequency
changes have been reported by Porter and An, based
on the grain-size time series from the Luochuan loess
section. Our data also reveal that similar events also
occurred during the penultimate glaciation. The mech-
anisms linking the Heinrich events and the East Asian
monsoon climate may be similar to that driving the
Younger Dryas event which has been identified in a
large number of records in China and in the surround-
ing oceans.

Correspondence to: Z. T. Guo

1 Introduction

The Quaternary soil-loess sequences in the Loess Pla-
teau of China provide complete and continuous re-
cords of East Asian monsoon climate (Liu 1985; Kukla
1987; Liu and Ding 1993; Liu et al. 1993; Ding et al.
1994). This is particularly true for the sequence from
the last climatic cycle (An et al. 1991; Beer et al. 1993;
Liu et al. 1995). The modern climate in the region is
mainly driven by two alternative monsoons (Zhang
and Lin 1987) i.e., the warm-humid southeast summer
monsoon leading to abundant precipitation in summer;
and the cold-dry northwest winter monsoon responsi-
ble for dust storms in winter and early spring (Liu
1985; An et al. 1993). Numerical experiments (Ruddi-
man et al. 1989; Manabe and Broccoli 1990) suggested
that the initiation of monsoon climate in Asia might be
associated with orographic uplift of the Himalayas and
of the Tibetan Plateau which can be traced back to the
pre-Quaternary era (Turner et al. 1993),  as seems con-
sistent with geological evidence of the monsoons (Liu
and Ding 1993). The soil-loess sequence is therefore
commonly interpreted as indication of alternating wax-
ings and wanings of the summer and winter paleomon-
soons where the soil-forming periods correspond to
strengthened summer monsoon and loess deposition
correspond to strengthened winter monsoon (An et al.
1991; Liu et al. 1995; Maher et al. 1994). Loess deposi-
tion and pedogenesis are, indeed, competing processes
at all times, and the presence of a paleosol simply indi-
cates that the latter process was predominant (An et al.
1991; Guo et al. 1991; Verosub et al. 1993).

Many of the earlier studies on loess were mainly
centered on the long-term evolution and major climat-
ic events attributable to planetary orbital or ice-sheet
forcing (An et al. 1991; Ding et al. 1994; Liu et al. 1995;
Guo et al. 1996). Several studies (Zhou et al. 1991; An
et al. 1993),  however, indicate that the temporal resolu-
tion of the soil-loess sequences is sufficient to record
climatic events of much shorter duration. In recent
years, studies in the North Atlantic (Heinrich 1988;
Broecker et al. 1992; Bond et al. 1992, 1993) and
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Greenland (Dansgaard et al. 1993) have demonstrated
that rapid, high-amplitude climatic changes have been
recorded in deep-sea sediments and in ice cores. De-
termination of the geographic extent of these changes
is crucial for an understanding of the mechanisms driv-
ing these changes. Our question asks to what degree
are these rapid events recorded in loess and in other
climate-related records of Chinaí.

A correlation between the Luochuan loess section
in China and the Heinrich events in North Atlantic has
been proposed by Porter and An (1995). Based on a
study of paleo-weathering intensity of three loess sec-
tions in the Loess Plateau region and our published
dating results, this work attempts to study (1) whether
these climatic signals have been documented by other
climate proxies from other localities; and (2) whether
similar signals exist in the late penultimate glacial
loess.

2 General setting and methods

The three sections studied are located, from the south-
ernmost to the northern part of Loess Plateau, at Wei-
nan (34î20  ëN, 109î30  ëE), Luochuan (upper Heimu-
gou section, 35î45  ëN, 109î25  ëE) and Yichuan
(36î03  ëN, 110î30  ëE) and all of them are in the Shaan-
xi Province (Fig. 1). The studied portion of the loess
sequence involves the Holocene soil at the top (SO)
(Fig. 2); the Malan loess (Ll);  the soil complex of the
Last Interglacial (Sl);  and the upper part of the penul-
timate glacial loess unit (L2). The middle part of the
Malan loess (Ll) contains a weak soil complex usually
referred to as LlSSl (Kukla and An 1989). At Weinan,
it can be defined as two soils intercalated by a thin
loess layer. The Sl soil at Weinan consists of three sub-
soil units (Liu et al. 1995). The upper part (34 cm at
Weinan; 50 cm at Luochuan; and 80 cm at Yichuan) of
the SO soil at the three sites has been disturbed by ag-

ricultural activities, and only the lower part is undis-
turbed, as is confirmed by micromorphological obser-
vations.

Magnetic susceptibility has proven particularly use-
ful in characterizing the stratigraphic boundaries of
soil-loess sequences in China (Kukla et al. 1988; Kukla
and An 1989). The susceptibility signal is usually
greater in soils than in the over- and underlying loess.
To ensure an accurate stratigraphic correlation of the
studied sections, magnetic susceptibility is measured
on dry samples taken at 10 cm intervals using a Bar-
tington susceptibility meter and is expressed in SI units
(Fig. 2).

To assess the weathering intensity, samples were
taken at 10 cm intervals representing an approximate
average temporal resolution of -750-800 years for
Malan loess (Ll) and -1800-2100 y for SO and Sl
soils, based on published chrono-stratigraphic studies
(Kukla et al. 1988; Liu et al. 1995). We use two indices
of weathering:

1. The chemical index of weathering (CIW) defined
by Harnois  (1988),  as CIW = A1203*100/(A1203
+ CaO + NazO)  (molecular proportions), is a measure-
ment of the proportion of A1203  versus the labile ox-
ides in the samples. The CIW is calculated based on
the data of chemical composition analyzed by X-ray
fluorescence using a Philips PW-1400 unit. To elimi-
nate the effect of dissolution and reprecipitation of cal-
cium carbonate on the CIW values, carbonate content
is measured in order to calibrate the X-ray fluores-
cence data. The calibrated results represent the chemi-
cal composition of non-calcareous material and are
used to calculate CIW.

2. The Fed/Fet ratio is a measurement of iron liber-
ated from iron-bearing silicate minerals by chemical
weathering to total iron, widely used by European pe-
dologists (Duchaufour 1983). ìFedî is the free iron
and is extracted by dithionite-bicarbonate-citrate
method (Mehra and Jackson 1960) and is measured

Fig. 1. Map of Chinese Loess
Plateau (shaded) and location
of the mentioned loess sections
(after Kukla and An 1989)
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Fig. 2. Stratigraphic correlation of the studied sections based on
magnetic susceptibility and lithologic boundaries

Another method of dating loess is Kuklaís magnetic
susceptibility model (Kukla et al. 1988; Kukla and An
1989) which assumes a constant deposition rate for
magnetic minerals and calculates a time scale based on
sediment thickness, weighted by susceptibility, by in-
terpolation between two known age controls. Kuklaís
assumptions have been contested by some rock mag-
netic studies (Zhou et al. 1990; Heller et al. 1993; Vero-
sub et al. 1993) which suggest a pedogenic-dominant
origin of magnetic minerals. The results of the model,
however, (Kukla et al. 1988; An et al. 1991) have de-
monstrated that it is a valuable working model, and is
better than the one which assumes a constant eolian
dust accumulation rate between the control ages, be-
cause the susceptibility signal, whatever its origin, is
generally in inverse proportion to the sedimentation
rate (Kukla et al. 1988; Kukla and An 1989).

spectrophotometrically. The ìFetî is the total iron and The Weinan section has so far been the best dated
is measured on acid dissolved samples (McKeygue by both 14C  and TL (Liu et al. 1994) and is used here
1981) by spectrophotometer. The possibility of iron as a stratigraphic standard (Fig. 4). The TL results
translocation in the Ll loess unit can be basically ex- from this section are coherent with those from the oth-
cluded as no evidence of clay illuviation and hydro- er sections (Fig. 3) and the TL ages for the upper part
morphy features were identified, even in the LlSSl of the Weinan section are also coherent with the 14C
soil. ages.

3 Stratigraphic correlation and time scales

The stratigraphic correlation of the three studied sec-
tions is given in Fig. 2. The magnetic susceptibility data
provide boundaries that are generally coherent with
the lithologic ones identified in the field, except for the
lowermost part of the Sl soil complex in the Weinan
section. This part of the section corresponds to soil ho-
rizons rich in Fe-Mn features attributable to higher soil
humidity in which the lower susceptibility values may
be explained by pedogenic hydromorphic process af-
fecting the iron minerals responsible for the suscepti-
bility signal (Liu et al. 1995).

The loess sequences of the last climatic cycle are
usually dated by radiocarbon and thermoluminescence

(TL) measurements (Lu et al. 1988; Kang 1990; For-
man 1991; Zhou et al. 1991; Liu et al. 1994; Sun et al.
1995). Correlation with marine al80 records (Beer et
al. 1993) and orbital cycles (Ding et al. 1994; Liu et al.
1995) is also frequently used for the construction of ti-
mescales. In previous studies (Kukla 1987; Liu et al.
1995) soil SO was correlated with the deep-sea oxygen
isotope stage 1; loess Ll was correlated with isotope
stages 2, 3 and 4, the weak soil complex (LlSSl)  with
stage 3, and the Sl soil with stage 5. Absolute dating
confirms this pattern of correlation (Fig. 3) except for
the lower boundary of the soil complex LlSSl in the
Malan loess: most of the TL dating yielded ages cen-
tered at -50 ka, which is significantly younger than
the age of stage 3 (-59 ka) according to Martinson et
al. (1987). The TL age is, however, in good agreement
with the oxygen isotope age of - 50 ka provided by the
eolian dust record in the North Pacific (Hovan et al.
1989),  which represents a direct link between the Chi-
nese loess and marine al80 records.

We apply two methods to develop the timescales for
this section. Firstly, we reject one apparently anoma-
lous TL age at 11.05 m depth and use all the others
(Fig. 4) to devise a time scale by polynomial regression
(model A). Secondly, we carefully examine the dating
results by calculating the accumulation rate (Fig. 4) to
eliminate the obviously or possibly outlying dates. The
second age model (model B) uses only the apparently
reliable age controls, interpolated by the susceptibility
age model (Kukla and An 1989). The ages for the por-
tion of the L2 loess below the lowest TL sample are
extrapolated, assuming a sedimentation rate compara-
ble to the Ll loess. The two age/depth models are gen-
erally consistent with the maximum difference of
- 5.8 ka at 5.84 m depth, and - 8.9 ka at 10.84 m depth
(Fig. 4). Model B is considered to be superior to model
A because: (1) model B uses only the most reliable
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Fig. 3. Thermoluminescence (TL) dating results of five loess sec-
tions with available magnetic susceptibility measurements. TL
data for the Upper and Lower Heimugou (Luochuan) and mag-
netic susceptibility measurements on which stratigraphic boun-
daries are based are from Forman (1991). Data for Beimapo
(Lantian, 34îlO  ëN, 109î19  ëE) are from Lu et al. (1988),  with
magnetic susceptibility and stratigraphic boundaries given by An
et al. (1991). Data for Beiyuan (Linxia, 35î37  ëN, 103î12  ëE) are

dates; and (2) the interpolation by the susceptibility
model takes into account the accumulation rate, and
thus is probably more suitable than any other regres-
sion. Both the age models are in good agreement with
the previously published chrono-stratigraphic ap-
proaches shown in Fig. 3 in the Loess Plateau region.
The ages of the stratigraphic boundaries (SO/LlLLl,
LlLLl/LlSSl,  LlSSULlLL2,  LlLL2/Sl  and SUL2)  of
the two age models for the Weinan section are used as
control points to perform the depth-age transforma-
tions for the Luochuan and Yichuan sections using the
susceptibility model. The time scales for Luochuan sec-
tion are consistent with previously published TL meas-
urements (Forman 1991).

4 Paleo-weathering  sequences

The variations in paleo-weathering  intensity in the
three sections are shown in Fig. 5, showing, overall,
much higher values in soils than in loess, which is con-
sistent with the stratigraphies in the field and in Fig. 2.
Some minor differences exist between the curves,
which may be attributable, firstly, to local factors, and
secondly, to the fact that the two indices are based on
the analyses of different elements. We have analyzed
both indices on the samples of the Luochuan section.
The CIW index has a higher coherency with the strati-
graphic changes, so that it may be better than the Fed/

from Kang (1990) (but see Fang et al. 1994 for English version)
with stratigraphic boundaries and magnetic susceptibility given
by An et al. (1991). Data for Caijiagou (Yulin, 38î20íN,
109î30  ëE) are from Sun et al. (1995). The two loess layers inter-
bedded in the aeolian sandy beds at Caijiagou may correspond to
the two soils in the LlSSl soil complex at Weinan according to
the magnetic susceptibility results

Fet ratio as an index of the weathering history of
loess.

A striking feature of all three sections is a series of
sub-fluctuations that are inlaid within these longer-
term trends, which represent intervals of low weather-
ing intensity within the Ll and L2 loesses (marked by
shadowed zones in Fig. 5). They exist in the three sec-
tions at similar stratigraphic positions, and thus must
be related to common climatic conditions. Since the av-
erage soil temperatures in the region are below 0°C
from late autumn to early spring under modern inter-
glacial conditions (Institute of Soil Sciences 1978) the
chemical weathering of loess mainly depends upon
summer temperatures and precipitation, and/or on the
dust accumulation rate in winter and spring. Conse-
quently, high weathering intensity can be interpreted
as an indication of strengthened summer monsoon
and/or weakened winter monsoon, and lower weather-
ing intensity indicates the reverse. The intervals of low
weathering intensity (LW-1 through LW-8) therefore
indicate significant weakening of the summer monsoon
and/or strengthening of winter monsoon. These fluc-
tuations have no significant signals in magnetic suscep-
tibility (Fig. 2) for which the cause is unknown.

In the Malan loess (Ll), the six intervals of low wea-
thering intensity values (LW-1 through LW-6) can be
identified in all the three sections with the first two
more clearly expressed in the Luochuan section. An-
other notable aspect is that most of them occur at or
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Fig. 4. Depth-age relationships of the Weinan section. All abso-
lute dating results are from Liu et al. (1994). Blat  squares are
radiocarbon ages of humins; plus signs are radiocarbon ages of
humic acid; hiangles  are TL ages. Liu et al. (1994) recommend
the higher quality ages measured on humins because of their
more stable chemical properties. Controversy with depth appears
for radiocarbon ages older than 26000 years. The TL age at
11.05 m depth is anomalously young compared with the sur-
rounding samples. Calculation based on the absolute ages gives
an average accumulation rate of 6.7 cm/ka for the 1.49-1.95 m
interval; 238.6 cm/ka years for the 1.95-3.0 m interval; 97 cm/ka
for the 4.85-5.5 m interval and 7.25 cm/ka for 5.50-6.65 m inter-
val, suggesting that the r4C date of 17130* 260 on humins at
1.95 m depth may be too old and that of the TL date of

near the transitional boundaries between soil and loess
units. The LW-1, LW-2, LW-5, LW-6 and LW-7 inter-
vals are located, respectively, at or near the transitional
boundaries SO/LlLLl,  LlLLl/LlSSl,  LlSSULlLL2,
LlLLYSl  and Sl/L2. At Weinan, the LW-4 interval
covers the thin, weathered loess layers within the
LlSSl soil complex. The LW-8 peak at Yichuan is lo-
cated just above the upper boundary of a weak soil vis-
ible in the field. Only the LW-3 interval is an exception
as it lies entirely within the soil unit LlSSl and not
near a soil/loess  boundary. The identification of these
low weathering intervals is also confirmed by an inde-
pendent micromorphological study (Guo 1990) of the
Malan loess at the Xifeng section (35î42  ë N ,
107î36  ëE), in which five horizons are revealed with
fragmented microstructure and a striking decrease in
indications of biological activity. The fragmented mi-
crostructure has been interpreted as a result of cryog-
enic processes, and the weak biological activity evi-
dences the quasi-absence of vegetative cover (Guo

10 12

35380*  1910 at 4.85 m depth may be too young. Model A (con-
tirzuous line) is developed by a polynomial regression on the ab-
solute dating results after rejecting the anomalous TL date at
11.05 m depth. The fitted curve is a fifth-order polynomial:
Y =84.93X-8.99*1O-zX2+1.76*lO-sX3+2.31*1O-7X4-1.4O*
lo-ëìXî+63.14  (Rí=0.9932,  c o e f f i c i e n t  o f  d e t e r m i n a -
tion =0.9966,  standard error of the estimate =3166.43).  Model B
(dotted line) is constructed using the susceptibility age model of
Kukla et al. (1988),  and using the 14C dates on humins and ther-
moluminescence measurements as control points in rejecting the
possibly anomalous ìC  date at 1.95 m, TL dates at 4.85 m and
11.05 m, and the ìëC  dates>26000 years. The legend of the stra-
tigraphic units is the same as in Fig. 2

1990). These horizons at Xifeng are located respective-
ly near the transitional boundaries Sl/LlLLl,  LlLLl/
LlSSl, LlSSULlLL2,  LlLL2/Sl  and SUL2, and are
thus at stratigraphic levels similar to the LW-1, LW-2,
LW-5, LW-6 and LW-7 low weathering intervals of this
study.

The ages of the LW intervals on both model A and
B timescales are given in Table 1. Spectral analysis of
the Weinan CIW sequence (calculated on model B
ages) (Fig. 6) reveals a strong -20 ka period (0.05 cy-
cle/ka frequency) attributable to precessional forcing
(Berger 1989),  suggesting the validity of the time scales
used. The model B ages for the Weinan section date
the first seven low weathering intensity events at - 14,
-21, -29, -38, -52, -71, and 135 ka BP, respective-
ly, with minor differences amongst it and the other two
sections. The differences are within the possible errors
of susceptibility- and lithology-based stratigraphic cor-
relation. Linear correlations of the four weathering
curves plotted on the model B ages yield the correla-
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Fig. 5. Chemical weathering indices (CIW and Fed/Fet ratio) in
the studied sections. The intervals of lower weathering intensity
(LW)  are numbered and marked by shadowed zones. The dotted
lines through the plus signs are raw data and continuous lines are
the smoothed data using a two-point moving average function.
The legend of the stratigraphic units is the same as in Fig. 2

Table 1. Comparative ages of low weathering events (LW) iden- Bond et al. (1992). Later r4C  measurements in V23-81  and V30-
tified by CIW and Fed/Fet weathering indices in Chinese loess 101 cores revised the age estimates for Heinrich events 3 and 4
sections and Heinrich events in the North Atlantic. Chronology from 28 to 27 ka BP and from 41 to 35.5 ka, respectively (Bond et
of Heinrich layers in the North Atlantic DSDP 609 site is from al. 1993)

I I I I I

0.2 0.4 0.6
-r

Frequency (cycle/ka)

Fig. 6. Spectral analyses of the Weinan CIW time series (non-
smoothed data plotted on model B ages). The analysis is per-
formed using the maximum entropy method (Burg 1967). As the
time series is too short for analyzing longer cycles, periods
> 30 ka have been removed using a digital filter. The thick curve
(logarithmic scale) represents the spectral density and the fine
curve (logarithmic scale) represents the 95% confidence limit

tion coefficients (R) of 0.71 between the Luochuan
CIW and the Weinan CIW, 0.82 between the Luo-
chuan CIW and the Luochuan Fed/Fet,  0.80 between
the Luochuan CIW and the Yichuan Fed/Fed, 0.71 be-
tween the Weinan CIW and Yichuan Fed/Fet, 0.65 be-
tween the Weinan CIW and the Yichuan FedlFet, 0.76
between the Luochuan Fed/Fet and the Yichuan Fed/
Fet. In progressively dislocating the data between the
two analyzed series, the coefficients decrease. These
suggest that the four curves are generally coherent.

5 The China-North Atlantic link

Although the ultimate causes of the climatic events re-
flected by the LW intervals remain enigmatic, the ages
of the first six LW intervals in the Malan loess (Ll),

LW Events Weinan

Model A Model B

Louchuan

Model A Model B

Yichuan

Model A Model B

Heinrich layers in
DSDP 609 site

LW-1 14.7- 15.8 13.3- 14.1 12.7- 15.2 12.6- 14.6 13.4- 14.8 12.8- 14.2 Hl - 14.3
LW-2 21.3- 22.5 20.4- 21.9 20.2- 23.4 19.5- 22.9 20.6- 23.2 20.0- 22.7 H2 -21.0
LW-3 26.1- 27.5 28.9- 30.8 26.9- 28.7 27.2- 29.3 25.6- 27.6 25.6- 28.0 H3 - 28.0
LW-4 31.8- 35.2 36.9- 40.4 37.7- 41.0 40.2- 44.2 34.0- 36.5 35.7- 38.8 H4 -41.0
LW-5 46.4- 50.0 50.6- 54.5 51.6- 55.3 54.5- 57.1 48.9- 53.6 52.5- 55.9 H5 - 52.0
LW-6 70.4- 77.2 70.7- 73.2 68.9- 77.2 67.1- 73.2 70.6 73.9 68.4- 70.8 H6 - 69.0
LW-7 135.3-136.5 135.1-137.9 132.8-135.2 134.7-137.1 134.4-136.2 136.3-138.1
LW-8 141.6-145.2 143.5-147.1
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within the constraints of our time scales, are close to
being synchronous with those of the prominent Hein-
rich layers (Hl to H6) in the North Atlantic basin (Ta-
ble 1). The Heinrich layers are a series of strata, rich in
ice-rafted, lithic fragments, poor in foraminifera, and
which resulted from massive discharges of debris-laden
icebergs into the North Atlantic (Heinrich 1988;
Broecker et al. 1992; Bond et al. 1992, 1993). The
Heinrich events were also marked by decreases in sea
surface temperature and in salinity (Bond et al. 1992),
and have been shown to have had global expression, as
indicated by several terrestrial climate records (Grimm
et al. 1993; Guiot et al. 1993; Broecker 1994; Lowell et
al. 1995). A seventh Heinrich event may exist right at
the termination of the penultimate glaciation in the
North Atlantic (Broecker 1994) which may be corre-
lated with the LW-7 low weathering intensity interval
in the L2 loess (Fig. 5). No 8th Heinrich event has been
reported in the North Atlantic which might correspond
with the LW-8 interval in the penultimate glacial loess
at Yichuan (Fig. 5). Although the LW-1 and LW-2 at
Weinan and Yichuan are less clear than at Luochuan, a
high resolution pollen record from the South China
Sea (Zhujiang-Q4 Core, 22î22  ëN, 115î25  ëE) (Lti et al.
1991) indicates that significant cooling occurred at
- 13.9--  14.7 ka BP and - 20.6- - 22.9 ka BP which
can be temporally correlated with our LW-1 and LW-2
intervals. Because the core is located on the continen-
tal shelf off the mouth of the Zhujiang River, the pol-
len data mainly reflect record of vegetation changes in
the Zhujiang Basin in southern China where the cli-
mate is strongly controlled by the east Asian summer
monsoon.

In comparison with the grain-size time series and
the correlation pattern of Porter and An (1995),  based
on a sedimentation-age model, our three youngest low-
weathering intervals seem to correlate well with the
uppermost peaks in the time series of quartz median
diameter (Porter and An 1995). However, in view of
the dating difficulties of loess and the potential error
ranges of our TL dates, the correlation pattern for the
older events remains tentative, as has also been indi-
cated by Porter and An (1995) for their grain-size data.
Much tighter dating control is needed for correlating
events that are at most only a few thousand years
long.

If the events in the North Atlantic and those in Chi-
na are, in fact, linked, as we believe, then our results, in
parallel with the Luochuan grain-size data (Porter and
An 1995),  suggest that the Heinrich events were syn-
chronous, and therefore related, to the East Asian
monsoons, and, in particular, the winter monsoon. This
is also consistent with evidence of the East Asian ori-
gin of the Last Glacial Maximum dust in the GISP2 ice
core (Biscaye et al. 1996).

The driving mechanism of the Heinrich events re-
mains a matter of debate (Broecker 1994) and the
mechanism linking them climatically to the East Asian
monsoon is still unclear. It has been proposed that the
presence of the climatic signals in eastern Asia, syn-
chronous with the North Atlantic Younger Dryas

event, may require non-orbital, large-scale control,
such as changes in atmospheric concentration of green-
house gases (Gasse et al. 1991; Kudrass et al. 1991). It
is also thought that the Luochuan grain-size variations
may have been linked with the Heinrich events
through the Asian winter monsoon and the westerlies
(Porter and An 1995),  and a direct link between Chi-
nese loess and the North Atlantic basin has been estab-
lished by transport of dust of Asian origin via what was
probably a northern branch of the jet stream to Green-
land and the GISP2 ice-core (Biscaye et al. 1996).

An outstanding question is whether or not the in-
tensity of the Asian summer monsoon has changed in
conjunction with the Heinrich events. In view of the
clear signals of Heinrich events 1 and 2 in the Zhujiang
Q4 core (Lti et al. 1991) where the climate is strongly
controlled by the Asian summer monsoon, the summer
monsoon may have also experienced synchronous
changes. Other quantitative estimates of climates
based on pollen records have been reported from the
African monsoon zone (Bonnefille et al. 1992; Vincens
et al. 1993) and have shown significant cooling events
around 14,21 and 27 i4C-ka BP, temporally correlative
with our LW-1, LW-2 and LW-3 intervals. The evi-
dence of low CH, concentration (Chappellaz et al.
1993) during the Dansgaard-Oeschger cold events
seems also to imply that these events were related to
changes in tropical and subtropical climates. Thus, the
general cooling (or/and drying) in the African-Asian
monsoon zone combined with the grain size data from
the Luochuan loess section (Porter and An 1995) and
the pollen record in the South China Sea (Lti et al.
1991) seem to indicate that both summer and winter
monsoons have experienced changes approximately
synchronous with the Heinrich events.

The stratigraphic position of the LW intervals in the
soil-loess sequences may be of potential importance
for understanding the mechanism that drove these
events. Since the formation of the paleosols over the
last climatic cycle had a clear -20 ka periodicity (An
et al. 1991; Liu et al. 1995) which is attributable to or-
bital precessional forcing. The occurrence of most of
the LW intervals at or near the soil-loess boundaries
seems to suggest an affinity of these events with the
precessional cycles, although, for the moment, we can
suggest no reasonable idea of why this is so.

6 Conclusions

Our study on three sections in the Loess Plateau shows
that paleo-weathering indices of loess can be used as
sensitive indicators of paleoclimatic changes. A series
of cold and/or drier events, as indicated by the lower
values of the weathering indices, have been docu-
mented in the loess of the last glacial periods, which
can be temporally correlated with the North Atlantic
Heinrich events. This link has also been reported by
Porter and An (1995) based on grain-size data from
the Luochuan loess section. The LW events, combined
with the synchronous signals in the South China Sea
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(Lti et al. 1991) and in the African monsoon belt (Bon-
nefille et al. 1992; Vincens et al. 1993) may suggest that
both summer and winter monsoons have experienced
high frequency changes approximately synchronous
with the Heinrich events.

Our results also suggest that similar weathering sig-
nals exist in the loess of the penultimate glacial period
(corresponding to marine SîO  stage 6) for which cor-
responding Heinrich events are not well established or
have not yet been found in the North Atlantic. An-
other phenomenon which may be of potential impor-
tance for understanding the mechanisms driving these
events is the general occurrence of the LW intervals at
or near the boundaries between the loess and the soil
units, although much additional work is needed for un-
derstanding the cause of this occurrence.
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