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Molluscan changes that occurred in China over the S2-L2 upper
middle Pleistocene series may be caused by monsoon variation.
Study of terrestrial mollusks from the loess sequence in Luochuan,
gathered in ecological groups according to the moisture and tem-
perature requirements of the identified species, indicates alternat-
ing strengthened summer and winter paleomonsoons between
130,000 and 244,000 yr. The four occurrences of species, currently
distributed in S.E. China in the sequence, indicate that the climate
conditions were warmer and wetter than today between about
242,000 and 233,000 yr, at about 210,000, 164,000, and 140,000 yr.
The main occurrence of xerophilous taxa at about 180,000,
154,000, and 138,000 yr is interpreted as indicating a drier envi-
ronment than today. Such suggestions are in agreement with other
proxy data such as grain size distribution. Higher numbers of
individuals in the different ecological groups from the S2-L2
sequence indicate more favorable general environmental condi-
tions than in the youngest S1-L1. This may agree with an increase
in the regional aridity, since 500,000 yr, deduced from the study of
the eolian flux in the northwestern Pacific downwind from
China. © 1999 University of Washington.

INTRODUCTION

mollusks seem to occur all along the loess-paleosols su
cession covering the last 2.4 millions yr (Kukla, 1987). A
new investigation of the late Pleistocene at Luochuan
higher resolution (Rousseau and Wu, 1997) showed th
variations of the malacological record correlate with a pa
leoprecipitation index reconstructed for South Asia (Prel
and Kutzbach, 1987) and indices of strengthened winter ar
summer monsoons on the Chinese Loess Plateau éGalo,
1996; Liu et al., 1995). However, the lack of monsoon
proxies extending further back in previous glacial-
interglacial cycles precludes any study of the monsoo
variability and potential comparison between them. Re
cently, Guoet al. (1998) published a study of a long record
of iron oxide ratios in Changwu. They interpreted the de
termined variations in term of strengthened summer mor
soon. This is the reason we decided to continue samplir
down the Luochuan sequence in order to provide indepel
dent monsoon proxies which could be compared with futur
studies in the loess plateau or in the neighboring Pacifi
Ocean or China Sea. Here we present the results of tl
analysis of terrestrial mollusks at Luochuan from the L2-S:
units, which correspond to the past 130,000-244,000 vy
The aim of this study is to expand the use of the mollusl
assemblages as monsoon indices during the penultime
lacial-interglacial cycle in the Loess Plateau and the

Terrestrial mollusks are particularly good environment%nmyze the variability of the last two climatic cycles. Hovan

indices in loess sequences. As they characterize differgqty). (1989) indicated an increase in the regional aridity
types of biotops, land snails permit precise reconstructiofgring the last 500,000 yr by comparing the record of the
of past environments. In the Chinese loess plateau, mollyglggnetic susceptibility from the Chinese Loess Plateau ar
studies are rather rare. On the west side, Keeal. (1995) an eolian flux calculated from Pacific cores V21-146 down
described variations in the mollusk content of three upp@iind from China. If magnetic and sedimentary indices in:
Pleistocene sections. However, because too many samplgsite such a trend, are the mollusks (1) recording variatior
were barren, the interpretation was mostly devoted to bisimilar to those recognized in the late Pleistocene or (Z
stratigraphy. In the Luochuan sequence, on the eastern sstiewing differences in magnitude compared to the las

of the loess plateau, Cheat al. (1985) indicated that interglacial-glacial cycle?
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STRATIGRAPHY AND METHODOLOGY general environmental conditions should have been favorak
for the development and growth of mollusks. Under temperat

Luochuan is located north of Xian city in the central Chinesgonditions, the number of species is always higher than |
Loess Plateau (Fig. 1). A general presentation of the studigi@dcial environments as the ecological niches are more varis
locality has been already published in various papers (Kukd@d numerous (Rousseau, 1989; Rousstal, 1994; Solem,
and An, 1989; Rousseau and Wu, 1997). 1984).

The stratigraphy studied in this paper encompasses two mairmwo major points must be underlined. The rapid increase «
units within the Upper Lishi formation. The S2 soil complexN, just above the S2-L2 boundary is similar to the abrup
includes two interglacial soils, S2SS2 and S2SS1, bracketinghgrease observed at the S1-L1 boundary, indicating that tl
loess subunit S2LL1 (Kukla and An, 1989) (Fig. 1). The loesdollusk dynamics may have been the same in response to the
deposit comprises three eolian subunits (L2LL3, L2LL2, anghajor environmental changes (Rousseau and Kukla, 199
L1LL1), which bracket two weathered subunits, L2SS2 amRousseau and Wu, 1997). The drop oslues within L2LL2
L2SS1 (Kukla and An, 1989). Weathering appears strongerand L2LL1 associated with a decrease in the number of speci
S2SS1 than in S2SS2, as also determined by &uwaa. (1998)  can, however, indicate particularly severe environmental col
(Fig. 1). Kuklaet al. (1990) determined the chronology of theditions, both arid and cold (Fig. 3).

Luochuan sequence by using recognized paleomagnetisiTo derive paleoclimatic information from the mollusk as-
boundaries and a susceptibility model. The S2 soil complegmblages, we first used the refined chronology proposed
represents the terrestrial equivalent of marine isotope stagesRackletonet al. (1995) for the Luochuan sequence after
and L2 represents stage 6 (Kuké al., 1990). Studies of calibrating the continental sequence with the marine core OC
marine cores from the Pacific Ocean (Hovenhal., 1989; 677. We used the ecological groups determined in Rousse
Shackletoret al., 1995) roughly support these correlations. and Wu (1997), which consider the species according to the

The methods used concern the measurement of the low figldisture requirements. The xerophilous (taxa living in dn
susceptibility and the sampling of the sediment (10 liters eaghihces, exposed to the sun) species consistatibnia tenera,
for the mollusk study (Fig. 2). They are similar to those@upilla aeoli, Cathaica richtofeni, C. pulveratrigndC. pul-

described in Rousseau and Wu (1997). veraticula. The hygrophilous (warmth- and moisture-loving
taxa) set includeMacrochlamys angigyra, Opeas striatissi-
RESULTS AND DISCUSSION mum, Vitrea pygmaea, Gastrocopta armigerella, Punctum ol

phanum, Metodontia yantaiensis, M. huaiensis, M. beresows|

The intensity of magnetic susceptibility varies between 21Kaliella lamprocystis,and Succineasp. A third group can be
and 150.7x 10 °.m* kg™ (Fig. 3), magnitudes similar to thoseextracted from the previous one as it gathers the species |
recorded for the late Pleistocene S1-L1 interval (Rousseau dmuging to Macrochlamys, Opeas, Vitrea, Gastrocopand
Wu, 1997). The intensity variations that we measured aReinctumwhich live in particularly warm and wet habitats and
similar to those published by Kukla and An (1989), confirmingre currently distributed in southeastern China (Chen and Ge
the reliability of our record and making feasible a precis€987; Yen, 1939). Their fossil occurrence in the studied sectic
stratigraphic framework for our mollusk sampling. is an indicator of humid conditions associated with particularl

All eighty-eight levels sampled yielded shells of terrestriadtrong summer monsoons.
mollusks; the minimum count was 10 shells at the base, and th&he composition of the snail fauna of the studied sequenc
maximum was 824 in L2LL3 (Figs. 2 and 3)., Maries in S2, shows numerous xerophilous shells in the L2 loess uni
similar to the pattern in the S1 soil complex of the latevhereas the hygrophilous species exceed 100 individuals
Pleistocene series: the values are very low in the stronglyit volume at the bottom of S2SS1 and on top of L2LL3 ant
weathered soil (down to 10 individuals counted). However, Nh L2SS2 (Fig. 3). The highest abundance of xerophilous tax
shows a different pattern in the overlying loess unit L2. Aleccurred between 184,000 and 176,000 yr, and the valu
though the maximum values (824 individuals) occurred afte@rcreased again to another maximum of about 550 at 140,01
the soil complex—loess boundary in the L2LL3 subunit, anothgr in the L2SS1 subunit. The smooth curve of the xerophilou
maximum is reached on top of the L2SS1 subunit and at ttexa indicates two main maxima at about 138,000 and 178,0(
bottom of the L2LL1 subunit, reaching 603 individuals, Nyr. The variation of the hygrophilous taxa shows oscillation:
decreases relatively regularly toward lower values and reacltesnplementary to those of the previous group. The highe
a minimum of 61 on top of the sequence. values are reached at about 164,000 yr, but another maximt

N, values in S2SS1 are relatively low compared to thosecurs at about 158,000 yr. Other maxima of lesser magnitu
from the L2 unit. An explanation similar to that previouslyare centered about 140,000, 210,000 yr, between 233,000 &
proposed for the late Pleistocene sequence (Rousseau and 244,000 yr. The oriental taxa show maxima similar to those c
1997) may be the dissolution of the shells due to early pedtxe hygrophilous species, with their main maxima at abot
genic processes. Evidence consistent with this explanatioril&4,000 yr (Fig. 3). Considering these results and the ecolo
the drop in the number of species, despite the fact that tisal requirements of the identified species, the L2-S2 sequen
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FIG. 1. Location of Luochuan section and stratigraphy of the upper and late middle Pleistocene. The names of the units and subunits are according
and An (1989). The low-field magnetic susceptibility was measured every 10 cm in the loess and every 5 cm in the paleosols down to the base of S2
portable Bartington magnetometer, as used by Kukla in the same section in 1987. Only 10 readings at each level were measured and averaged (Kukl
1989). Parallel to our measurements, 88 samples (10 liters each) were taken for the malacological study, some of them being duplicates oflavkiegle le
moving from one section to another. Key: a, humus soil; b, loess; ¢, weathered loess; d, bioturbated soil; e, soil B horizon with carbonate reodates at

in Luochuan shows at least four intervals of climatic conditiorghow the maximum values between about 160,000 and 170,0
that were warmer and wetter than present between 130,000 gindhat correspond to the strongest weathered L2SS2 subu
244,000 yr, allowing southerly species to live and grow in theithin the L2 loess. More generally, the L2-S2 sequenc
central Chinese Loess Plateau. On the other hand, the curvstudws higher values of the oriental species than L1-S1 thou
the xerophilous taxa indicates that the winter monsoon wtee variation of the magnetic susceptibility remains similar ir
strengthened three times during the deposition of the L2 urtiipth cycles. A similar interpretation was given by Geitoal.
at about 180,000, 154,000, and 138,000 yr (Fig. 3). (1998) when comparing the pedological monsoon index wit
The comparison of the variations of the different groupthe magnetic susceptibility records, interpreted as a monso
during the last two interglacial—glacial cycles, i.e., the lagiroxy (An et al., 1991), at Changwu and Xifeng. The same
244,000 yr, shows two different scenarios for S1-L1 aridterpretation can be derived from the counts of the hygroph
S2-L2 intervals (Fig. 4). The maximum values gfdde higher lous taxa although other differences occur. These warm atr
in L2-S2 than in the youngest sequence. The oriental taxepist species indicate at least three main maxima of sme
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FIG. 2. Mollusk diagram of the late middle Pleistocene at Luochuan. The mollusk shells were picked under a binocular microscope. All the ident
mollusk remains were considered in the total count of individual$ idllowing the process described by Puigse(1976), and the abundance was expresse
as number of individuals per unit volume (10 liters of sediment).

magnitude, labeled 2, 3, and 4, during the interval 10,006B1-L1 cycle, especially during the deposition of the L1SS
100,000 yr. However, the interval 130,000-244,000 yr subunit (Fig. 4). Finally, the xerophilous species show tw
marked by a strong maximum centered at about 170,000 grain maxima, with values (805 and 585) in the older sequen
with smaller peaks at about 140,000, 220,000, and 240,000 tjrat are higher than the maximum determined at about 70,01
The oriental and hygrophilous taxa indicate similar maximg in the younger sequence. In contrast to those of the moi
between 244,000 and 130,000 yr though they differ during thexa, the maxima of these species do not exactly correspond

Units Age Magnetic Total Total Total Total Total Monso on
(103yc BP) susceptibity species Individuals xerophilous hygrophilous oriental proxy
(10-8m3xg-1)
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FIG. 3. Variation of magnetic susceptibility, total individuals, total species, total xerophilous, total hygrophilous, and total oriental identtiiedticdied
sequence of the Luochuan section vs age. Counts are expressed in number per unit volume. Thick lines are smoothed curves (Stineman functmnj. Arr
to the maxima (solid) and the minima (open) in mollusk curves interpreted as indicating strengthened winter (W) or summer (S) monsoon inteseals (R
and Wu, 1997). The ages are based on the refined magnetic susceptibility model (Shastkétdrd95).



290 ROUSSEAU AND WU

AGE UNITS SUSCEPTIBILITY MOLLUSK RECORD
(10% yr BP) (10%m> kgH Total xerophilous Total hygrophilous Total oriental Monsoon
proxy
0 100 200 400 600 800 100 200 300 100 200 W S
1 1 1
0 S0 |4 . MABSEI S [ = T L - 1
LL1} ] ] 1
2
L1 ss1i] 2
50 -+ 3
LL2 3
4
4
100 S1 1=
LL1}
$s1 5
150 T
LL2 6
L2 §82 6
LL3 4 "
200 +
S$s1 1
S2 11 7
ss2|] - 8
250 -

FIG. 4. Variations of the malacological record during the last two interglacial—glacial cycles as an index of the past monsoon variations againstithe rr
susceptibility at Luochuan, central China (indicators are the same as in Fig. 3). The intervals of strengthened monsoon are labeled from top to botto

the minima read in the magnetic susceptibility record, whidest our interpretation. Figure 5 shows that variations in th
are interpreted to represent the coldest conditions. In both tigrophilous and oriental groups fit the JA/g&e, maxima, sup-
S1-L1 and the S2-L2 sequences, changes in the xerophilposting the interpretation of increased summer monsoons du
species show a lead of about 5,000 yr in the changes in ihg these intervals. Variations in the xerophilous group sho
magnetic susceptibility signal in the loess deposits, in contrasaixima during intervals of low values in the ratio, supporting
to the moist species (Fig. 4). winter monsoon dominance. If two independent indices of th
One could object that these results, based on the classifipaltomonsoon regime for the last climatic cycle and anothe
tion of the identified mollusk species according to their ecane for the two last climatic cycles support the mollusk inter
logical characteristics (Chen and Gao, 1987; Yen, 193%yetation, then we can draw reliable conclusions about tt
would be oversimplified due to the authors’ preclassification difrect relationship between monsoon variation and the mollus
the studied material. A reliable strategy to test such an assumepidence in Luochuan.
tion is to propose a comparison with other records of the Despite these variations, the sampling protocol remained tl
monsoon variability. In the previous study, the mollusk resulsame in both the S2—-L2 and the S1-L1 sequences. The diffe
were compared with the Prell and Kutzbach precipitation indences in the total number of individuals, and in the counts i
(Prell and Kutzbach, 1987), on one hand, and the pedologitia¢ different groups, support the occurrence of different env
indices of Liuet al. (Liu et al., 1995), on the other hand. Theronmental conditions. It has been demonstrated in mode
variations of the hygrophilous, oriental, and xerophilousnvironments that unfavorable conditions permit low diversit
groups were then in agreement with the other indices suppatid a reduced number in identified individuals (Dyduch
ing a monsoonal interpretation of the mollusk record (Fig. Salniowska, 1988; Rousseatial.,1993). Thus the differences
These independent indices, however, only concern the labsiserved between S2-L2 and S1-L1 sequences can be ini
climatic cycle and cannot be used to test the present resufiseted, according to these assumptions, as corresponding
Paleopedological and geochemical studies of the Changmoere unfavorable environmental conditions in the younge
loess sequence, located about 100 km southwest from L&%+L1 series. This would then agree with the Howdnal.
chuan, permit the determination of the ;A& ratio record (1989) interpretation of increasing aridity over the area durin
interpreted as a monsoon index (Gebal., 1998). Covering the last 500,000 yr. Such an interpretation is neverthele:
the last 600,000 yr this record appears to be accurate enoughttactly hypothetical at present for two main reasons. Thes
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FIG. 5. Comparison between the malacological record in Luochuan and tiffeeFatio at Changwu (Guet al., 1998) during the two last climatic cycles
(S2-L2 and S1-L1). The gray areas indicate the intervals of strengthened summer monsoon.

results correspond only to the last two climatic cycles anddividuals of species more tolerant of dryness, and (ii) th
would necessitate the analysis of older intervals to test thember of species itself (Rousseau, 1992; Rousstaal.,
hypothesis of increasing aridity through time. The second poit®94) (Figs. 4 and 5).

is that these results, even if they show possible correlations
with other proxies, are only related to the Luochuan section.
Other mollusk records exist elsewhere in the Chinese Loess

Plateau (Keewt al., 1995), but they (i) are not continuous and _ _ o
(ii) concern only the last climatic cycle (upper Pleistocene).. This study of new investigations of the mollusk assemblage

These new results, however, strongly emphasize that iRChinese Io_ess sequences provides indirect_new _data on:
snail assemblages at Luochuan, interpreted with xerophilofl2"S00N regime variations over Southeast Asia during the le
hygrophilous, and oriental groups, record environment}¥C interglacial—glacial cycles. _
changes related to the monsoon variations. The correspondencg'® analysis of the S2-L2 sequence, i.e., between 244,0
between the mollusk and pedological records could lead usd3d 130,000 yr, shows that conditions at least five time
interpret their variations as representative of the Southeast AYa'mer and wetter occurred in the area due to a strengthen
monsoonal regime during the last 244,000 yr, but more inveddMmer monsoon. Episodes of strengthened winter monso
tigations are needed. Again, as for the S1-L1 sequence, ﬂ(l:é;urred_ at Ieas_t four times. The_ comparison of the two Ia;
general decrease of both the xerophilous and the total mollJ&jerglacial—glacial cycles, spanning the last 244,000 yr, ind
content during L2LL1 is explained by the strengthening of tHgfteS aiso different general conditions, expressed by the to
wind regime during dominant winter monsoons. The study g/mber of individuals counted and by the number of individ
the eolian flux into the Pacific (Hovaat al., 1989) shows the Uals in the three ecological groups recognized. The olds
highest values during the deposition of this subunit inducirifdUence provides highe dalues than the youngest one, and
the strongest outflow of cold, dry continental air from centrdliS rend is hypothetically interpreted as a difference in th
Asia over this area. More recently, Vandenberghal. (1997) general _envwon_mental c_ondmons W|th|_n each |nd|\_/|dua\
showed that the grain size values were higher for L2LL1 afgterglacia—glacial cycle, in agreement with other proxies.
L2LL2 at Luochuan, supporting the Hova al. (1989) inter-
pretation. The low values in the xerophilous taxa on top of the ACKNOWLEDGMENTS
S2-1L2 sequence must then be interpreted similarly to those in
the last climatic cycle record. The climatic conditions were Thjs study is supported by the Chinese Academy of Sciences (CAS) and t
thus strong enough to limit severely (i) the growth of thérench Centre National de la Recherche Scientifique (CNRS). We thank C
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