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Abstract

The 140 m loess—paleosol profile at Luochuan in the central Chinese Loess Plateau was sampled at 5-cm intervals in
loess units and at 3 cm in paleosol units, in order to obtain a high resolution climatic record covering the past 2.5 million
years. All samples were measured for magnetic susceptibility, which is regarded as a good proxy index of the East Asian
summer monsoon strength. On the basis of the astronomical theory of Pleistocene climatic change, an age model of the
Luochuan loess—paleosol sequence was developed by tuning the magnetic susceptibility record to time-series of insolation
changes. The results show that the ages of the boundaries between the Malan and Lishi, and Lishi and Wucheng loess
formations are 71 and 1320 kyr BP, respectively. The onset of loess accumulation is at 2470 kyr BP. Our age model was
tested by comparing the orbitally derived ages with absolute age determinations of magnetic reversals, and cross-spectrum
analyzing with solar radiation variations for summer at 65°N. These indicate that the calibration provides a reliable time

scale for the Luochuan |oess—paleosol deposit. [0 1999 Elsevier Science B.V. All rights reserved.

Keywords: loess deposits; time scale; orbital tuning; central Chinese Loess Plateau

1. Introduction

Severa loess—paleosol deposits on the central
Chinese Loess Plateau are regarded as continuous
and compl ete continental records of Quaternary pale-
oclimate variations in North China (Liu et al., 1985;
An et al., 1990; Ding et a., 1994). The age frame
for the loess—pal eosol sequence at Luochuan (Fig. 1)
has been constructed by various authors (Heller and
Liu, 1982; Liu et al., 1985; Kukla and An, 1989;
Yue, 1995). The time scale published by Liu et al.
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(1985) was obtained by interpolating the sedimenta-
tion rate between the paleomagnetic reversal points,
and it probably over-generalizes since it assumes that
the rate of deposition was similar through al loess
and paleosol units. The magnetic susceptibility—age
model proposed by Kukla and An (1989) can aso
be questioned as there is no clear mechanism to
support it. Misinterpretation of the expressions of
the climatic cycles in the loess and an injudicious
tuning procedure make a previously orbitally tuned
timescae(Lueta., 1996) unreliable. Recent studies
show that there is a positive relationship between the
dust accumulation rate and grain size distribution,
allowing several age models to be devel oped for cal-
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Fig. 1. The location of Luochuan on the Chinese Loess Plateau.

culating ages of loess—paleosol deposits (Porter and
An, 1995; Vandenberghe et a., 1997). But further
work is needed to seek theideal proxy index of grain
size because these results are still controversial. In
short, it is necessary to build a more reliable time
scale for the classic |oess—paleosol sequence in cen-
tral China for recognizing landscape response of the
East Asian continental paleoclimate regime during
the late Cenozoic.

The Milankovitch paleoclimatic theory has been
widely accepted since the work of Hays et al. (1976).
The Earth's orbital parameters change due to the
gravitational forces between Earth and other celes-
tial bodies and cause variability in solar insolation
across the latitudes and seasons. It is believed that
these changes triggered the late Cenozoic glacial—
interglacial climatic oscillations which are recorded
globally (Imbrie et al., 1984; Berger and Loutre,
1991; Shackleton et al., 1995).

Quantifying the main forcing mechanisms of the
variability of the East Asian monsoon strength on
time scales of 10* years remains a controversial
topic. But it is widely accepted that there should
be a relationship with solar radiation and Earth ice
volume changes (e.g. An et a., 1990, 1991a; Ding

et a., 1995; Liu and Ding, 1998). Previous spectral
analyses of loess—paleosol paleoclimatic time series
have shown that the main orbital cycles of 41, 23
and 19 kyr are recorded in the Chinese loess series
(Kuklaet a., 1990; Ding et a., 1994; Lu, 1996; Van
Huissteden et al., 1997).

In this paper we compare paleoclimate variations
recorded in the loess—paleosol sequence with the
solar radiation variations calculated by Berger and
Loutre (1991), and we develop an age model by
tuning the magnetic susceptibility curves to the solar
insolation variations. On the basis of this careful tun-
ing, we aim to obtain a more reliable time scale than
has hitherto been available for the loess—paleosol
deposits of the central Chinese L oess Plateau.

2. Paleoclimatic proxy index variations and the
tuning target curve

2.1. Paleoclimatic proxy index and the preliminary
time scale

The magnetic susceptibility record in Chinese
loess deposits has been shown to be an excellent
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proxy index of East Asian summer monsoon inten-
sity, although further work is needed to explain the
details of the mechanism involved (An et al., 1990,
1991a; Zhou et a., 1990; Maher and Thompson,
1992). We therefore apply magnetic susceptibility
as the paleoclimatic proxy index. The classic loess—
paleosol profile at Luochuan (Fig. 1) was measured
for field magnetic susceptibility in 1987 by Kukla
and An (1989), and we systematically sampled this
profile again in the summer of 1993. For the pale-
osol units, the sampling interval was 3 cm, and for
the loess units the sampling interval was 5 cm. All
the samples were measured for magnetic suscepti-
bility using a Bartington Instruments MS-2 magnetic
susceptibility meter at the State Key Laboratory of
Loess and Quaternary Geology in Xi'an (Lu, 1996)
(Fig. 2). A good correlation was found to be evi-
dent between our results and those of Kukla and An
(1989).

At Luochuan, the Early Pleistoceneloess—pal eosol
formation (Wucheng Formation) has been primarily
divided into four loess—paleosol complexes through
field observations and magnetic susceptibility mea-
surements (Liu et al., 1985; Kukla and An, 1989).
It is not easy to see in detail the loess and paleosol
units by field observation at this location. However,
we regard the time resolution and expression of the
Wucheng Formation at L uochun as being as good as
at other places, such as at Bagji in the southern part
of the Loess Plateau (Ding et al., 1994), where clear
loess—paleosol alternations can be identified in the
field. The Baoji profile istherefore regarded as better
than that at L uochuan for studying the pal eoclimate of
the Early Pleistocene on the Chinese Loess Plateau.
We carefully compared our Luochuan magnetic sus-
ceptibility record with the grain size record of the
Bagji profile for the Wucheng Formation. Main vari-
ations in the two proxy indices, which are strongly
related to the paleoclimate variations, can be easily
correlated (Fig. 3). Thisstrong correlation can be sup-
ported because the loess and paleosol stratigraphies
are quite stable and clearly recognisable over large
areas of the Loess Plateau. The magnetic susceptibil-
ity record demonstrates that the Wucheng Formation
at Luochuan isalso atypical profile for loess deposits
in central China.

Biostratigraphy and paleomagnetic stratigraphic
research demonstrates that the onset of loess accu-
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Fig. 2. Magnetic susceptibility variations of the Luochuan loess—
paleosol sequence versus depth and versus a preliminary time
scale. Positions of geomagnetic polarity reversal points were
determined by Kukla and An (1989), and the preliminary time
scale was obtained by interpolating ages along four age control
points (top of the sequence, 0 kyr BR, B/M boundary at 780
kyr BP, M/O boundary at 1757 kyr BP and M/G boundary at
2600 kyr BP) and by assuming that the dust sedimentation rate
in loess was double that of the paleosol.

mulation at Luochuan was either 2.35 Ma (Kukla
and An, 1989) or around 2.5 Ma ago (Yue, 1995;
Liu and Ding, 1998). Here we assume that the
dust sedimentation rate in loess units was dou-
ble that in the paleosol units (An et a., 1991a;
Ding et a., 1994). We interpolate ages between
the top (present, 0 kyr BP) and several magnetic
reversals (the Brunhes/Matuyama polarity reversal
boundary at 780 kyr BP; the Matuyama/ Olduvai
polarity reversal boundary at 1757 kyr BP and the
Matuyama/Gauss polarity reversal boundary at 2600
kyr BP) to obtain a preliminary time scale (Fig. 2).
Spectral analysis techniques and band-pass filters
centered on the frequencies of the orbital cycles have
been applied on this preliminary time series. Results
show that the obliquity (41 kyr) and precession
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Fig. 3. Correlation between variations of magnetic susceptibility of the Wucheng loess—paleosol deposits at Luochuan and the modal

grain size record for Bogji (Ding et ., 1994).

cycles (23 kyr and 19 kyr) are obtained from the pre-
liminary magnetic susceptibility time series (Fig. 4),
thus proving that the East Asia summer monsoon
changes are linked to solar radiation variations from
Milankovitch forcing on a 10* years time scale.
There are some unreliable preliminary time scales or
harmonics of the orbital cyclesin the time seriesand
these may cause the non-orbital frequencies seen by
the spectral analysis (Fig. 4).

2.2. Thetarget curve

There are many approaches for tuning sediment
sequences to astronomical data, but there are a few
substantial differences between them (Martinson et
a., 1987). Sincevariationsin the intensity of the East
Asian summer monsoon correlate with solar insola-
tion changes at the orbital time scale in the past, and
since the boundary conditions of the Northern Hemi-
sphere during the glacial-interglacial periods were
strongly tied to | atitude 65°N insolation, we chose the
summer solar radiation values at 65°N for the past
2.7 million years as the target curve. Liu and Ding
(1998) also used this target curve in tuning the time
scale for other loess—paleosol deposits in the Loess
Plateau. The solar radiation estimate latitude 65°N
is also regarded as a typical indication for Northern
Hemisphere radiation conditions (Imbrie et al., 1984;
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Fig. 4. Band-pass filtered results centered on 41 kyr and 23
kyr cycles and spectral analysis on the preliminary time scae.
The results show that the 41 kyr and 23 kyr periodicities are
presented through this preliminary time series.
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Berger and Loutre, 1991). In this study the phase re-
lationship between the magnetic susceptibility proxy
index and the solar insolation changes was deter-
mined by comparing absolutely dated paleoclimatic
records and orbitally induced insolation variations
during the past 10,000 years. There are 5-kyr lags
between solar insolation forcing and monsoon cli-
mate response in the Holocene (An et a., 1991a) so
we assumed that this 5-kyr phase difference existed
between the solar insolation curves and monsoon
climate response throughout the last 2.7 Ma.

3. Orbital tuning

First, we adjusted the preliminary magnetic sus-
ceptibility time series with the 65°N latitude summer
solar insolation time series by adding age control
points, to improve the match between the two time
series. During the tuning process, we paid special
attention to paleosol units as these have alower time
resolution than loess units. In the intervals of loess
formation, dust accumulation rates were higher and
it is easier to see the bands of solar radiation forc-
ing (Liu et al., 1985; An et al., 1991b; Ding et d.,
1994). Since the loess units offer a higher time reso-
lution than paleosol units, some short climate cycles
may not be as prominently recorded in the paleosol
units at Luochuan. Notwithstanding this, short cli-
matic cycles within paleosol units are often clearly
evident in more northwesterly regions of the Loess
Plateau. For instance, the paleosol deposit S1 of the
last interglacial period (between 73 and 129 kyr BP)
at Luochuan does not record the three precession-
related oscillations clearly. But these three peaks
can be clearly seen in the loess—paleosol deposit
at Huanxian in the northwest of the Loess Plateau.
Therefore, when tuning the time scale for the Lu-
ochuan sediments, we also refer to the paleoclimatic
record from the northwest to assist in interpreting the
short climatic variations.

The magnetic susceptibility and the 65°N latitude
summer solar insolation time series were visualy
matched. Then the magnetic susceptibility time se-
ries was filtered using a band-pass filter centered on
the 41-kyr and 23-kyr frequencies, and the result-
ing curves were correlated with the unfiltered solar
insolation time series. Additional age control points

were added iteratively until the unfiltered magnetic
susceptibility time series and solar radiation time
series showed a good match, as confirmed by cross-
spectral analyses (see below). We used a cubic spline
interpolation technique on the additional age points
to improve covariance of the magnetic susceptibility
and insolation time series (Fig. 5). The results place
the ages of the boundaries between the Malan and
Lishi, and the Lishi and Wucheng loess formations
at 71 and 1320 kyr BP, respectively, and the onset of
loess accumulation at 2470 kyr BP.

4. Testing the new time scale

4.1. Comparison with the absol ute geomagnetic
polarity reversal ages

Accurate and reliable ages of geomagnetic polar-
ity reversals were obtained on the basis of precise
Ar/Ar radiometric dating on carefully selected sin-
gle crystals of sanidine from lavas (Baksi, 1992;
Singer, 1995). The new geomagnetic polarity time
scale (GPTYS) for the Cenozoic developed by Cande
and Kent (1992) shows that the ages of the magnetic
boundaries, which are older than those of previous
GPTS (Bregen et a., 1985), are in accordance with
the astronomically tuned time scale (Johnson, 1982;
Shackleton et al., 1990; Bassinot et al., 1994). The
positions of several geomagnetic reversal boundaries
recorded in the Luochuan loess—paleosol sequence
have been located by several investigators (Heller
and Liu, 1982; Liu et al., 1985; Kuklaand An, 1989;
Yue, 1995). The ages of magnetic reversal bound-
aries from our astronomical calibration agree well
with those obtained by absolute radiometric mea
surements (see Table 1). For the Brunhes/Matuyama
(B/M) boundary there is a difference of 11 kyr,
and for the boundaries of the Olduvai subchron and
Matuyama reversed chron there are differences of
47, 32 and 30 kyr, respectively. The discrepancies
in these magnetic reversal ages are less than 5%
(Table 1).

4.2. Cross-spectral analysis

In order to test the coherency between our new
magnetic susceptibility time series and the insola-
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Fig. 5. Correlation between magnetic susceptibility variations plotted on the new time scale (solid line) and solar insolation variations for

65°N (Berger and Loutre, 1991) (dashed line) for the past 2600 kyr.

tion time series, spectral analyses were conducted on
both time series. Results indicate that on the orbital
periodicities41 kyr, 23 kyr and 19 kyr, the coherency
is significant and is over the 95% significance level
a 0.61 (Fig. 6). During the interval of 0—600 kyr
BP, the coherency was high in the orbital frequency
cycle, with values significantly within the 95% con-
fidence interval limit, with a coherency measure of
0.915 for precession (23 kyr) (Fig. 6). Phase lags
behind the orbital forcing over the frequency bands
are 8.97 kyr, 5.28 kyr and 6.01 kyr for obliquity
(41 kyr) and precession (23 kyr and 19 kyr), respec-
tively (Table 2), being approximately consistent with
the values estimated by Ding et al. (1994). During
the 550-1400 kyr BP interval, the coherencies were

aso high in the orbital frequency cycles, with val-
ues within the 95% confidence interval limit, and
with coherency measures of 0.892 and 0.879 for pre-
cession (19 kyr and 23 kyr), respectively (Fig. 6).
Phase lags behind the orbital forcing over the fre-
quency bands are 5.08 kyr, 5.09 kyr and 5.34 kyr
for obliquity (41 kyr) and precession (23 kyr and
19 kyr), respectively. During the 1350-2600 kyr BP
interval, the coherencies were also high in the or-
bital frequency cycles, with values falling within the
95% confidence interval limit, and with measure co-
herencies of 0.748, 0.881 and 0.852 for aobliquity (41
kyr) and precession (19 kyr and 23 kyr), respectively
(Fig. 6). Phase lags behind the orbital forcing over
the frequency bands are 6.71 kyr, 5.07 kyr and 6.39

-Cr;z)bﬁ);rison of magnetic reversal ages obtained using our time scale with ages determined by Cande and Kent (1992)

Reversal points B/M M/J J/M M/O o/M M/G

Ages (kyr BP) (Cande and Kent, 1992) 780 984 1049 1757 1983 2600

This work (kyr BP) 769 946 1001 1710 1951 2630

Differences (%) 141 3.86 458 2.68 161 -115

B = Brunhes; M = Matuyama; J = Jaramillo; O = Olduvai.



H. Lu et al./ Palaeogeography, Palaeoclimatology, Palaeoecology 154 (1999) 237246 243

r 03 - 0.3 .
2 § A-1 : 0.04 + |
6 02+ 0.2 +f
s |
& ooq ! 0.1 ] 0021
O
&
(2 : { ' 0 0
% 04 : 0.3 0.3 . P
E 0.3 02 + 0.2 23 1
02+ L 9
\ 0.1 0.1+ -

g 01+ 4 \ 4
w Ny A -----
% 0 0 0 ¥ +

2 1

200 I

5 A-3 0.9
2
i 06 1 0.5
w
o] 0.3
[$]

0 0 0

0 0.02 0.04 0.06 0.08
FREQUENCY (cycles/kyr)

0 0.02 0.04 0.06 0.08
FREQUENCY (cycles/kyr)

0 0.02 0.04 0.06 0.08

FREQUENCY (cycles/kyr)

Fig. 6. The spectral and cross-spectral analysis results of the orbital tuned MS time series and solar insolation variations for the past
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Table 2
Phase lag times (kyr) of the loess susceptibility with reference to
insolation cycles of periods of 41, 23 and 19 kyr

Periodicity (kyr)  Age (kyr)
0-600 550-1400 1350-2600 0-2600
41 8.97 5.08 6.71 7.3
23 5.28 5.09 5.07 5.21
19 6.01 5.34 6.39 5.83

kyr for obliquity (41 kyr) and precession (19 kyr and
23 kyr), respectively (Table 2). Phase lags estimates
between the whole time series and the solar insola-
tion time series is presented in Table 2. Coherency
is aso high for the non-orbital periodicities at 100
kyr, 200 kyr and 300 kyr. These may be explained by
the climate system responding to factors other than
insolation forcing. The mechanisms that drive these
non-orbital scale cycles of the East Asia summer
monsoon are not clear.

5. Discussion

Thereis controversy resulting from the previously
developed time scales for loess—paleosol sequences
in the Chinese Loess Plateau (Liu et a., 1985; Kukla
et a., 1990; Ding et al., 1994; Vandenberghe et al.,
1997). This results, for instance, in around 30 kyr
age differences for the ‘marker’ S5 paleosol unit at
Baoji and that at Luochuan. The results of Kukla
et al. (1990) show that this strikingly marked layer
formed around 480605 kyr BP, while other workers
place this unit between 482-579 kyr BP (Ding et
al., 1994) and 450-600 kyr BP (Vandenberghe et al .,
1997). These discrepancies may be caused by mis-
interpretation for the climatic cycles recorded by the
|oess—paleosol deposit in the orbital time scale (Ding
et al., 1994), perhaps uncertainties in the origin of
magnetic susceptibility (Kuklaand An, 1989), or the
effects of sediment compaction (Vandenberghe et al.,
1997) on the actual sedimentation rate. Our new time
scale for the typical loess deposits at Luochuan are
close to the time scale of Ding et a. (1994) for the
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loess—paleosol units above the S8 paleosol units at
Bagji, but are different for the deposits below the S8
unit. We think that these differences may be caused
by misinterpretations of the climatic cycles in the
Wucheng loess—paleosol formation, which are dif-
ficult to see clearly, and differences in the climatic
proxy indices used in the two studies. A ratio of
coarse and fine grain size fractions was used as a
proxy index of the monsoon changes by Ding et al.
(1994). However the different climatic implications
of the two grain size fractions means that a ratio
proxy index may not correctly record climatic cy-
cles, meaning that some climatic changes may be
missed (Lu, 1996). Since we believe that the mag-
netic susceptibility is a good proxy of the monsoon
strength on the 10* yr time scale, it should be useable
for reconstructing the monsoona system changesin
the past. Vandenberghe et al. (1997) have devel oped
an absolute time scale for the loess deposit at Lu-
ochuan, and this time scale can be partly correlated
with our new time scale, but many discrepancies
remain. We think that the statistical relationship be-
tween sedimentation rates and the grain size proxy
index should be further examined. A better knowl-
edge of compaction rates would aso help to improve
development of the time scale. Overall, we believe
the present time scale is a good one if there are
no substantial disconformities in the loess—pal eosol
sequences (Kuklaand An, 1989).

Our new orbitally tuned age model presentsamore
detailed calibration for the East Asian monsoon cli-
mate history for the Quaternary. The onset of loess
deposition in the central Chinese Loess Plateau is
thus estimated at 2470 kyr BB, thus indicating a new
threshold of both progressive aridity in the interior of
China and the strength of the winter monsoon flow.
Thismay have been caused by the expansion of theice
sheet in the Northern Hemisphere (Shackleton et al.,
1995) or the accelerated uplift of the Tibet Plateau.
Both these factors would cause a strengthening of
the monsoon climate pattern (Lu, 1996; Ruddiman,
1997). Thus from this new time scale we propose that
at around 2470 kyr BP the East Asian monsoon was
significantly strengthened with the winter monsoon
circulation distributing a mantle of loess in central
China. The relatively warmer and wetter climate of
the Pliocene was thus replaced by fluctuations of cold
and dry climate with warmer and wetter climates (An

et al., 1990; Liuand Ding, 1998). At around 1320 kyr
BP a further threshold of the monsoon climate was
crossed in central China. High-frequency and small-
scale oscillations of the amplitude of the monsoon
climate were replaced by lower-frequency and large-
amplitude oscillations. Also we notethat the monsoon
climate has been dominated by large-scale amplitude
oscillations in the 100,000 year band over the last
580 kyr BP. These two scale shifts may have been
caused by an accelerated uplift of the Tibet Plateau;
elsewhere simulations have shown that the monsoon
system can be strengthened as the altitude of the Tibet
Plateau increases (Ruddiman, 1997). The Northern
Hemisphereice volume could not be amain factor in
driving these climate shifts because it was stationary
at the key threshold times.

There are severa climatic extremes (Guo et al.,
1998) recorded by magnetic susceptibility from the
Loess Plateau. The easily identified L9 and L 15 loess
units, which may indicate two exceptionally dry and
cold climate periods, have particularly high sedimen-
tation rates. By our new age model, the L9 and L15
units represent 65 kyr and 71 kyr of accumulation,
respectively, and these estimates are different from
those obtained by sedimentationrate cal culations(Liu
et a., 1985; Vandenberghe et al., 1997). Careful anal-
ysis of the magnetic susceptibility in L9 and L15 in-
dicate variations of the signal values. The variations
could be driven by solar radiation over such time
frames and three precession-related climatic cycles
may therefore be recorded for these periods. Two rel-
atively warmer and wetter climatesare seenfor Sband
S13. These two climate patterns have estimated ages
of 472-576 kyr BP and 1061-1120 kyr BP. We have
not recognised parallels for these climatic extremes
in the deep-sea 880 records (Shackleton et al ., 1990).
Thus these climatic periods may not be explained by
ice volume forcing. If the East Asian monsoon cli-
mate and the Northern Hemisphere ice volume were
de-coupled in these intervalsit may be evidence that
the monsoon climate system was not always driven
by the ice volume and solar radiation variations.

6. Summary

The magnetic susceptibility of the loess—paleosol
sequences of the central Chinese Loess Plateau is
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a good proxy index of East Asia summer mon-
soon variations (An et al., 1990, 1991a). Thus, a
detailed measurement in magnetic susceptibility of
the loess—paleosol deposits can give information on
the East Asia summer monsoon changes in the past.
Because the East Asia summer monsoon variations
over the Quaternary period can at least partly be
accounted for by the solar insolation forcing on a10*
yr time scale, we developed an age model by tun-
ing the magnetic susceptibility series to the summer
solar insolation changes at 65°N latitude. In this age
model, the ages of the boundaries between the Malan
and Lishi, and Lishi and Wucheng loess formations
are 71 and 1320 kyr BP, respectively. The onset of
loess accumulation is at 2470 kyr BP (Table 3), and
several climatic extremesin that of L9 and L 15 loess
units and that of S5 and S13 paleosol units over the
Loess Plateau were calibrated. The new age model

Table 3
Ages of paleosol layers of the Luochuan loess profile

Paleosol units Age of top Age of bottom
(kyr BP) (kyr BP)
S1 71 129
S2 188 254
S3 279 334
4 385 428
S5 471 576
S6 658 670
S7 706 748
S8 760 788
9 853 883
S10 895 916
S11 946 957
S12 967 1000
S13 1061 1120
S14 1214 1265
S15 1273 1295
S16 1327 1360
S17 1386 1404
S18 1421 1429
S19 1440 1451
21 1488 1531
S23 1592 1640
S24 1682 1696
S25 1727 1800
S26 1913 1945
S27 2105 2143
S29 2178 2189
S30 2200 2212
S32 2337 2359

was tested by comparing the orbital derived ages
with absolute age determination of magnetic rever-
sals, and by spectral and cross-spectrum analyzing.
These indicate that the calibration provides areliable
time scale for the Luochuan |oess—paleosol deposit.
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