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Abstract

A sensitivity-corrected Multiple Aliquot Regenerative-dose protocol has been developed for fine-grained quartz OSL dating of Chinese loess.
Its reliability has been assessed on the basis of the methodology and by dating reference samples of known age close to the transition from the last
interglacial paleosol (S1) to the last glacial loess (L1), which corresponds to the Marine Oxygen Isotope Stage (MIS) 5/4 transition. On the basis of
the fine-grained quartz OSL-age estimates for 33 loess samples from the upper part of the Luochuan profile, a detailed chronostratigraphy of
continuous dust accumulation in the past 130 ka has been proposed. Changes in the accumulation rate occurred during the last glacial period (MIS
4 to MIS 2); unexpectedly, high accumulation rates were found in the weakly developed L1–2(S) paleosol of the last interstadial (MIS 3), rather
than in the classic L1–1 and L1–3 loess of the cold–dry glacial condition (MIS 2 and 4). The OSL ages show some disagreement with the previous
numerical chronology for the loess–paleosol sequence based on correlation of variations in grain size with sedimentation rate; the latter method
resulted in an almost constant accumulation rate from 72 to 12 ka.
© 2006 University of Washington. All rights reserved.
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Introduction

The well-known Luochuan loess–paleosol sequence is very
important for Chinese loess research, and it has acted as a key
section for reconstructing the paleoclimate on the continent
during the last glacial–interglacial cycle (e.g., An and Lu, 1984;
Liu, 1985; Porter and An, 1995; An and Porter, 1997; Rousseau
and Wu, 1997; Xiao et al., 1999; Bronger, 2003). A reliable
chronology is critical for the calculation of rates of dust
deposition, and also for paleoclimatic reconstruction in the late
Quaternary. Recently, numerical chronologies have been
obtained by using the percentage of coarse silt fraction
(>40 μm) (Porter and An, 1995) or the median diameter
(Xiao et al., 1999) of the chemically isolated quartz fraction as a
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proxy for dust flux, ages being assigned based on an
accumulation rate model that is linked to the SPECMAP time
scale (Porter and An, 1995; Xiao et al., 1999). This approach is
usually named the “grain-size model” for Chinese loess (Porter
and An, 1995); the uncertainty range over the last glacial–
interglacial period is ca. 1000–3000 yr (Porter, 2001). However,
an independent absolute chronology is vital for Chinese loess
deposited in the past 130 ka. Lu et al. (1987, 1988) were the first
to set up a thermoluminescence (TL) chronology for Chinese
loess near Xi'an and Beijing, and Forman (1991) dated a section
near Luochuan on the Chinese Loess Plateau. These studies
provided a rough chronology for Chinese loess formed in the
late Quaternary. Until 1996, most of the luminescence age
estimates for Chinese loess had been obtained by multiple
aliquot thermoluminescence (TL), and some by infrared-
stimulated luminescence (IRSL), dating methods applied to
polymineral fine grains (Lu et al., 1987, 1988, 1999; Forman,
1991; Musson et al., 1994; Frechen, 1999; Zhao, 2003). The
ed.
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precision and accuracy of TL and IRSL ages beyond 50 ka has
been questioned (e.g., Wintle, 1990; Zhou et al., 1995; Prescott
and Robertson, 1997).

However, luminescence dating has undergone many innova-
tions in methodology in the past decades, especially with the
development of Optically Stimulated Luminescence (OSL)
dating (Huntley et al., 1985). For obtaining precise OSL ages
that could be used to construct a high-resolution chronology, the
regeneration method is a good choice; in this method, the
natural luminescence is compared with that resulting from
laboratory irradiation. Thus, the precise form of the growth
curves and the mathematical function selected for fitting the
data are unimportant and the equivalent dose (De) is obtained by
interpolation; this results in higher precision for De determina-
tion (Wintle, 1997; Aitken, 1998). The critical disadvantage is
that if any sensitivity changes occur between measurements of
the natural and regenerative OSL signals, the age obtained will
be inaccurate. Zhou and Wintle (1994) and Zhou et al. (1995)
considered that most of the TL age estimates obtained by the
regeneration method on polymineral loess samples were
underestimated, and they attributed this mainly to sensitivity
changes induced by the laboratory optical bleaching prior to
laboratory irradiation.

In a preliminary study of a single sample of Chinese loess,
Zhou and Shackleton (2001) concluded that using a test dose
OSL response for monitoring sensitivity changes in the Single-
Aliquot Regenerative-dose (SAR) procedure (Murray and
Wintle, 2000) was a potentially useful approach. However,
from the early saturation levels shown by the sensitivity-
corrected dose–response curves, they concluded that it would
not be possible to date beyond 55 ka in Chinese loess. These
sensitivity monitoring measurements can also be used for inter-
aliquot normalization in the construction of standardized dose–
response curves (Roberts and Duller, 2004). Using such
measurements, we have developed a sensitivity-corrected
Multiple Aliquot Regenerative-dose (MAR) method for loess,
subsequently referred to as the sensitivity-corrected MAR
protocol. After each natural and regenerative OSL (Lx)
measurement, a test dose OSL response (Tx) is measured to
compensate for differences in luminescence production during
the measurement of the quartz OSL signals. The growth of the
normalized luminescence (Lx/Tx) for the regeneration doses is
used to determine the De value for the natural value (LN/TN).
After estimating the reliability of this sensitivity-corrected
MAR protocol, we use it to set up an independent chronology
for the Luochuan loess–paleosol section in the last glacial–
interglacial cycle, and the closely spaced OSL ages were used to
evaluate the rate of dust accumulation in the last glacial period.

Sample site and sample preparation

At Luochuan (35°45′N, 109°25′E), the exposed sediments
are composed of more than 30 loess–paleosol alternations with
a total thickness of 135 m (Liu, 1985). These sediments have
been subjected to extensive multidisciplinary studies on
stratigraphy and paleoclimate reconstruction (e.g., Liu, 1985;
Kukla, 1987; Kukla et al., 1988; Kukla and An, 1989; An et al.,
rg/10.1016/j.yqres.2006.08.003 Published online by Cambridge University Press
1990; Forman, 1991; Porter and An, 1995; An and Porter, 1997;
Rousseau and Wu, 1997; Xiao et al., 1999; Bronger, 2003). In
the current study, 33 samples from the upper 13 m, made up of 2
samples from L2, 7 samples from the paleosol unit S1, 21
samples from L1 and S0 and 3 samples from the recent loess (L0)
(Fig. 5 and Table 1), were obtained by hammering stainless-
steel tubes into cleaned pit walls at the Heimugou section,
Luochuan.

Following the laboratory procedures for Chinese loess (Lu et
al., 1988; Forman, 1991), the samples were extracted under
subdued red light and pretreated with 30% HCl and 30% H2O2

to remove the carbonates and organic material, respectively.
Then the fine silt (4–11 μm) was obtained using sedimentation
procedures based on Stokes' Law. These polymineral fine
grains were immersed in hydrofluorosilicic acid, H2SiF6 (30%),
for 3 days in an ultrasonic bath to obtain the fine-grained quartz
component. The purity of the isolated quartz was checked by IR
stimulation. The first 1-s IRSL signal (with a laboratory
regenerative dose of 19.2 Gy and preheat condition of 260°C
for 10 s) was less than 200 counts/s (most of them less than
100 counts/s) after subtracting the instrumental background;
this indicates a dominance of quartz, with no significant OSL
signal contribution from feldspar (Wang et al., 2006). In
addition, for some samples X-ray diffraction was applied in
order to confirm the lack of feldspar.

Instruments and measurements

All measurements were performed using a Daybreak 2200
automated OSL reader equipped with a combined blue (470±
5 nm) and infrared (880±80 nm) LED OSL unit, two 90Sr/90Y
beta sources (0.19 and 0.157 Gy/s) and an Am-241 alpha source
(0.062 μm−2 s−1) for irradiations. All luminescence measure-
ments were made at 125°C for 50 s with both IR and blue
stimulation powers at ∼45 mW/cm2. Luminescence emissions
were detected by an EMI 9235QA photomultiplier tube and two
3 mm U-340 glass filters. For De calculation, the first 5-s
integral of the OSL decay curve was used after subtracting that
of the last 5 s. Bleaching is provided by a solar simulator
(SOL2) and the exposure time was 180 s.

De determination by the sensitivity-corrected MAR
protocol

Description of the sensitivity-corrected MAR protocol

As mentioned in the introduction, the OSL response (Ti) to a
test dose is used to correct for sensitivity changes caused by the
bleaching prior to the regeneration doses and by any thermal
treatment prior to the measurement of Li, as well as to normalize
for the differences (e.g., due to sample mass) between the
different aliquots. Figure 1 presents the OSL decay curves, both
Li (Figs. 1a and b) and Ti (Figs. 1c and d) for two samples and
sensitivity-corrected (Li/Ti) dose–response curves (Figs. 1e and
f) for De determination using the sensitivity-corrected MAR
protocol. Bleaching was with the SOL2 for 180 s (shown as SL
in text in Figs. 1a and b). For De estimation, the corrected OSL
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Table 1
Summary of dosimetry and OSL ages at Luochuan Heimugou section, with the positions of the transitions based on the climato-stratigraphy of An and Lu (1984)

Lab No. Depth (m) U (ppm) Th (ppm) K (%) Water content (%) Alpha coefficient Dose rate (Gy/ka) De (Gy) OSL age (ka) Transition

IEE208 0.1 2.19±0.08 11.50±0.25 1.86 15±2 0.040 3.48±0.11 3.6±0.2 1.0±1
IEE209 0.3 2.34±0.09 12.20±0.27 1.90 15±2 0.039 3.60±0.12 3.0±0.4 0.8±0.1
IEE210 0.5 2.46±0.10 13.10±0.29 1.91 18±2 0.039 3.57±0.12 4.3±0.6 1.2±0.02
IEE211 0.8 2.38±0.10 13.50±0.30 2.07 18±2 0.035 3.66±0.12 29.2±0.6 8.0±0.3

L1–1/S0
IEE213 1.4 2.21±0.09 11.40±0.25 1.51 18±2 0.036 2.97±0.10 34.6±0.3 11.7±0.4
IEE214 1.8 2.11±0.08 11.00±0.24 1.73 15±2 0.037 3.22±0.11 51.9±1.2 16.1±0.7
IEE215 2.0 2.39±0.10 11.60±0.26 1.69 15±2 0.048 3.44±0.12 79.8±2.4 23.2±1.1
IEE216 2.3 2.30±0.09 12.60±0.28 1.79 15±2 0.045 3.55±0.12 93.5±0.12 26.4±1.1
IEE217 2.6 2.28±0.09 12.50±0.28 1.79 15±2 0.038 3.45±0.12 96.5±3.2 28.0±1.3

L1–2(S)/L1–1

IEE218 3.0 2.17±0.09 11.80±0.26 1.86 15±2 0.053 3.57±0.12 113±1.5 31.6±1.1
IEE219 3.5 2.31±0.09 12.20±0.27 2.03 20±2 0.035 3.35±0.12 110±1.5 32.8±1.2
IEE220 4.0 2.06±0.08 11.70±0.26 2.02 20±2 0.047 3.34±0.11 124±2.8 37.2±1.5
IEE221 4.5 2.30±0.09 12.70±0.28 2.00 20±2 0.054 3.39±0.12 135±3.8 39.9±1.8
IEE222 5.0 2.31±0.09 12.70±0.28 2.00 20±2 0.054 3.54±0.13 151±7.0 42.5±2.5
IEE223 5.5 2.22±0.09 12.20±0.27 1.94 20±2 0.044 3.32±0.12 168±6.4 50.7±2.6
IEE224 6.0 2.18±0.09 12.10±0.27 2.03 20±2 0.065 3.57±0.13 189±3.8 53.0±2.2
IEE225 6.5 2.35±0.09 12.10±0.27 2.02 20±2 0.061 3.57±0.13 190±2.0 53.1±2.0
IEE226 7.0 2.33±0.09 12.30±0.27 1.96 20±2 0.043 3.34±0.12 189±5.4 56.5±2.6

L1–3/L1–2(S)

IEE227 7.5 2.39±0.10 12.40±0.27 1.89 20±2 0.045 3.33±0.12 190±7.2 57.2±3.0
IEE273 7.7 2.23±0.12 10.75±0.25 1.82 15±2 0.055 3.42±0.12 208±11 60.8±3.8
IEE272 8.0 2.43±0.13 12.01±0.26 1.84 15±2 0.045 3.50±0.13 214±15 61.2±4.8
IEE228 8.5 2.40±0.10 11.40±0.25 1.88 15±2 0.056 3.59±0.13 232±4.4 64.6±2.6
IEE229 8.7 2.37±0.09 12.10±0.27 1.92 25±2 0.048 3.10±0.11 221±6.8 71.1±3.4
IEE230 9.0 2.57±0.10 12.50±0.28 1.97 25±2 0.057 3.31±0.12 233±0.7 70.4±2.6

S1/L1–3

IEE232 9.5 2.55±0.10 13.80±0.30 2.01 25±2 0.052 3.35±0.16 270±12 80.6±5.3
IEE233 9.8 2.49±0.10 13.80±0.30 2.10 20±2 0.039 3.48±0.16 281±14 80.8±5.5
IEE234 10.0 2.65±0.11 15.00±0.33 2.08 20±2 0.045 3.63±0.17 303±2 83.6±3.9
IEE270 10.6 2.48±0.14 15.50±0.34 2.09 20±2 0.039 3.51±0.16 341±16 97.3±6.5
IEE269 11.0 2.28±0.15 14.18±0.13 2.06 20±2 0.049 3.43±0.16 322±18 94.0±6.8
IEE268 11.5 2.72±0.15 13.45±0.30 2.07 20±2 0.054 3.48±0.16 354±11 102±5.8
IEE267 11.9 2.79±0.14 14.83±0.33 2.04 20±2 0.038 3.40±0.16 390±6 115±5.7

L2/S1
IEE266 12.3 2.61±0.14 13.07±0.29 1.96 20±2 0.040 3.24±0.15 409±18 126±8.1
IEE263 12.9 2.86±0.14 12.22±0.27 1.82 20±2 0.041 3.16±0.15 397±11 126±6.0
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intensity (Li/Ti) is used. Generally, more than three aliquots are
measured to determine the natural OSL intensity, and five
aliquots to construct the dose–response curve that brackets the
natural OSL intensity. The preheating prior to measurement of
Li was chosen to be 260°C for 10 s on the basis of preheat
plateau tests carried out on sample IEE215 and IEE228 (see
Supplementary data #1). The preheating prior to measurement
of Ti was selected to be 220°C for 5 s based on the previous
behavioral studies (Wang et al., 2006).

Sensitivity correction

Three samples (IEE211, IEE228 and IEE232) were used to
test the ability of the new protocol to correct for sensitivity
changes. Both additive and regenerative dose–response curves
were constructed for these samples. Figure 2 presents these
results and their combined dose–response curve obtained by the
Australian slide method (Prescott et al., 1993) both with and
without (insets of Fig. 2) sensitivity correction. The sensitivity-
oi.org/10.1016/j.yqres.2006.08.003 Published online by Cambridge University Press
corrected regenerated OSL dose–response curves for the two
older samples (IEE228 and IEE232) are similar to those shown
by Watanuki et al. (2003) for their quartz, obtained using a
similar chemical treatment to remove feldspars. For these three
samples, the regenerated OSL dose–response curve can be
shifted to lie on top of that of the additive dose only when using
the OSL response to the test dose to correct for sensitivity
changes. Sample IEE211 shows only slight sensitivity change
between the additive and regenerative curves for the raw data
(see inset of Fig. 2a); however, for samples IEE228 and IEE232
large sensitivity changes can be seen in the inset of Figure 2b
and c, respectively. Without using the test dose to monitor the
sensitivity changes, only sample IEE211 can give a reasonable
De determination by the slide method (inset of Fig. 2a), and no
concordance between additive and regenerated dose–response
can be found for sample IEE232 (inset of Fig. 2c). This
indicates that no reliable De value can be obtained using the
Australian slide method when OSL signals near saturation and
using uncorrected OSL intensities for old samples.

https://doi.org/10.1016/j.yqres.2006.08.003


Figure 1. Representative data ofDe determination for two samples (IEE215 and IEE266) by the sensitivity-corrected MAR protocol. (a, b) Decay curves of natural and
regeneration dose OSL intensity (Li); (c, d) decay curves of test dose OSL intensity (Ti) after each natural and regenerative OSL measurement; (e, f) the corrected OSL
(Li/Ti) dose–response curves and De determination. The preheating condition is 260°C for 10 s for the regenerated dose, and 220°C for 5 s for the test dose OSL
measurements. OSL signals were for the first 5 s of stimulation time, integrating the region to the left of the dashed vertical lines in panels a, b, c and d.
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The dose–response curves constructed by the Australian
slide method look harmonious after inter-aliquot normalization,
even though sensitivity changes had occurred and there was
considerable scatter of the raw OSL data (e.g., for sample
IEE232 in the inset of Fig. 2c). This means that both additive
and regenerative growth curves have the same pattern of OSL
growth with dose after removing the effects of sensitivity
change and they can be merged into one consistent dose–
response curve. The intersection of the corrected natural OSL
intensity with the slide dose–response curve confidently proves
the validity of this method for De determination. Besides being
able to accurately recover the De value, it is also necessary to be
able to obtain it with high precision. Even for such uniform
aliquots as are obtained using fine-grained quartz, individual
measurements of the natural OSL intensity have a standard error
of ∼1.5%. Additional experiments (see Supplementary data #2)
showed that the use of the OSL response to a test dose reduces
scatter to∼0.3%, as has also been proved in previous studies on
loess (Zhou and Shackleton, 2001). A similar improvement in
precision was reported by Jain et al. (2003) in their application
of component-specific normalization for a multiple-aliquot
rg/10.1016/j.yqres.2006.08.003 Published online by Cambridge University Press
protocol for fine-sand-sized grains of quartz from fluvially
transported sands.

Comparison with the SAR protocol

The Single-Aliquot Regenerative-dose (SAR) procedure
(Murray and Wintle, 2000) was applied to 23 of the 33 samples
from the Heimugou section. The same preheat conditions were
used as in the sensitivity-corrected MAR measurements, i.e.,
260°C for 10 s for Li measurements and 220°C for 5 s for the Ti
measurements. Figure 3 shows that the De values determined by
both the SAR and sensitivity-corrected MAR protocols are in
good agreement for samples of last glacial loess, with De values
less than 120 Gy (shown with an expanded scale in the upper
inset of Fig. 3). However, the values of De obtained by the SAR
protocol show unexpected underestimation; the maximum
underestimation is 13% for the oldest sample IEE263, but the
average amount of underestimation is about 8% for the last
interglacial paleosol samples (De>∼250 Gy).

An experiment was designed to investigate whether this
deviation between the SAR and sensitivity-corrected MAR data

https://doi.org/10.1016/j.yqres.2006.08.003


Figure 3. De comparison between SAR and sensitivity-corrected MAR
protocols. The sensitivity-corrected MAR De values agree with those of the
SAR protocol when De values are less than 120 Gy (see upper inset); SAR De

values underestimate by an average of 8% for the older paleosol samples. The
underestimation from 200 to 400 Gy is taken from the large data set in Fig. #2 of
Supplementary data #3.

Figure 2. The additive (□), regenerative dose (○) and their combined
(Australian slide method) dose–response curves constructed using the corrected
OSL intensity (Li/Ti); the insets show the response of raw OSL intensity (Li). The
dose–response curves were fitted using the combination of two-exponential
functions. Data for 3 samples: (a) IEE211 of Holocene age, and IEE228 (b) and
IEE232 (c), above and below the S1/L1 transition, respectively.
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sets could be the result of build up of an OSL signal during the
repeated cycles of the SAR protocol, as had been suggested by
Murray and Wintle (2003). The results (see Supplementary data
#3) confirm a fundamental deviation in response of the signals,
resulting in an 8% underestimation of SAR ages for
regeneration doses of 400 Gy (see lower inset in Fig. 3). This
is caused by the use of blue light stimulations in the SAR
protocol, rather than the use of the broader and more powerful
spectrum of the SOL2 sunlamp used in the sensitivity-corrected
MAR protocol. This conclusion is supported by dose recovery
test experiments when using different preheating conditions
before OSL measurements of test dose (Wang et al., 2006).
Thus, the sensitivity-corrected MAR protocol avoids OSL
buildup during repeated measurements on single aliquot, as
oi.org/10.1016/j.yqres.2006.08.003 Published online by Cambridge University Press
only Li and Ti are measured for each aliquot. An alternative
approach would be to use a SAR protocol that employs optical
stimulation between each measurement cycle (Murray and
Wintle, 2003); however, this option was not explored here.

Dose rate determination

For all samples, Neutron Activation Analysis (NAA) was
used to measure the uranium and thorium concentrations, and K
content was determined by flame spectrum analysis (Table 1).
The concentrations down-section are shown in Figure 4. The α
efficiency factors, α values, were measured for each sample by
comparing the OSL signals regenerated by α and β irradiation
after an initial exposure to the SOL2 solar simulator for 3 min,
as introduced by Zhou et al. (1995) for TL dating. The average
value of α efficiency for all the samples is 0.045±0.001,
consistent with values given by Rees-Jones (1995) for fine-
grained quartz OSL.

It is also essential to determine the in situ water content. The
weights of wet samples were measured immediately after
extraction from the fresh section, and the dry samples were
weighed after storing in an oven at 105°C for 8 h; combining
these measurements we obtained the percentage water content
(calculated as [wt water/wt dry sediment]×100) for this loess–
paleosol sequence (Fig. 4). It is worth noting that the wetness
reached its maximum at around the S1/L1 transition and its
minimum in the upper part of L1–1 and L1–3, shown by arrows
in Figure 4. Based on the measured water contents, the average
wetness for each layer is given in Table 1. The wetness may
have varied slightly throughout burial time, but as the
overburden increases the fluctuation will be small; an error of
±2% was thus assumed for all samples.

https://doi.org/10.1016/j.yqres.2006.08.003


Figure 5. OSL ages (ka) obtained using the sensitivity-corrected MAR protocol
on fine-grained quartz for Luochuan loess–paleosol units of the past 130 ka. The
climato-stratigraphy at Luochuan is divided into L0, S0, L1–1, L1–2(S), L1–3, S1
and L2 according to the field observations and climato-environmental proxies
(An and Lu, 1984). Low frequency magnetic susceptibility (MS) values were
measured using a Bartington MS-2 magnetic susceptibility meter in the
laboratory.

Figure 4. Related parameters for dosimetry of loess L1 and paleosol S1 (shaded); those include the concentrations of uranium, thorium, potassium and the measured
water contents, as discussed in the text and given numerically in Table 1. Arrows show sediment layers with lowest water contents.
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The dose rate for each loess sample is calculated directly by
using the observed radionuclide concentrations and the water
contents given in Table 1; the dose rates for the paleosol
samples were corrected by using an empirical model (see
Supplementary data #4), in which the dose rate is considered
over two time periods: one is the time period with changing
radiation conditions when S1 was developing and serious
weathering occurred, and the other is with relatively stable
radiation environments after S1 had been covered by the loess
layer. In Table 1, the corrected dose rates for the S1 paleosol
samples, at depths of 9.5–11.9 m, were used for OSL age
calculation.

Results and discussions

Comparison with relative independent age estimates

From the methodological studies, the sensitivity-corrected
MAR protocol shows good performance in respect of sensitivity
correction, overcoming the scatter of experimental data and
avoiding the effects of buildup of OSL signals. Table 1 gives De

values for all the samples. However, the best test of this new
protocol is to compare the age estimates with independently
derived ages. For the Luochuan loess–paleosol sequence, the
S1/L1 transition offers a reference age for validating the
sensitivity-corrected MAR protocol.

Previous studies have shown that the S1/L1 transition
occurs at around 73.9±2.6 ka (SPECMAP age, Martinson et
al., 1987), corresponding to the transition of MIS 5/4 that
was confirmed by TL dating (Lu et al., 1987, 1988, 1999;
Forman, 1991) and also by climate correlation (e.g., An and
Lu, 1984; Liu, 1985; Porter and An, 1995; An and Porter,
1997). Two loess OSL ages for samples above this transition
at Heimugou section have been obtained by the sensitivity-
corrected MAR protocol; they are 71.1±3.4 (IEE229) and
70.4±2.6 ka (IEE230) (Fig. 5 and Table 1), consistent with
rg/10.1016/j.yqres.2006.08.003 Published online by Cambridge University Press
the reference age of 73.9±2.6 ka for MIS 5/4 in the
SPECMAP record. The OSL age estimates beneath the S1/
L1 transition (Fig. 5 and Table 1) also agree broadly with the
ages expected for a soil formed in MIS 5. Thus, the sen-
sitivity-corrected MAR protocol and the related experimental
conditions are suitable, and age underestimation is not
apparent for the loess L1 at Luochuan on the Chinese Loess
Plateau.

https://doi.org/10.1016/j.yqres.2006.08.003


Figure 6. Relationship between the OSL age (○) and depth for samples from the
Heimugou section at Luochuan during the last 72–12 ka. The regression lines
show three periods with different dust accumulation rates (6.4±0.9, 14.5±0.8
and 10.1±1.6 cm/ka for L1–1, L1–2(S) and L1–3, respectively) as shown by the
solid lines. The grain-size modeling ages are shown by the dashed line with data
(●) taken from Table 1 of Porter and An (1995) for the Potou section at
Luochuan. The divisions related to the lithostratigraphy of An and Lu (1984) are
also shown.
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OSL chronology for Luochuan loess in the last
glacial–interglacial period

Figure 5 and Table 1 present the sensitivity-corrected
MAR OSL ages for the loess–paleosol sequence of S1, L1

and S0 units in the Heimugou section at Luochuan. The
quartz OSL age estimates are stratigraphically consistent and
no reversals occur (within measurement uncertainties). Our
OSL ages of samples from the transition of L2/S1 and S1/L1

show that paleosol S1 started about 126 ka and ended about
80 ka; this indicates that sedimentary quartz grains were
deposited throughout the last interglacial, corresponding to
the whole of MIS 5.

Our new chronology for the last glacial loess, L1, enables us
to investigate the validity of the subdivision of this loess into
three subunits (L1–1, L1–2(S) and L1–3), which was first proposed
by An and Lu (1984) on the basis of field observations and
climato-environmental proxies, such as magnetic susceptibility,
grain size, CaCO3 contents and soil micro-morphologic pro-
perties. They identified a weakly developed paleosol (L1–2(S))
and then made a correlation to the marine isotope record,
suggesting that the L1–2(S) paleosol was formed in MIS 3. In
1999, Lu et al. obtained an age of∼30±2 ka for this termination
of the L1–2(S) in North China. This age seems not to be consistent
with that of 24.1±5.0 ka for the MIS 3/2 transition from the
SPECMAP record (Martinson et al., 1987), but it is consistent
with the proposed calendar age of 29 cal ka that is widely used
(e.g., Voelker and Workshop participants, 2002).

In the current study, the boundary between L1–2(S) and L1–1

occurs between samples IEE217 dated to 28.0±1.3 ka and
IEE218 dated to 31.6±1.1 ka, giving an age estimate of about
29.3±1.5 ka (Table 1). This is also in good agreement with the
implication of the 230Th age of 31.9±0.4 ka for the final marine
high-stand of MIS 3, recorded by terraces in New Guinea
(Shackleton et al., 2004). The lower boundary of the weak
paleosol (L1–3/L1–2(S)) is found to have an estimated age of
57.0±3.8 ka, between sample IEE226 dated to 56.5±2.6 ka and
IEE227 dated to 57.2±3.0 ka. These results fundamentally agree
with the age of 59.0±5.6 ka for the MIS 4/3 transition
(Martinson et al., 1987) and the proposed calendar age of
59 cal ka (Voelker and Workshop participants, 2002). Thus, the
grains making up the weakly developed paleosol, L1–2(S), began
to be deposited at about 57 ka and ended at about 29 ka (Fig. 5).
Thus, the subunits of L1–1, L1–2(S) and L1–3 can be correlated to
MIS 2, 3 and 4, respectively, supporting the previous climato-
chronostratigraphy (An and Lu, 1984).

Implication for dust accumulation rates in the last 70 ka

One of the advantages of OSL dating is that the ages
obtained represent the last sunlight exposure event before
deposition; thus, our OSL ages are helpful in depicting the
dust deposition in the last glacial. Dust accumulation at
Luochuan appears to have been continuous for the period
between 74 and 12 ka, and we have attempted to regress the
sample depths against their associated OSL ages to calculate
accumulation rates. During this period of time, there have
oi.org/10.1016/j.yqres.2006.08.003 Published online by Cambridge University Press
been changes in the accumulation rate, and the rates are
shown in Figure 6. It can be seen that there is a relatively low
accumulation rate for L1–3 in the period from ∼72 to ∼57 ka,
corresponding to MIS 4. The accumulation rate increases at
the L1–3/L1–2(S) boundary from 10.1±1.6 cm/ka to 14.5±
0.8 cm/ka, though the age of 50.7±2.6 ka for sample IEE223
seems a little high in relation to the trend line. At ∼28±2 ka
the accumulation rate decreases to the lowest value for the
last 70 ka, namely 6.4±0.9 cm/ka. This change at 28±2 ka is
basically consistent with the timing of the MIS 3/2 boundary.
However, it is clear that a high average accumulation rate
occurred in the last interstadial paleosol (L1–2(S)),
corresponding to MIS 3, not in the classic L1–1 and L1–3

loess of the cold-dry glacial condition (MIS 2 and 4).
These results disagree with the previous estimates of the

accumulation rate in the Luochuan area (site name: Heimu-
gou_1/Luochuan in Table 2 of Kohfeld and Harrison, 2003) and
also with the average accumulation rates on the Chinese Loess
Plateau (Fig. 10 of An, 2000), as shown in Table 2. These
previously published accumulation rates (An, 2000; Kohfeld
and Harrison, 2003) were calculated on the basis of very few
absolute dates or a relative time scale linked to the SPECMAP
record through the climato-stratigraphic subdivisions of An and
Lu (1984). In those studies, the accumulation rates were
reported to be relatively high during MIS 2 and 4. It is suspected
that the previous studies excessively stressed the dust supply in
relatively cold and dry conditions. In fact, the surface condition
is also one of the important factors controlling dust accumu-
lation on the Chinese Loess Plateau. It is possible that the
improved vegetation cover in the last interstadial (Jiang and
Ding, 2005) helped dust entrapment on the Chinese Loess
Plateau.

https://doi.org/10.1016/j.yqres.2006.08.003


Table 2
Accumulation rates (cm/ka) in Luochuan area for lithostratigraphic units L1–1

(28–12 ka), L1–2(S) (57–28 ka) and L1–3 (72–57 ka) based on OSL ages and for
MIS 2 (24–12 ka), 3 (60–24 ka) and 4 (72–60 ka) from Fig. 10 of An (2000) and
Table 2 of Kohfeld and Harrison (2003)

Time period (ka) Depth (m) OSL based An (2000) Kohfeld and
Harrison
(2003) a

24–12 (MIS 2) 15.5 18.5 16.9
28–12 (L1–1) 1.4–2.6 6.4±0.9
60–24 (MIS 3) 9.7 8.4 6.6
57–28 (L1–2(S)) 2.6–7.0 14.5±0.8
72–60 (MIS 4) 15.8 19 14.5
72–57 (L1–3) 7.5–9.0 10.1±1.6
a Kohfeld and Harrison (2003) reported the mass accumulation rates, based on

two different magnetic susceptibility records at Heimugou, and used a bulk
density of 1.48 g/cm3.
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Comparison with “grain-size modeling” ages

Having obtained a tight chronology using the sensitivity-
corrected MAR protocol, we feel sufficiently confident to look
at its implication for the “grain-size model” proposed by Porter
and An (1995) for derivation of a chronology for the Chinese
loess–paleosol succession. They assumed that the dust flux
during the last glacial period varied with changing climate, and
that the dust flux was proportional to grain size. Porter (2001)
has claimed that ages based on this model are reliable, with
calculated errors ranging from ±1 to 3 ka. The core issue in the
grain-size model concerns the assumed relationship between
grain size and dust flux. Figure 6 also presents the results of
grain-size modeling ages from Table 1 of Porter and An (1995)
for the Potou section, 2 km west of the Heimugou section
studied here. Their results suggest that dust accumulation at
Luochuan was effectively continuous and constant for the
whole of the period from 74 ka to 12 ka. This conflicts with our
results, based on OSL ages, which show that, although
deposition appears to be continuous, two changes in the dust
accumulation rate occurred within the same period at ∼57 (or
∼60) ka and ∼28 (or ∼24) ka. Thus, it is strongly recom-
mended that the basic premise of the “grain-size” model
should be checked, as this is the most likely reason for the
discrepancy in the chronology between 40 ka and 16 ka seen
in Figure 6.

Conclusion

A sensitivity-corrected MAR protocol is proposed to
determine fine-grained quartz OSL ages for Chinese loess at
one intensively studied section. From the methodological
viewpoint, the sensitivity-corrected MAR protocol can correct
for sensitivity changes that occur during the measurement
process, overcome the scatter of the experimental data in
MAR measurement procedures and avoid the buildup of OSL
signals that happens in the SAR protocol. This has enabled us
to recover De values with high accuracy and precision. When
comparing the OSL ages obtained in this way with the
reference age (73.9±2.6 ka) of the MIS 5/4 transition
rg/10.1016/j.yqres.2006.08.003 Published online by Cambridge University Press
recorded at the S1/L1 boundary, no age underestimation is
apparent.

Based on the closely spaced samples extracted from the
Heimugou section, a newOSL chronostratigraphy is reported for
the last glacial loess in the Luochuan area on the Chinese Loess
Plateau. Changes in the accumulation rate have occurred twice in
the period from 74 ka to 12 ka, one at a time of about 57±3.8 ka
of L1–3/L1–2(S) boundary, corresponding to the MIS 4/3 tran-
sition, and the other at about 28±2 ka, close to L1–2(S)/L1–1

transition ( MIS 3/2).
Compared with previously published results, it is clear that

the average accumulation rate is higher in the last interstadial
paleosol (L1–2(S)), corresponding to MIS 3, than in the classic
L1–1 and L1–3 loess of the cold-dry glacial condition (MIS 2 and
4). Also, comparing our results with the numerical chronology
obtained using a published grain-size model, it seems that the
assumption of a direct relationship between grain size and dust
flux may be in question.
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