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a b s t r a c t

The Wulanmulun site found in 2010 is an important Paleolithic site in Ordos (China), from which lots of
stone and bone artifacts and mammalian fossils have been recovered. It was previously dated by
radiocarbon and optically stimulated luminescence (OSL) techniques on quartz. To further confirm the
reliability of the chronology constructed based on OSL ages and test the applicability of the recently
developed pIRIR procedure on sediments from northern China, twenty-four sediment samples (including
eolian, lacustrine and fluvio-eolian sands) from the site were determined using the multi-elevated-
temperature post-IR IRSL (MET-pIRIR or pIRIR) procedure on potassium feldspar. The results show that
the studied samples have two MET-pIRIR De preheat plateaus (280e320 and 340e360 �C), and the
bleaching rates of the luminescence signals are associated with sample ages and stimulation tempera-
tures. All the pIRIR ages (7e155 ka) corrected for anomalous fading and residual dose obtained after solar
bleaching for 15 h are larger than the corresponding quartz OSL ages (4e66 ka) previously determined,
even for the young eolian samples (<10 ka). But the corrected IRSL(50 �C) ages (6e85 ka) are broadly
consistent with the quartz ages. It appears that the IRSL(50 �C) ages are more reliable, although this
contradicts the previously results obtained by other people. On the other hand, we also obtained an
extended age plateau between the stimulation temperatures of 50 and 290 �C in the plot of age versus
stimulation temperature (A-T plot) by subtracting different residual doses obtained after different
bleaching times. The reliability of the plateau ages requires further investigation. For the sediment
samples from this site, quartz should be more suitable for dating than K-feldspar, and the quartz OSL ages
of 50e65 ka for its cultural layer should be reliable.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Quartz as a sensitive and reliable natural dosimeter has been
widely used in optically stimulated luminescence (OSL) dating of
sediments in the past decades. However, quartz OSL ages might be
underestimated due to relatively low saturation dose of quartz
signals (Wintle and Murray, 2006), non-fast components (Choi
et al., 2003; Li and Li, 2006; Tsukamoto et al., 2007) or unstable
fast components (Murray and Funder, 2003; Fan et al., 2011). Po-
tassium feldspar (K-feldspar) as an alternative dosimeter for OSL
dating has relative high saturation dose and is brighter than quartz,
but the possible presence of anomalous fading has limited its wider
application (Wintle, 1973; Spooner, 1994). To solve this problem,
two approaches have been suggested. One is to make fading
correction (e.g. Huntley and Lamothe, 2001), and the other is to
obtain non-fading components such as post-IR IRSL (pIRIR) signals
(e.g. Thomsen et al., 2008; Li and Li, 2011). Based on K-feldspar
pIRIR signals, two steps (Thomsen et al., 2008) and multi-elevated-
temperature post-IR IRSL (MET-pIRIR) procedures (e.g. Li and Li,
2011) have been proposed. These new methods have been widely
investigated in recent years, and have potential for routine dating of
sediments (see review by Li et al., 2014a).

The chronology of the Wulanmulun Paleolithic site in Ordos is
considered essential for understanding the significance of the
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excavated artifacts. The site has been dated using radiocarbon and
quartz OSL techniques, the results will be presented in a separate
paper. The results indicate that the ages of the cultural layers are
beyond the upper limit of the radiocarbon dating. Here, we applied
the recently developed MET-pIRIR procedure (Li and Li, 2011, 2012;
Fu et al., 2012a; Fu and Li, 2013) to this site. The aims are to check
the applicability of this method on the site deposits including
eolian, fluvio-eolian and lacustrine sediments, and to confirm the
reliability of the chronology established by quartz OSL dating. In
this study, extensive laboratory tests (preheat plateau, dose re-
covery, bleaching, fading and IR-off) have been performed.

2. Geological setting, archaeology and sampling

The Wulanmulun Paleolithic site found in 2010 is located in the
north bank of the Wulanmulun River in the Dongsheng district of
Ordos, Inner Mongolia Autonomous Region, China (Fig. 1). This site
is considered as another new important discovery of prehistoric
culture in Ordos region after the Salawusu (Sjaraosso-gol) (Boule
et al., 1928) and Shuidonggou (Teilhard de Chardin and Licent,
1924) sites discovered by French researchers in 1922 (Hou et al.,
2012; Wang et al., 2012). The site consists of three localities, Lo-
cality 1 (39�35003.4800N, 109�45041.9700E) studied in this paper is
situated in a paleovalley on the bank of the river. The paleovalley is
filled with eolian, fluvio-eolian and lacustrine sediments. Based on
field observation, the site deposits are divided into upper and lower
units (Fig. S1). The upper unit is (around 10 m thick) composed of
eolian sands and lake sediments. The lower unit is further divided
into eight stratigraphic layers (marked from top to bottom as Layers
1e8). Layer 1 (1.1e2.1 m thick) consists of red eolian sand including
small rock debris. Layer 2 (0.6e1.4 m) is composed of red sand and
grey silt. Layer 3 (0.3e0.8 m) is red fine sand intercalated with grey
fine sand. Layer 4 (0.2e0.6 m) is grey silt. Layer 5 (0.15e0.4 m) is
composed of grey silt and red fine sand. Layer 6 (0.6e0.8 m thick) is
red fine sands including rock debris. Layer 7 (0.2e0.4 m) is grey silt.
Layer 8 (1.1e2.1 m) is composed of red fine sand intercalated with
grey silt overlying the bedrock of Cretaceous red eolian sandstones.
Fig. 1. Map showing the location of the Wulanmulun, Salawusu (SLWS) and Shui-
dongou (SDG) Paleolithic sites in Ordos.
Various stone and bone artifacts were found from the cultural
unit consisting of Layers 2e8. They include cores, blades, assorted
tools and flakes (Hou et al., 2012; Wang et al., 2012). Around 65% of
the stone artifacts are blades, and 90% of the stone artifacts are
made from sandstones. Assorted tools include scrapers, end
scrapers and points. Excavations yielded various mammalian fos-
sils, mainly composed of Coelodonta antiquitatis, Equus przewalskii
and Megaloceros ordosianus (Dong et al., 2014). Large dense of
charcoal and burnt bones were excavated from Layers 2, 5 and 6
(Wang et al., 2012).

A total of 24 samples were collected for luminescence dating.
Nine samples (eolian sands and lacustrine sediments) were taken
from the upper unit, 15 samples (lacustrine and fluvio-eolian
samples) were from the lower unit. In order to compare the lumi-
nescence properties, two samples were taken from bedrock. All
luminescence samples except for bedrock samples were collected
by hammering stainless steel tubes on the section. The sampling
depth and description of each sample are listed in Table S1.

3. Methodology

All samples were treated in a dark roomwith subdued red light.
The potentially light-exposed sediments of 2-cm thickness at both
ends of sampling tubes were first removed, and used for dose rate
measurement, assuming that the samples are homogeneous. The
interior samples were treated with 10% HCl and 10% H2O2 to
remove carbonates and organic material, respectively. The samples
were then dry sieved, and the size of the grains obtained for OSL
measurements are shown in Table S1. The heavy liquid (a sodium
polytungstate) with a density of 2.58 g/cm�3 was used to separate
K-feldspar grains from the samples. The K-feldspar samples were
etched using 10% HF for 40 min to remove the alpha irradiated
outer layer, and then using 10% HCl to remove fluorides formed
during HF etching. The K-feldspar grains obtained weremounted as
a monolayer on 9.8 mm aluminum discs using silicone oil as an
adhesive, medium aliquots (~5 mm in diameter) were created for
OSL measurements.

The MET-pIRIR procedure proposed by Li and Li (2011) was used
for equivalent dose (De) measurements. Here, the procedure
(Table S2) includes four-step IR stimulations at temperatures of 50,
150, 220 and 290 �C. Preheat of 300 �C for 60 s (determined from
preheat plateau tests) was used, and test doses of 10e30 Gy were
applied. A high-temperature bleach at 325 �C for 100 s was con-
ducted at the end of each round of the measurement to make a low
residual signal for the next cycle. In the OSL decay curves, the
counts of the first 2 s integral after subtracting the last 10 s integral
which assumed as the background was used for De calculation. All
luminescence measurements and irradiation were carried out with
an automated Risø TL-DA-15 reader. IR diodes (870 ± 40 nm) were
performed for stimulation (Bøtter-Jensen et al., 2003). The lumi-
nescence signals were detected using EMI 9235QA photomultiplier
tubewhich equippedwith a filter pack of Schott BG-39 and Corning
7e59 filters, providing a blue transmissionwindow (320e480 nm).

In order to determine the stimulation time in the MET-pIRIR
procedure (Table S2), two stimulation times were first tested us-
ing the procedure on sample L1810. The decay curves for the IRSL
(50 �C) and pIRIR signals shown in Fig. S2 do not reach a constant
level after 100 s or 200 s of stimulation, and the signals continue to
decay. Additionally, the De values obtained using both the stimu-
lation times are identical. In this case, 100 s stimulationwas applied
in our samples in order to save measurement time. In order to
observe the effect of isothermal thermoluminescence (TL) on
elevated temperature pIRIR signals and the thermal transfer (Qin
and Zhou, 2012; Wang and Wintle, 2013; Wang et al., 2014), an
‘IR-off’ period of 20e100 s was applied before IR stimulations (Fu
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et al., 2012a). ‘IR-off’ periods of 10e40 s were also performed after
IR stimulations to detect the residual isothermal TL signals. The
results (Fig. S3) show that the isothermal TL signals are negligible
compared to the IRSL(50 �C) and pIRIR signals, suggesting that the
isothermal TL signals had little effect on pIRIR signals. The ‘IR-off’
step was thus not conducted during De measurements in this study.

The U, Th and K contents of the samples were measured by
neutron-activation-analysis (NAA), and secular equilibrium in the U
and Th decay series in the sediments are assumed. The burial depth
was used to calculate the contribution from cosmic ray (Prescott
and Hutton, 1994). The internal K-content of the K-feldspar grains
was assumed to be 13 ± 1% (Huntley and Baril, 1997; Zhao and Li,
2005; Li et al., 2008). Water contents were determined by
measuring the sample weights before and after drying. The ‘AGE’
program of Grün (2009) was used to convert the elemental con-
centrations into effective dose rates.

4. Results and discussion

4.1. Luminescence properties

4.1.1. Dose response curves
The dose response curves (DRCs) for four representative sam-

ples are illustrated in Fig. 2. The curves are fitted with a single
exponential saturation function, and the ‘characteristic saturation
dose’ D0 value (Wintle and Murray, 2006) calculated for each curve
is also shown in the figure. It shows that the signals of 50, 150 and
220 �C from one sample have similar D0 values, while a lower D0
value is observed for the signal of 290 �C. Fig. 2 also demonstrates
that the D0 value increases with sample age, and the bedrock
sample (JY-2) has the highest value. The De values obtained from
each signal are far less than the corresponding 2D0 values, indi-
cating that the natural signals are far away from saturation. Addi-
tionally, the recycling ratios for all signals from all samples are
within the range of 1.0 ± 0.1 and the recuperations all less than 5%,
suggesting that the sensitivity correction for these samples is suc-
cessful and thermal transfer negligible.

4.1.2. Preheat plateau
A preheat plateau test on sample L2095 was carried out to

determine a suitable preheat temperature for De measurements. De
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Fig. 2. Dose-response curves of the IRSL(50 �C) and MET-pIRIR (150, 220 and 290 �C)
signals for four representative samples. The D0 values calculated using the equation
I ¼ I0(1-exp(-x/D0)) for the curves are also labeled. The open points represent the
sensitivity-corrected (Lx/Tx) natural signals.
values were measured using the procedure in Table S2 with
different preheat temperatures ranging from 280 to 360 �C in step
of 20 �C. For each temperature, three aliquots were measured. The
plot of De values against preheat temperatures (Fig. 3) shows that
two preheat plateaus (280e320 and 340e360 �C) can be recog-
nized. It can be seen that the De values obtained in the preheat
temperatures of 280e320 �C are larger than those for the tem-
peratures of 340e360 �C. Similar pIRIR De plateaus were also found
for the terrace deposits of the Yellow River (Meng et al., 2015). But
these are contrary to the results of Roberts (2012) who found that
the pIRIR De values for her loess samples have a plateau at the
preheat temperature range of 250e280 �C, but increase signifi-
cantly from 280 to 320 �C. However, Li and Li (2011) reported a
pIRIRDe plateau over the preheat temperature range of 220e300 �C
for their aeolian samples (~12 ka) fromnorthern China. These imply
that the preheat dependence of De is sample dependent. Based on
the fact that the preheat temperature �320 �C are usually used in
feldspar pIRIR dating (e.g. Buylaert et al., 2009; Murray et al., 2009;
Thiel et al., 2011; Li and Li., 2011) and the preheat plateau in Fig. 3,
the preheat of 300 �C for 60 s was used in this study.

4.1.3. Dose recovery
A dose recovery test was also performed on four samples. In this

test, three aliquots of each sample were first bleached for 8 h with a
solar simulator (Dr. H€onle UVACUBE 400), and then given a labo-
ratory beta dose equivalent to the pIRIR (290 �C) De value of the
measured sample. The given dose was then measured as an ‘un-
known’ dose using the procedure in Table S2 with preheat tem-
perature of 300 �C. The ratios of measured to given dose (dose
recovery ratio) for the signals are shown in Fig. 4. It indicates that
the ratios are lowest for IRSL (50 �C) signal (between 0.63 ± 0.04 for
sample L2095 and 0.75 ± 0.08 for L1816) and increase with tem-
perature until 290 �C (between 0.97 ± 0.04 for L1798 and 1.3 ± 0.1
for L1815), regardless of whether the sample is eolian (L1797 and
2095) or waterlain (L1815 and 1816). The ratios for the pIRIR
(150 �C) and (220 �C) signals are generally within 1.0 ± 0.1 at 1s.
Compared to the ratios for other samples from different regions
(see review by Li et al., 2014a), the ratios for our samples are
acceptable. On the other hand, the dose recovery ratios may be
unimportant to predict inaccurate De estimation (Buylaert et al.,
2012).

4.1.4. Residual doses after bleaching
A bleaching test was carried out on three samples (L1798, 2096

and 1816) using the solar simulator. In this test, the natural aliquots
were measured using the procedure in Table S2 after exposure to
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the solar light for periods ranging from 1 to 900min. Three aliquots
were performed for each bleaching time. The results are shown in
Fig. 5. It can be seen that after 900 min bleaching, the remaining
doses from the high-temperature pIRIR signals are larger than
those from the low-temperature pIRIR signals, and all the pIRIR
doses are larger than the corresponding IRSL(50 �C) dose, reflecting
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results from three aliquots, the associated errors are not shown for clarity. The doses
remaining after 900 min bleaching for each signal are labeled.
their different bleachability. On the other hand, it appears that the
residual doses are associated with sample ages, that is, the residual
doses for the older samples (L2096 and L1816) are larger than those
for the young sample (L1798). This is similar to the results reported
by previous investigators (e.g., Sohbati et al., 2012; Buylaert et al.,
2012; Schatz et al., 2012), but contrary to the results of Li et al.
(2013) who considered that there is no clear relationship be-
tween the size of residual dose and sample ages for their samples.
Fig. 5 also demonstrates that the remaining doses determined after
500 min bleaching are very close to those obtained after 900 min
bleaching, implying that the pIRIR signals corresponding to the
most part of the residual doses measured after 900 min bleaching
may consist of the less bleachable and non-bleachable signals and
those induced by thermal transfer of charge from light-insensitive
traps to those associated with the IRSL (50 �C) and pIRIR signals
(Buylaert et al., 2012; Li et al., 2014a). Such residual doses should be
subtracted from the De values before age calculation.

4.1.5. Anomalous fading
Anomalous fading ratesweremeasured on three samples (L1797,

L1802 and L1815) using the procedure similar to that described by
Auclair et al. (2003), but signal measurement based on the proce-
dure of Table S2. The results (Fig. S4) show that the three samples
have similar anomalous fading rates. The average g-values for the
IRSL (50 �C), pIRIR(150 �C), pIRIR(220 �C) and pIRIR(290 �C) signals
fromthe three samples are 4.5±0.1, 2.1±0.1,1.8±0.3 and0.8±0.1%/
decade, respectively. The rates for the pIRIR signals decrease with
increasing stimulation temperature as reported by Li and Li (2011,
2012), and the rate of the pIRIR(290 �C) signal is negligible.

4.2. Dating results

4.2.1. De values and IRSL(50 �C) and MET-pIRIR ages corrected for
anomalous fading and non-bleachable signals

The calculated dose rates of the studied samples are listed in
Table S1. They range from 3.6 to 2.9 Gy/ka, with an average of
3.23 ± 0.04 Gy/ka, and the average internal dose rate is about 21% of
the sample-average total dose rate. The IRSL(50 �C) and pIRIR De
values obtained for each sample are listed in Table S3. It is shown
that the measured De values increase with increasing stimulation
temperature, that is, the IRSL(50 �C) De < pIRSL(150 �C)
De < pIRSL(220 �C) De < pIRIR (290 �C) De, this can be explained by
the differences in anomalous fading rate and residual dose between
the signals. The pIRIR (220 �C) De values for the bedrock samples
are up to 1800 Gy, and the pIRIR (290 �C) De values more than
2750 Gy, which are greatly larger than those of the sediment
samples, implying that the ages of the studied sediment samples
are far less than the upper age limit of the pIRIR method.

As discussed above, the studied samples suffered from anoma-
lous fading, and have residual doses which most likely result from
non-bleachable signals and/or thermal transfer. This means that
the directly measured Des should be corrected for before age
calculation. Here the residual doses obtained after 900 min of solar
bleaching were first subtracted from the measured Des, and then
the residual-subtracted De values were corrected for anomalous
fading (Huntley and Lamothe, 2001). It is noted that the residual
doses (obtained from samples L1798, L2096 and L1816) and g-
values (obtained from samples L1797, L1802 and L1815) were used
for relatively young samples (L1797-L1801), eolian samples (L1802-
L1805, L2095 and L1906) and lacustrine and fluvio-eolian samples
(L1806-1818), respectively. The IRSL(50 �C) and pIRIR ages cor-
rected for both residual dose and anomalous fading for the studied
samples are listed in Table S3. One example of the plots of age
against stimulation temperature (A-T plot) is shown in Fig. 6. It can
be seen that the corrected IRSL(50 �C) age values are smallest, and
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an age plateau can be observed between the stimulation temper-
atures of 220 and 290 �C within errors. Such age plateau in the A-T
plot is usually used to assess the effect of anomalous fading,
bleaching and thermal transfer on ages. If an age plateau in the A-T
plot is achieved, the plateau age is consider reliable (Li and Li, 2011;
Li et al., 2013, 2014b; Fu et al., 2012a). Based on this criteria, the
pIRIR(220 �C) and pIRIR(290 �C) ages obtained for our samples
appear to be reliable.
4.2.2. The reliability of the IRSL(50 �C) and MET-pIRIR ages
corrected for anomalous fading and non-bleachable signals

In order to further assess the reliability of the IRSL(50 �C) and
pIRIR ages corrected for both anomalous fading and non-bleachable
signals, the corrected ages are compared to their corresponding
quartz OSL ages (the quartz OSL dating of the site will be presented
separately by the authors) in Fig. 7a. It can be seen that all the
IRSL(50 �C) ages are in agreement with their corresponding quartz
OSL ages, and all the pIRIR ages are greatly larger than the quartz
ages. It appears that the corrected IRSL(50 �C) ages may be reliable
for our samples, although the dose recovery ratios for this signal are
much less than 1. However, the above discussion suggested that the
pIRIR(220 �C) and pIRIR(290 �C) ages should be reliable, and
consistent with the quartz OSL ages. For the inconsistency between
quartz OSL and pIRIR ages, theremay be a possibility that the quartz
OSL ages were underestimated. This is because the OSL ages of
some quartz samples fromMu Us Desert located to the south of the
Wulanmulun site (Fig. 1) seem to be underestimated (Fan et al.,
2011). However, the unstable fast OSL component of quartz grains
and the fact that the uncorrected IRSL(50 �C) ages for the samples
are less than the corresponding quartz OSL ages for their quartz
samples were not observed in our samples. In addition, the low
dose saturation characteristics of quartz may also result in the
underestimation of older samples. However, the corrected pIRIR
ages for younger eolian samples (for example, sample L1798 with
quartz OSL age of ~4 ka) from the upper unit are still larger than
their corresponding quartz OSL ages. Therefore, there is no evi-
dence to support the fact that the quartz OSL ages of the studied
samples were systematically underestimated. In this case, we infer
that the pIRIR ages corrected for anomalous fading and less-
bleachable and non-bleachable signals obtained after 900 min of
bleaching should be overestimated.

It is known that feldspar luminescence is bleached more slowly
than OSL quartz signals (Godfrey-Smith et al., 1988; Thomsen et al.,
2008), and elevated-temperature pIRIR signals have relatively slow
bleaching rates (e.g. Li and Li, 2011; Buylaert et al., 2012; Fu et al.,
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2012b), as shown in Fig. 5 and Fig. S2. Thus, we deduce that the
overestimation of the K-feldspar pIRIR ages should be partly
attributed to the relatively poor bleaching of the pIRIR signals prior
to deposition. The residual pIRIR doses obtained after 900 min
bleaching in laboratory could not represent the inherited dose
remaining from the earlier period of burial. On the other hand, the
difference between the quartz OSL and corresponding pIRIR ages
generally increases as the samples become older (increasing depth)
(Fig. 7a). For example, samples L1798, L2096 and L1816 yielded
quartz OSL ages of 4.0 ± 0.4, 45.4 ± 2.1 and 56.3 ± 3.5 ka, and K-
feldspar pIRIR (290 �C) ages of 11.5 ± 2.3, 69.8 ± 7.7 and
107.4 ± 17.1 ka, respectively. The differences between the quartz
OSL and K-feldspar pIRIR(290 �C) ages for the three samples are 7.5
(corresponding to 24 Gy of K-feldspar) ka, 24.4 (73 Gy) ka and 51.1
(168 Gy) ka, respectively. If we assume that the age differences are
completely attributed to incomplete bleaching of K-feldspar, the
bleaching level would decrease with increasing sample ages
(depth). Based on the age difference, sample L2096 wasmuchmore
poorly bleached than L1798 at deposition, given the same eolian
depositional environment, and the degree of bleaching of sample
L1816 is 7 times lower than L1798. Obviously, it is difficult to believe
that this is the case, and there is no reason why the older samples
have much larger residual dose than the young ones at the time of
deposition. Thus, we deduce that the overestimation of the pIRIR
ages for our samples are partly due to the thermal transfer as dis-
cussed above, and the dose inherited from source materials and
induced by the thermal transfer occurring during measurement
should thus be responsible for the overestimation of the pIRIR ages.
Therefore, the simple subtraction of the residual dose of less-
bleaching and non-bleaching pIRIR signals obtained in the
bleaching tests from the measured De values does not yield reliable
pIRIR ages for our samples. Another factor leading the pIRIR age
overestimation may be the unsuitable preheat temperature of
300 �C used during the De measurement (Fig. 3), which requires
further investigation.

4.2.3. Performance of residual dose correction
The size of residual dose for pIRIR signals remaining even after

long bleaching time in a solar simulator or daylight (for modern
sample) is known to vary significantly from sample to sample
(Fig. 5, and see review by Li et al., 2014a). The measured Des should
be corrected for residual dose before age calculation. There have
been two correction methods: residual dose subtraction (e.g.,
Thomsen et al., 2008; Li and Li, 2011) such as in Section 4.2.1 and
residual signal intensity subtraction (Li et al., 2013; Schmidt et al.,
2014). Li et al. (2013) considered that the simple dose-subtraction
method will result in a significant underestimation of the actual
burial dose. But the application of this method to our samples
showed that this is not the case (see Section 4.2.1). They further
argue that the intensity-subtraction method will yield relative
larger De value than the dose-subtraction method. Therefore, we do
not apply the intensity-subtraction method to our samples.

The residual dose obtained from bleaching tests and modern
samples should consist of three components corresponding to
bleachable and non-bleachable signals, and that induced by thermal
transfer during measurement. The residual dose (RD1) obtained
after long bleaching times such as 900 minwould be dominated by
the contribution from non-bleachable signals and those from ther-
mal transfer. If RD1 is used for correction, the corrected De values
maybe larger than the actual burial dose. This is because the residual
dose (RD2) responsible for bleachable signals are not subtracted
from the total measured De. However, it is difficult to quantify the
level of RD2 at the time of deposition. Fig. 6 and Fig. 5s demonstrate
the IRSL(50 �C) and pIRIR ages corrected for anomalous fading and
residual doses (RD1þRD2) obtained after different laboratory
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bleaching times. It is noted that the residual doses after different
bleaching times for other samples (except for bleaching samples
(L1798, L2096 and L1816)) were calculated based on the functions
fitted to thedata in Fig. 5. FromtheA-Tplots in Fig. 6 andFig. 5s, it can
be seen that an age plateau between stimulation temperatures of
220 and 290 �C can be observed for each bleaching time if error bars
are considered. Each plateau corresponds to a different degree of
bleaching of a sample. It is difficult to determine which degree of
bleaching is true for the sample at the time of deposition based only
on the plateaus. Fig. 6 and Fig. S5 also show that the IRSL(50 �C) and
all pIRIR ages corrected for the dose remaining after suitable
bleaching times such as 1 or 1.5 min are identical, constructing an
age plateau between stimulation temperatures of 50 and 290 �C.
Thismeans that anextendedageplateaubetweenall the stimulation
temperatures can be achieved for a sample, if suitable residual doses
for the IRSL and pIRIR signals are used for correction. As shown in
Fig. 5, the different signals have different bleaching rates, so the
extended plateaumay imply that the correction for both anomalous
fading and residual dose are successful. After such correction, the
agreement between the IRSL (50 �C) and pIRIR ageswere also found
for other samples (e.g. Buylaert et al., 2009; Trauerstein et al., 2014).

The extended plateau ages for each signal are also plotted as a
function of sampling depth in Fig. 7b. It is shown that the plateau
ages of 16 samples are consistent with their corresponding quartz
OSL ages. This implies that the plateau ages may represent the true
burial ages of the studied samples. However, the ages of the other 8
samples are younger than the corresponding quartz OSL ages,
especially for the relatively old samples below the depth of 12.69m.
For these relatively old samples, the anomalous fading may not be
successfully corrected (Huntley and Lamothe, 2001) although the
extended age plateaus are reached, and result in the underesti-
mation of the plateau ages. For such samples, further investigations
are very necessary.
5. Conclusion

The IRSL(50 �C), pIRIR(150 �C), pIRIR(220 �C) and pIRIR(290 �C)
signals measured using successive IR stimulations at sample tem-
peratures of 50, 150, 220 and 290 �C after preheating or cutheating
demonstrate different properties. The pIRIR signals have relatively
lower saturation dose and slower bleaching rate than the
IRSL(50 �C) signal, and the anomalous fading of the pIRIR(290 �C)
signal is negligible. The doses remaining after long bleaching times
appear to be associated with sample age and stimulation temper-
ature. The preheat temperature in the MET-pIRIR procedure on K-
feldspar may be crucial for an accurate De estimation. The
IRSL(50 �C) ages corrected for anomalous fading and residual dose
obtained after 15 h bleaching in a solar simulator are broadly
consistent with the corresponding quartz OSL ages, but all the
corrected pIRIR ages are larger than the quartz ages, even for the
young (<10 ka) eolian samples. This result contradicts the previ-
ously published dating studies in which the pIRIR ages are
considered more reliable. In this study, an extended age plateau
between stimulation temperatures of 50 and 290 �C in the plot of
age versus stimulation temperature can be achieved for a sample by
correcting for anomalous fading and a series of residual doses
measured after different bleaching times. The relatively young
samples have the plateau ages consistent with the corresponding
quartz OSL ages, but the relatively old samples yielded relatively
younger plateau ages. The reliability of the plateau ages requires
further investigation. The application of the MET-pIRIR procedure
to the Wulanmulun site is complicated by the luminescence
properties of the studied samples. We thus consider that quartz is
more suitable for dating than K-feldspar for this site, and the quartz
OSL ages of 50e65 ka for its cultural layer should be reliable.
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