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Incomplete bleaching, which will lead to overestimation of age, still remains one of the most significant
problems in luminescence dating on glacial sediments. In order to test the bleachability of luminescence
signals of mountain glacial sediments, nineteen young samples from different geomorphological posi-
tions and different sediment settings, in the source area of the Urumqi River in Tianshan Mountains, a
key area of Quaternary glaciation study in China, were collected and dated using optically stimulated
luminescence (OSL) dating methods. Equivalent dose (De) was determined by quartz SAR-SGC pro-
cedures. Results show that most of the samples suffer from varying degrees of overestimation. In general,
glaciofluvial and lateral moraine till samples show relatively low residual doses (0e20.5 Gy); while
subglacial tills, tills from terminal moraines, ground moraines and hummocky moraines, show higher
residual doses (22.4e205.6 Gy). Reworked loessic sediments exhibit surprisingly high residual doses
(24.1 and 46.5 Gy). Glaciofluvial and materials from lateral moraine (upper part) are recommended when
sampling, whereas those from subglacial tills, terminal moraines, ground moraines and hummocky
moraines should be avoided.

© 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The abundant mountain glacial landforms and the associated
sediments in the Qinghai-Tibetan Plateau and the bordering
mountains (including the Tianshan Mountains) are valuable ar-
chives for reconstructing the glacial history. However, our knowl-
edge about Quaternary glaciations in this region is still limited due
to insufficient chronological data. Over the last two decades, opti-
cally stimulated luminescence (OSL) methods have been exten-
sively tried for dating glacial sediments in this region (Sharma and
Owen, 1996; Owen et al., 1997; Richards, 2000; Richards et al.,
2000a, 2000b; Tsukamoto et al., 2002; Xu et al., 2009; Zhao et al.,
2009, 2012; B. Zhang et al., 2012; W. Zhang et al., 2012; Wang
et al., 2013; Zhao et al., 2013; Hu et al., 2014). However, relatively
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few studies focused on assessing the adequacy of the methodology
(Rhodes and Pownall, 1994; Rhodes and Bailey,1997; Rhodes, 2000;
Richards, 2000; Tsukamoto et al., 2002; Spencer and Owen, 2004;
Ou et al., 2010).

It was reported that some of the glacier-related sediments were
well bleached, such as glacio-aqueous (glaciofluvial and glaciola-
custrine) (Richards, 2000; Alexanderson and Murray, 2007; Boe
et al., 2007; Fuchs and Owen, 2008; Alexanderson and Murray,
2012b; King et al., 2014; Ou et al., 2014) and glacio-aeolian de-
posits (Richards, 2000; Fuchs and Owen, 2008). It was also reported
that some glacial sediments were also well bleached, such as
supraglacial tills (Richards, 2000; Tsukamoto et al., 2002; Ou et al.,
2014) and subglacial sediments (Swift et al., 2010; Bateman et al.,
2012). However, incomplete bleaching of glacial sediment still re-
mains one of the most significant problems in luminescence dating
(Richards, 2000; Tsukamoto et al., 2002; Spencer and Owen, 2004;
Klasen et al., 2007; Lukas et al., 2007; Duller, 2008; Fuchs and
Owen, 2008; Thrasher et al., 2009; Alexanderson and Murray,
2012b) and leads to overestimation of age. This has hindered the
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Fig. 1. Young glacial landforms in the source area of the Urumqi River and sampling sites. Samples were collected in the Daxi Valley (DX, thirteen samples) and the Luobodao Valley
(LBD, six samples).
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application of OSL dating on glacial sediments. Therefore, it is
important to assess the incomplete bleaching effect in different
glacial depositional environments. Dating young, especially mod-
ern analogue sediments, is a good way to test the signal resetting
prior to deposition (Duller, 2008; Alexanderson and Murray,
2012a).

The source area of the Urumqi River is a critical place for Qua-
ternary glaciation research in China because the glacial landforms
in this area are well preserved and have been dated by multiple
techniques including 14C (Zheng and Zhang, 1983; Yi et al., 1998,
2004), lichenometry (Chen, 1989; Wang, 1991), electron spin
resonance (ESR) (Yi et al., 2002; Zhou et al., 2002, 2006; Zhao et al.,
2006), and terrestrial cosmogenic nuclides (TCN) (Kong et al., 2009;
Y. Li et al., 2011). More importantly, young glacial sediments in this
area have been dated by conventional 14C (Zheng and Zhang, 1983),
AMS 14C (Yi et al., 1998, 2004), and lichenometry (Chen, 1989;
Wang, 1991). Therefore, it is an ideal place to test the zero
assumption of OSL dating. In this study, nineteen young glacial
sediments were sampled as analogues of Pleistocene deposits. Due
to dim signal, samples had to be dated using large aliquot quartz
OSL methods. The aim of this study is to investigate the bleach-
ability of OSL signal of glacial sediments from different depositional
settings and different geomorphological positions. The implications
for Quaternary glacial sediment dating are also discussed.
2. Regional setting and samples

The source area of the Urumqi River is located on the northern
slope of Kalawucheng Mountain, a part of central Tianshan
Mountains, in the Xinjiang Uygur Autonomous Region of China
(Fig. 1). This part of the Tianshan Mountains is surrounded by vast
deserts: the Taklimakan Desert in the Tarim Basin to the south, the
Gurbantunggut Desert in the Junggar Basin to the north, and the
Gobi Desert to the east. The westerly jet stream prevails across
these high mountains throughout a year (Li et al., 2006).

The highest peak in this area, Tiangeer Peak II, is 4486m asl. The
modern glaciers aremostly cirque glaciers and hanging glaciers and
small valley glaciers are also common. Five sets of glacial moraines
are distributed along the valley downstream from the modern
glaciers (Xu et al., 2010a, 2010b). The samples examined in this
paper were young (since the Neoglacial) glacial sediments collected
in the frontal of the Glacier No.1 (43�070N, 86�490E) and Glacier No.
6 (43�080N, 86�500E).

Glacier No. 1 is a northeast-facing valley glacier, located in the
head of the Daxi Valley (Fig. 1; Fig. 2). It has been monitored for
more than 40 years (longest in China, since 1958 with interruptions
during 1967e1979) and is among those glaciers listed as actively
receding by the World Glacier Monitoring Service (Takeuchi and Li,
2008). It is now composed of east and west branches covering



Fig. 2. Google map of the source area of the Urumqi River and sampling sections. The scope of this map is similar to Fig. 1. Photos of sampling sections are showed around the map.
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~1.70 km2 with a length of ~2.20 km. These two branches were
separated into two small independent glaciers in 1993 due to
persistent glacier shrinkage. The terminus retreated constantly
with an average rate of 4.5 m a�1 during 1959e1993. After that, the
terminuses of east andwest branch retreated respectively 6.0m a�1

and 3.5 m a�1 during 1994e2008 (Z.Q. Li et al., 2011). The average
annual equilibrium line altitude (ELA) is approximately
4055 m a.s.l. during the past 50 years (Z.Q. Li et al., 2011). The
annual precipitation is approximately 646 mm at the ELA (Z.Q. Li et
al., 2011). The Glacier No.1 now terminates at an altitude of
~3770 m a.s.l. (east branch) and ~3860 m a.s.l. (west branch). The
meteorological data have been collected from 1958 to 2003 at the
Daxigou Glacier Station located at 3539 m a.s.l., about 3 km
downstream of the glacier (Fig. 1). The mean annual temperature
and precipitation are �5.1 �C, and 450 mm, respectively (Ye et al.,
2005). Glacier No. 6 is also a northeast-facing small valley glacier
with an area of about 0.88 km2 and 1.30 km in length (Zheng and
Zhang, 1983) (Fig. 1; Fig. 2). It is located in the head of the Luobo-
dao Valley, adjacent to the Daxi Valley where Glacier No. 1 is situ-
ated. The glacier currently terminates at an altitude of ~3790 m.

Glaciers in the source area of the Urumqi River have persistently
receded since the Neoglacial and the recessions formed several
well-preserved moraines in the valleys (Fig. 1; Fig. 2) (Shi, 2006). In
the Daxi Valley, modern moraines are distributed approximately
within 400m in front of the glaciers. Boulders on thesemoraines do
not have any signs of being weathered and no soil or vegetation has
developed on the moraines. The outermost modern terminal
moraine was formed during the 1960s (Zheng and Zhang, 1983).
Beyond these outermost moraines, there are two groups of young
moraines: one was formed during the Little Ice Age (LIA) and the
other during Neoglaical. In the Daxi Valley, the first group (LIA
moraine) includes three lateral-terminal moraines within a
distance less than 800 m beyond the snout of the modern glacier.
These LIA three moraines are characterized by sharp-crests, fresh-
looking boulders, non-pedogenic sign, and sparseness of vegetation
coverage. Ages have been obtained for these moraines. There are
three lichenometric ages of 1538 ± 20, 1777 ± 20, and 1871 ± 20 AD
(Chen, 1989; Wang, 1991), and two AMS 14C ages of 428 ± 127 and
416 ± 146 cal BP obtained from calcium carbonate in tills (Yi et al.,
2004).

The second group (Neoglacial moraines) distributes within a
distance less than 2 km from the terminal of the glacier. The
moraine surfaces are rounded, the boulders on the surfaces are
weakly weathered, and the surfaces were covered by thin layer of
soil and meadow. The 14C ages for these moraines are
4.4 ± 0.2 cal ka BP (obtained from carbonate coating on till clast)
(Zheng and Zhang, 1983), 6.5 ± 0.1 and 4.6 ± 0.2 cal ka BP (obtained
from tills) (Chen, 1989), 7.5 ± 0.1 and 1.8 ± 0.1 cal ka BP (obtained
from carbonate coating on till clast) (Yi et al., 2004). In the Luo-
bodao Valley, there was no numerical age for any moraines. How-
ever, according to the geomorphological characteristics, the
moraines in the Luobodao Valley were identified to be similar to
those of LIA and Neoglacial moraines in the Daxi Valley (Shi, 2006).
According to field investigations and chronological data, Shi (2006)
concluded that the Neoglacial advance mainly occurred at 3e4 ka
and the LIA glacial advance during 15e19th centuries.

Thirteen samples were collected from glacial sediments in the
Daxi Valley beyond the Glacier No. 1 (Fig. 1; Fig. 2). Sample DX001A
is from the inside side of a modern ground moraine, only ~10 m
from the snout of thewest branch of the glacier. Sample DX003 was
from modern subglacial tills just beneath the snout of the glacier.
Sample DX006Awas taken from a glaciofluvial lens in the proximal
flank of a modern ground moraine to the left of the east branch of
the Glacier No.1, and sample DX006B is from the outside side of the



Fig. 3. OSL decay curves of zero dose (0), natural dose (N), test dose (TD, 45 Gy), and
regeneration doses (R1 and R3, 12 Gy and 36 Gy, respectively) of sample DX101A. Insert
shows growth curve of the sample.
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same moraine. Sample DX007 was from a modern lateral moraine
~110 m to the snout of the east branch. Sample DX008 was from a
glaciofluvial bar, ~150 m beyond the snout of the east branch.
Sample DX009 was from the 1960s terminal moraine ~220 m
beyond the snout of the east branch. Sample DX101A was from the
lateral part of the youngest LIA moraine ~80 m to the left of the
west branch. Sample DX101B, DX102, and DX103 were collected
from the top of the terminal part of the three LIA lateral-terminal
moraines, respectively. The sample sites are respectively ~440 m,
~640 m and ~680 m beyond the snout of the east branch. Sample
DX201 and DX202 were taken from the Neoglacial terminal mo-
raines, ~1.1 km and ~1.3 km respectively downstream from the
glacier. Two glaciofluvial samples (DX006A and DX008) are domi-
nated bymedium-coarse sands and silts. The others are till samples
which are massive matrix supported diamicton mainly composed
of angular gravels, sands, and silts.

Six samples were taken from the Luobodao Valley, beyond the
Glacier No. 6 (Fig. 1; Fig. 2). Sample LBD001 was taken from the top
of a modern hummocky moraine just ~100 m in front of the glacier.
Sample LBD101 and LBD103 were taken from the top of two LIA
hummocky moraines, ~190 m and ~390 m respectively from the
glacier. Sample LBD102 was from a glaciofluvial lens in a LIA lateral
moraine ~280 m in front of the glacier. Sample LBD104 was from
the outermost LIA terminal moraine, ~520 m from the glacier.
Sample LBD201 was taken from the Neoglacial lateral moraine,
~1.3 km downstream from the glacier. Sample LBD001 and LBD103
were collected from the loessic layer interbedded between tills.
They are massive diamicton with angular gravels supported by
sandy silt matrix, indicating that they had been redistributed.
Sample LBD101, LBD104, and LBD201 are all from tills which are
massivematrix supported diamicton dominated by angular gravels,
sands, and silts. Sample LBD102 was from glaciofluvial sediments
mainly consisting of well sorted sands.

3. Methods

3.1. Sample preparation

Most of the samples were collected by driving iron tubes into
the sections. Some of the samples were directly sacked into opaque
plastic bags under shade cloth, as it is impossible to drive iron tubes
into the sections. In the luminescence dating laboratory, the sam-
ples were treated with 10% HCl and 30% H2O2 to remove carbonates
and organics, respectively. The silt-sized fractions (38e63 mm)were
extracted by sieving (Lai, 2010). These fractions were then etched
for about two weeks with 38% hydrofluorosilicic acid (H2SiF6) to
remove the feldspar grains, followed by 10% HCl for 30 min to
remove any fluoride precipitates. The purity of quartz grains were
monitored by the level of infrared stimulated luminescence (IRSL)
signals. Samples that showed obvious IRSL signals were retreated
with hydrofluorosilicic acid. However, most of the samples from the
Daxi Valley except DX101A and DX201 have IR/blue OSL signal ra-
tios beyond 10% (Table 1), even after retreating with hydro-
fluorosilicic acid. In contrast, most of the samples from the
Luobodao Valley except LBD 103 are lower than 10% (Table 1).
Samples were mounted on stainless steel discs by silicone oil, with
an area of about 6 mm diameter.

3.2. Measurement procedures

Equivalent dose (De) was measured by using the combination of
single aliquot regenerative-dose (SAR) protocol (Murray and
Wintle, 2000) and the standardized growth curve (SGC) method
(Roberts and Duller, 2004; Lai, 2006), i.e. SAR-SGC method (Lai and
Ou, 2013). The measurements were performed on an automated
Risø TL/OSL-DA-20 reader. During the SAR procedure, a test dose
(33 or 45 Gy) was used to monitor sensitivity changes. Preheats of
260 �C for 10 s and 220 �C for 10 s were employed prior to OSL
stimulation for regenerative dose and test dose, respectively.
Stimulation was carried out using blue LEDs (l ¼ 470 ± 20 nm) for
40 s at 130 �C. Ninety percent diode power was used for all samples.
The OSL signal was detected by a 9235QA photomultiplier tube
through a 7.5 mm thick Hoya U-340 detection filter. For De deter-
mination, firstly 6 aliquots were measured for each individual
sample using SAR protocol. SGC was then constructed for each
sample using the SAR data. Eighteen additional aliquots were
measured for their natural (LN) and test dose (TN) OSL under the
same condition of the SAR procedure. The natural OSL signal cor-
rected by test dose (LN/TN) was matched in the SGC to obtain a De

value. The final De for age calculation for a sample was the average
of all SAR and SGC Des. The concentrations of U, Th, and K were
measured by Neutron Activation Analysis. Water content was
estimated according to the laboratory measurement and the pre-
cipitation. The alpha efficiencywas taken as 0.035± 0.001 (Lai et al.,
2008).

As it is not possible to completely remove the effects of feldspar
contamination for most of the samples from the Daxi Valley, we
tried post-IR OSL method to determine the De values for four
samples (DX007, DX009, DX101B and DX102). The measurement
conditions of post-IR OSL protocol are similar to that of the blue OSL
SAR protocol. The only difference is an additional 100 s IR stimu-
lation prior to blue OSL stimulation in each regenerative-dose cycle.
4. Results

4.1. OSL characteristics

Most of the samples in the study area exhibit low luminescence
sensitivity (normally tens or hundreds counts/Gy for our 6 mm
aliquots, integrated over the first 0.64 s; Fig. 3). The OSL signal was
quickly bleached to measurement background within about one
second, suggesting that the samples are dominated by the fast
component. Most of the samples show similar characteristics,
except sample LBD001, LBD101 and LBD102, which show a slower
decaying. The recycling ratios of samples from the Daxi Valley
range from 0.81 to 1.23, with an exceptional sample DX009 that
ranges from 0.47 to 0.56. The values are within 0.9e1.1 for all
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samples from the Luobodao Valley. To test the effect of thermal
transfer on the De determination, a zero dose cycle was incorpo-
rated in the SAR protocol. For the (L0/T0)/(LN/TN) ratio of the nine-
teen samples, eight are lower than 5.0%, eight range from 5.2% to
11.1%, and three range from 18.3% to 26.1% (Table 1). Growth curve
of sample DX008 is also shown in Fig. 3.

4.2. Preheat plateau and dose recovery

Preheat plateau and dose recovery test could be used to choose a
suitable preheat temperature and evaluate the suitability of SAR
protocol. In this study, three samples, two from the Daxi Valley
(DX008 and DX101A, Figs. 4 (aec) and (d-f)) and one from the
Luobodao Valley (LBD201, Figs. 4 (gei)), were selected to conduct
these tests. For the preheat plateau test, a set of 20 aliquots from
each sample were measured by SAR procedure with 5 different
preheat temperatures (220e300 �C, four aliquots for each tem-
perature). For sample DX101A (Fig. 4 (e)) and LBD201 (Fig. 4 (h)), no
significant difference was found between 220 and 300 �C. For
sample DX008 (Fig. 4 (b)), a plateau occurs between 260 and 300 �C
while the errors are greater between 220 and 240 �C. Recycling
ratios are consistent with unity for preheat temperatures between
260 and 300 �C for sample DX101A (Fig. 4 (f)) and the recuperations
rises at temperatures above 280 �C for sample LBD201 (Fig. 4 (i)).
The preheat temperature of 260 �C was chosen for the SAR mea-
surement at last.

For dose recovery test, a set of 6 aliquots from each of the three
samples were bleached with blue LED for 100 s at room tempera-
ture. A laboratory beta dose was then given, followed by SAR
measurements. In Fig. 4, the ratios between the measured and
given doses are shown. For the samples from the Daxi Valley
(DX008 and DX101A, Figs. 4 (a) and (d)), the given dose could not be
well recovered. For the sample from the Luobodao Valley (LBD201,
Fig. 4 (g)), the given dose was well reproduced. All these data are
presented in Fig. 4.

4.3. De, apparent ages, residual doses and age overestimations

Most of the SGC De values are consistent with SAR De values
(within 10%) except DX003, DX006A, DX006B, DX009 and DX201.
All of the aliquots were included except the abnormal one when
calculating the De value. Apparent OSL ages with their De values and
dose rate information are given in Table 1.

As Glacier No. 1 has been monitored since 1958, and the glacial
landforms have been dated by numerical methods, the expected
ages of the samples in this study can be estimated. The modern
samples were determined by geomorphological positions, deposi-
tional contexts and the observation records (Zheng and Zhang,
1983; Z.Q. Li et al., 2011). The approximate ages of the LIA and
Neoglacial moraine samples were estimated by stratigraphic posi-
tions and numerical dates (Zheng and Zhang, 1983; Chen, 1989;
Wang, 1991; Yi et al., 2004; Shi, 2006). This allows us to calculate
the residual doses and apparent age overestimations (Table 1).
Table 1
Sample information and luminescence data.

Sample no. Depth (m) K (%) Th (ppm) U (%) Water
content (%)

Do

DX001A 0.50 2.84 ± 0.07 13.75 ± 0.34 4.77 ± 0.17 10 ± 5 5.1
DX003 0.20 3.19 ± 0.08 21.16 ± 0.49 8.15 ± 0.24 10 ± 5 6.9
DX006A 1.50 2.78 ± 0.08 14.58 ± 0.35 3.72 ± 0.16 10 ± 5 4.8
DX006B 0.90 3.29 ± 0.09 18.81 ± 0.43 6.20 ± 0.22 10 ± 5 6.3
DX007 0.50 3.44 ± 0.09 21.95 ± 0.50 8.36 ± 0.25 10 ± 5 7.2
DX008 0.13 2.93 ± 0.08 15.04 ± 0.36 5.99 ± 0.20 10 ± 5 5.7
5. Discussion

Almost all of the Des of the samples in this study were over-
estimated. Generally speaking, greater residual dose values were
obtained for samples from the Daxi Valley than for the sampels
from the Luobodao Valley. Only five samples from these two valleys
showed relatively low residual doses (<21 Gy) and age over-
estimations (<4 ka). Two of them (DX008 and LBD102) are glacio-
fluvial sediments, while the other three (DX007, DX101A and
LBD201) are tills from the top of lateral moraines. Fourteen of the
nineteen samples showed high residual dose (22.4e205.6 Gy) and
age overestimation (6.1e29.6 ka). Among these fourteen samples,
one (DX006A) is glaciofluvial sediments (residual dose of 99.8 Gy,
age overestimation of 20.6 ka), two of them (LBD001 and LBD103)
are loessic sediments (residual dose of 24.1 and 46.5 Gy, age over-
estimation of 7.7 and 10.4 ka, respectively). The rest are tills from
terminal moraines, ground moraines and hummocky moraines, as
well as a modern subglacial till samples.

Most of the samples from the Daxi Valley suffer from feldspar
contamination, as can be seen from the IR/blue OSL ratios in Table 1.
We did not reject aliquots with the 10% criterion because most of
aliquots from this valley would be rejected if the criterion is
employed, and there is no significant connection between feldspar
contamination and residual dose. It is unlikely that feldspar
contamination represents a significant contribution to De

overestimation.
Studies on young glaciofluvial sediments in Himalaya indicated

that the thermal transfer occurred during preheating is respon-
sible for large De values of glacial sediments (Rhodes and Pownall,
1994; Rhodes and Bailey, 1997; Rhodes, 2000). However, some
lower thermal transfer values of young glacial sediments were also
reported in this region (B. Zhang et al., 2012; Ou et al., 2014).
According to our recuperation test for all of the samples, the
thermal transfer values range from 1.7% to 26.1%, with contribu-
tions on De values ranging from 0.4 to 10.4 Gy (average value
3.5 Gy) (Table 1). It can be seen that thermal transfer is too small
to account for the dose overestimation for samples from this area.
Furthermore, it is normal for young samples with lower dose to
exhibit higher recuperation values, as recuperation is calculated as
a percentage of the luminescence signals of the zero dose to the
natural dose. All of the three samples which are extremely high in
recuperation values have very low natural doses (De values).
Therefore, thermal transfer is not the reason of overestimation.
Partial bleaching is primarily responsible for high dose residual in
this study.

The residual dose (partial bleaching) variation in this study
seems more likely related to the difference of geomorphological
positions and sediment types (Fig. 5). Glacial debris is transported
on top of (supraglacial), beneath (subglacial), or within (englacial) a
glacier, and released as meltout tills, flow tills, lodgement tills,
deformation tills, or sublimation tills, to form different kinds of
glacial landforms, such as terminal moraine, lateral moraine,
ground moraines, lodgment moraines, or hummocky moraine. The
se rate (Gy/ka) na SAR De (Gy) SGC De (Gy) SAR De/SGC De Method

8 ± 0.35 22/24 30.2 ± 3.2 32.8 ± 2.6 0.92 Blue OSL
6 ± 0.48 22/24 226.5 ± 23.5 184.7 ± 5.1 1.23 Blue OSL
5 ± 0.33 21/24 95.1 ± 15.3 104.6 ± 15.3 0.91 Blue OSL
0 ± 0.43 19/22 114.8 ± 4.6 102.5 ± 4.8 1.12 Blue OSL
5 ± 0.49 24/24 9.3 ± 1.4 9.6 ± 0.8 0.98 Post-IR
0 ± 0.42 22/24 11.6 ± 1.1 11.7 ± 0.8 0.99 Blue OSL



Table 1 (continued )

Sample no. Depth (m) K (%) Th (ppm) U (%) Water
content (%)

Dose rate (Gy/ka) na SAR De (Gy) SGC De (Gy) SAR De/SGC De Method

DX009 2.00 2.84 ± 0.08 18.67 ± 0.43 9.45 ± 0.26 10 ± 5 6.68 ± 0.45 19/22 71.5 ± 10.9 86.4 ± 10.3 0.83 Post-IR
DX101A 0.80 3.10 ± 0.09 15.00 ± 0.36 5.19 ± 0.19 10 ± 5 5.60 ± 0.38 23/24 21.3 ± 1.9 21.3 ± 1.1 1.00 Blue OSL
DX101B 1.00 2.95 ± 0.09 16.66 ± 0.40 5.15 ± 0.21 10 ± 5 5.55 ± 0.38 22/24 79.7 ± 10.3 81.2 ± 7.6 0.98 Post-IR
DX102 0.80 2.74 ± 0.08 14.46 ± 0.35 4.78 ± 0.18 10 ± 5 5.12 ± 0.35 23/24 52.9 ± 8.0 51.7 ± 3.6 1.02 Post-IR
DX103 0.60 3.62 ± 0.10 21.71 ± 0.48 7.59 ± 0.22 10 ± 5 7.18 ± 0.49 20/22 164.0 ± 12.8 173.3 ± 11.7 0.95 Blue OSL
DX201 0.90 2.38 ± 0.07 12.94 ± 0.31 3.31 ± 0.16 10 ± 5 4.29 ± 0.29 24/24 149.1 ± 8.2 125.0 ± 5.8 1.19 Blue OSL
DX202 0.30 1.70 ± 0.07 13.72 ± 0.34 2.99 ± 0.16 10 ± 5 3.71 ± 0.26 23/23 105.8 ± 7.8 111.2 ± 5.1 0.95 Blue OSL
LBD001 0.50 1.35 ± 0.06 9.69 ± 0.29 3.23 ± 0.22 10 ± 5 3.15 ± 0.21 20/20 24.8 ± 1.4 23.6 ± 0.9 1.05 Blue OSL
LBD101 0.50 1.28 ± 0.05 7.63 ± 0.25 1.77 ± 0.20 10 ± 5 2.55 ± 0.18 21/22 69.4 ± 2.4 67.8 ± 2.0 1.02 Blue OSL
LBD102 2.00 1.68 ± 0.06 10.50 ± 0.29 3.05 ± 0.22 10 ± 5 3.36 ± 0.23 24/24 5.4 ± 0.6 5.0 ± 0.3 1.07 Blue OSL
LBD103 0.35 2.25 ± 0.08 15.25 ± 0.40 3.67 ± 0.23 10 ± 5 4.48 ± 0.31 24/24 49.8 ± 2.1 45.2 ± 1.7 1.10 Blue OSL
LBD104 0.40 1.04 ± 0.05 4.94 ± 0.20 1.25 ± 0.20 10 ± 5 2.01 ± 0.15 23/24 23.9 ± 2.4 22.9 ± 0.8 1.04 Blue OSL
LBD201 0.40 2.28 ± 0.08 15.10 ± 0.39 4.14 ± 0.25 10 ± 5 4.62 ± 0.32 24/24 7.4 ± 1.0 8.2 ± 0.5 0.91 Blue OSL

Sample no. Description Location Expected age De (Gy) Apparent
age (ka)

Residual
dose (Gy)

IR/OSL Thermal
transfer (%)

Thermal
transfer (Gy)

DX001A Till Ground moraine Modern 31.5 ± 2.1 6.1 ± 0.6 31.5 0.22 6.6 2.1
DX003 Till Subglacial till beneath

glacier snout
Modern 205.6 ± 7.3 29.6 ± 2.3 205.6 0.32 3.0 6.2

DX006A Glaciofluvial Glaciofluvial lens in
ground moraine

Modern 99.9 ± 11.1 20.6 ± 2.7 99.8 0.25 9.7 9.7

DX006B Till Ground moraine Modern 108.7 ± 4.1 17.2 ± 1.3 108.6 0.17 5.9 6.4
DX007 Till Lateral moraine Modern 9.4 ± 0.7 1.3 ± 0.1 9.2 0.20 26.1 2.5
DX008 Glaciofluvial Glaciofluvial bar Modern 11.6 ± 0.7 2.0 ± 0.2 11.5 0.20 21.3 2.5
DX009 Till Terminal moraine Modern (1960s) 79.0 ± 7.8 11.8 ± 1.4 78.6 0.25 4.1 3.2
DX101A Till Lateral moraine LIA (1871 AD?) 21.3 ± 0.9 3.8 ± 0.3 20.5 0.07 3.4 0.7
DX101B Till Terminal moraine LIA (1871 AD) 80.5 ± 6.1 14.5 ± 1.5 79.7 0.30 3.7 3.0
DX102 Till Terminal moraine LIA (1777 AD) 52.3 ± 3.3 10.2 ± 0.9 51.1 0.55 10.2 5.3
DX103 Till Terminal moraine LIA (1538 AD) 168.7 ± 8.9 23.5 ± 2.0 165.3 0.19 5.2 8.8
DX201 Till Terminal moraine Neoglacial (�4000 yrs) 137.0 ± 5.2 31.9 ± 2.5 ~120 0.10 1.7 2.4
DX202 Till Terminal moraine Neoglacial (�4000 yrs) 108.5 ± 4.2 29.3 ± 2.3 ~95 0.11 3.7 4.0
LBD001 Loessic sediments Hummocky moraine Modern 24.2 ± 0.8 7.7 ± 0.6 24.1 0.04 11.1 2.7
LBD101 Till Hummocky moraine LIA (1871 AD?) 68.6 ± 1.5 26.9 ± 1.9 68.2 0.07 18.3 3.6
LBD102 Glaciofluvial Glaciofluvial lens in

lateral moraine
LIA (1777 AD?) 5.2 ± 0.3 1.6 ± 0.1 4.4 0.05 5.3 1.0

LBD103 Loessic sediments Hummocky moraine LIA (1777 AD?) 47.5 ± 1.5 10.6 ± 0.8 46.5 0.11 1.8 0.8
LBD104 Till Terminal moraine LIA (1538 AD?) 23.4 ± 0.9 11.6 ± 1.0 22.4 0.06 2.0 0.5
LBD201 Till Lateral moraine Neoglacial (�4000 yrs) 7.8 ± 0.4 1.7 ± 0.1 0 0.06 5.2 0.4

a Numbers of measured aliquot and accepted aliquot.
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finer-grained materials are released and transported by melt water,
and deposited as glaciofluvial or glaciolacustrine sediments. Some
finer-grained materials are blown by wind and deposited as pro-
glacial sands, loess, or loess-like sediments. The greatest chance of
sufficient bleaching of glacial sediments is likely to occur in gla-
ciofluvial, glaciolacustrine and glacioaeolian deposits (Richards,
2000; Fuchs and Owen, 2008). Although poor bleaching of glacial
sediments have been reported by many researchers (Richards,
2000; Spencer and Owen, 2004; Klasen et al., 2007; Lukas et al.,
2007; Duller, 2008; Thrasher et al., 2009), some studies showed
that young glaciofluvial deposits could be well bleached
(Alexanderson, 2007; Alexanderson and Murray, 2007; Boe et al.,
2007; Ou et al., 2014). Tills may be incompletely bleached owing
to shorter daylight exposure during transport and deposition
(Tsukamoto et al., 2002; Duller, 2006; Fuchs and Owen, 2008). But
supraglacial tills possess a high chance to be sufficiently reset
because they are transported on the surface of glacier (Richards,
2000; Tsukamoto et al., 2002; Ou et al., 2014). In contrast, basal
tills such as deformation tills and subglacial meltout tills are un-
likely to get sufficient exposure (Richards, 2000; Tsukamoto et al.,
2002). However, recent studies showed that OSL signal of subgla-
cial sediment might be reset due to subglacial shearing or grinding
(Swift et al., 2010; Bateman et al., 2012). Investigation in the Daxi
Valley showed that subglacial crushing and abrasion could result in
the resetting of ESR signal of Ge centers in quartz sands (Yi et al.,
2002).
Glaciofluvial samples in the study area are relatively well reset
with an exception. Two (DX008 and LBD102) show low residual
doses (11.5 and 4.4 Gy). These doses are small for such a short
transport distance. It proves again that glaciofluvial sediments
could be well bleached (Richards, 2000; Alexanderson, 2007;
Alexanderson and Murray, 2007; Boe et al., 2007; Fuchs and
Owen, 2008; Ou et al., 2014). Glaciofluvial lens bedding in
moraine is probably considered as an ideal site for OSL sampling,
because of its bleachability and a direct link to a specific moraine,
which, is considered as a certain indicator of glacial event. However,
the sample DX006A from a glaciofluvial lens embedded in a ground
moraine shows a surprisingly high residual dose (99.8 Gy). This
suggests that glaciofluvial material is not always well bleached.
They could have been deposited in subglacial, englacial and
supraglacial environments. Furthermore, the existing glaciofluvial
sediments could be reworked by glacier re-advance and entrained
into a moraine. These sediments might have little chance to
exposure to sunlight during transporting and depositing.

The loessic samples (LBD001 and LBD103) in this study show
relatively high residual doses (24.1 and 46.5 Gy). They are lower
than the samples from subglacial tills, terminal moraines and
ground moraines. However, these redistributed loessic samples
show quite large doses compared to the original glacio-aeolian
deposits, the latter being supposed to be well-bleached (Richards,
2000; Fuchs and Owen, 2008). We assume that these samples
might be well bleached during their original deposition. But they



Fig. 4. Dose recovery, preheat plateau, recycling ratio, and recuperation of sample DX008 (aec), DX101A (def) and LBD201 (gei).
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had probably been redistributed without sufficient exposure,
because they were inside hummocky moraines (will be discussed
below). They probably moved integrally, rather than grain-
individually as they did during dust transportation. It seems that
the ages of these loessic samples do not represent the formation of
themoraines, rather indicate the events of their original deposition.

The modern subglacial till sample (DX003) collected beneath
the snout of the west branch of Glacier No.1, shows an extremely
high residual dose (205.6 Gy), indicating that it was extremely
poorly bleached. This differs from the quartz ESR signal in this area,
which could be reset by subglacial process (Yi et al., 2002). It is also
Fig. 5. Relationship between residual doses, geomorphological positions, and depo-
sitional settings.
contradictory to the hypothesis of subglacial resetting of OSL signal
(Swift et al., 2010; Bateman et al., 2012).

Till samples from terminal moraines (DX009, DX101B, DX102,
DX103, DX201, DX202 and LBD104), ground moraines (DX001A and
DX006B), and hummocky moraines (LBD101) show high residual
doses (22.4e165.3 Gy). For these kinds of moraines, the source of
the debris is more complicated. They are probably made up of
mixture deposits, including subglacial, englacial, and supraglacial
sediments. For ground moraines and hummocky moraines in the
study area, they were formed during glacier retreating. All kinds of
debris will be dumped to form such kinds of moraines, thus are
consisted of various kinds of debris (supraglacial, englacial, and
subglacial). The englacial and subglacial debris raises the risk of age
overestimation for these moraines. Glaciofluvial (DX006A) and
loessic samples (LBD001 and LBD103) inside these moraines show
high residual doses. For terminal moraine, it could consist of the
previously existing sediments in the glaciated valley, which could
be entrained and carried downstream during glacier advances. This
also raises the risk of age overestimation.

Samples from lateral moraines (DX007, DX101A and LBD201)
show relatively low residual doses (9.2, 20.5 and 0 Gy). We spec-
ulate that lateral moraine, especially the upper part of lateral
moraine, should be dominated by supraglacial sediments, which
are supposed to have more chance to be bleached prior to depo-
sition (Richards, 2000; Tsukamoto et al., 2002; Ou et al., 2014). In
the Yingpu Valley of the eastern Qinghai-Tibetan Plateau, young
glaciofluvial and lateral moraine samples showed very low residual
doses, while low terminal moraine and ground moraine samples
exhibit very high residual doses (Ou et al., 2014). The results in this
study are similar to those obtained from the Yingpu Valley. How-
ever, the small residual doses of the lateral moraine samples show
that they might not be completely bleached. It seems that not all of
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the supraglacial grains have the chance to be exposed to sunlight,
although they are transported on the surface of the ice, probably
depending on the thickness, the transport and deposit route of the
supraglacial debris. If a thick layer of debris is transported and
deposited as aggregates, some of the grains might have lost the
chance to a complete bleaching.

6. Concluding remarks

In the source area of the Urumqi River, most of the Des of the
young glacial sediments were overestimated when using large
aliquot quartz OSL method and the short transport distance might
be the blame. The large aliquots may have averaged variously-
bleached grains and thus, it is impossible to distinguish incom-
plete bleaching grains.

Low residual doses were obtained for young glaciofluvial (11.5
and 4.4 Gy) and lateral moraine (0e20.5 Gy) samples, even though
they were shortly transported before deposition. Samples from
subglacial tills, terminal moraines, ground moraines (including the
interbedded glaciofluvial lens), and hummocky moraines show
high residual doses (22.4e205.6 Gy). The reworked loessic samples
in this study show surprisingly high residual doses (24.1 and
46.5 Gy) compared to the original glacioaeolian deposits that are
supposed to be well-bleached. Sediments from terminal moraines,
ground moraines and hummocky moraines should be avoided,
while glaicofluvial and lateral moraine (upper part) sediments are
recommended for OSL dating.

Glacial environment is particularly complicated for OSL dating.
Even glaciofluvial and lateral moraine materials are not one hun-
dred percent safe. Careful geomorphological and sedimentological
investigation is required before sampling. The OSL applicability
varies from place to place. Luminescence characteristics are obvi-
ously different even between the neighboring two valleys in the
study area. Specific origins andmechanisms of these differences are
still difficult to nail down. However, it is apparent that apart from
the geomorphological positions and sediment types, the degree of
resetting of the OSL signal of glacial sediments might also depend
on many other factors and those factors may include the types of
bedrock, length of glacier, topography, transport distance, deposi-
tional processes, and probably others. The need is thus pressing to
conduct more researches for understanding the bleaching mecha-
nisms of glacial sediments and for assessing the applicability of OSL
methodology to glacial sediments.
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