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11 

The lacustrine deposits of lakes in arid central Asia (ACA) potentially record palaeoclimatic 12 

changes on orbital and suborbital timescales, but such changes are still poorly understood due 13 

to the lack of reliable chronologies. Bosten Lake, largest freshwater inland lake in China is 14 

located in the southern Tianshan Mountains in central ACA. A 51.6 m deep lacustrine 15 

succession was retrieved from the lake and thirty luminescence dating samples from the 16 

succession were used to establish a chronology using multi-grain quartz OSL and K-feldspar 17 

post-IR IRSL (pIRIR290) dating. Quartz OSL ages were only used for samples from the upper 18 

part of the core. The K-feldspar luminescence characteristics (dose recovery test, anomalous 19 

fading test, first IR stimulation temperature plateau test) are satisfactory and from the 20 

relationship between the quartz OSL, IR50 and pIRIR290 doses we infer that the feldspar 21 

signals are likely to be well-bleached at deposition. Bacon age-depth modelling was used to 22 

derive a chronology spanning the last ~220 ka. The chronology, lithology and grain-size 23 

proxy record indicate that Bosten Lake formed at least ~220 ka ago and that lake levels 24 
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fluctuated frequently thereafter. A stable deep lake occurred at ~220, 210-180, ~165, 70-60, 25 

40-30 and 20-5 ka, while shallow levels occurred at ~215, 180-165, 100-70, 60-40 and 30-20 26 

ka. Bosten Lake levels decreased by at least ~29 m and possibly even have dried up between 27 

at ~160 and ~100 ka. We suggest the lake level fluctuations in the lakes of arid central Asia 28 

may not respond directly to climatic changes and may be affected by a number of complex 29 

factors. 30 
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The arid central Asia (ACA) is located at the central mid-latitude Eurasian continent, where 41 

present climate is primarily under the influence of the Westerlies and Siberian high systems 42 

(Wang & Ding, 2008). Many palaeoclimate records have been obtained recently from ACA. In 43 

particular, studies of lake sediments show significant variations in effective moisture 44 

(precipitation to evaporation ratio, P/E) during the Holocene (e.g. Chen et al. 2008; Rudaya et al. 45 

2008). Chen et al. (2008) reviewed the lacustrine records in ACA and concluded that the 46 

westerly-dominated ACA experienced synchronous and coherent moisture changes characterized 47 

by a dry early Holocene and a moister mid-late Holocene, and suggested that the effective 48 

moisture history in the ACA was broadly out-of-phase with that in monsoonal Asia. Reduced 49 

water vapor advection, related to decreased westerly wind intensity and less upstream 50 

evaporation, is thought to have caused the dry climate during the early Holocene in ACA (Jin et 51 

al. 2012). More recently published lacustrine records indicate that the regionally-averaged 52 

moisture index from Xinjiang has climbed persistently since ~10 cal ka BP and that the period 53 

between ~4 and 0 cal ka BP was the optimal Holocene moisture period (Feng et al. 2013). They 54 

suggest that Holocene moisture variations in central ACA (i.e., Xinjiang) were controlled by 55 

winter temperature variations in the North Atlantic region. Cheng et al. (2012) reported a 56 

500,000 year oxygen isotope (δ18O) record from stalagmites in Kesang Cave from the Tianshan 57 

Mountains and suggested that possible incursions of Asian summer monsoon rainfall or related 58 

moisture into the Kesang site and/or adjacent areas during high insolation times may play an 59 

important role in changing the orbital-scale hydrology of the region.  60 

From the above it is clear that the ACA climate changes on orbital and suborbital timescales 61 

and the mechanisms behind climate changes are still under debate. Widely distributed lakes in 62 

the high mountains of ACA have well preserved Quaternary lacustrine sediments which 63 
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potentially can provide continuous high-resolution records for terrestrial environmental and 64 

climatic variation on orbital and sub-orbital timescales. However, a reliable chronology is critical 65 

for using these lacustrine records, and reliable age estimates for lacustrine deposits from ACA on 66 

orbital timescales remain unavailable thereby leading to difficulties in reliably correlating 67 

climatic records in this region to those in adjacent climatic regimes.  68 

We drilled and retrieved a 51.6 m lacustrine sediment succession (core BST12B) from 69 

Bosten Lake in the southern Tianshan Mountains, central ACA. We here describe the lithology 70 

of the core in detail, as well as grain-size distributions measured at 10 cm intervals. Thirty 71 

luminescence samples were collected at ~1.5 m intervals, and the quartz optically stimulated 72 

luminescence (OSL) and K-feldspar post-IR IRSL (pIRIR) dating luminescence characteristics 73 

of these samples were investigated. The chronology of the drill core was established by using a 74 

Bacon age depth model (Blaauw & Christen 2011) on the quartz OSL and K-feldspar pIRIR ages 75 

that were considered reliable. These investigations allow the establishment of the first pIRIR 76 

dated chronology for a Northern Hemisphere Mid-to-Late Pleistocene lacustrine sequence. In 77 

combination with chronology, lithology and proxy index of grain size, the evolution of Bosten 78 

Lake over past ~220 ka is discussed. 79 

 80 

Absolute chronologies for lacustrine successions  81 

Radiocarbon dating is the most commonly used method for establishing chronologies of 82 

lacustrine deposits (Hatté et al. 2001; Pessenda et al. 2001). However, 14C datable materials 83 

(e.g., plant residuals and charcoal) are not always available in ACA lake sediments and using 14C 84 

dating is limited to samples less than 40-50 ka. The quartz OSL dating using a single-aliquot 85 

regenerative dose (SAR) procedure is now widely applied to date Late Pleistocene sediments 86 
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(Murray & Olley 2002; Wintle & Murray 2006; Wintle 2008). During the past few years, 87 

attempts have been made to apply quartz OSL dating to loess in ACA (Song et al. 2012; Yang et 88 

al. 2014; Li et al. 2015). However, the dating of older loess (>50 ka) using quartz OSL is limited 89 

by the early saturation of the quartz OSL signal (Buylaert et al. 2007; Chapot et al. 2012). In 90 

northern China this method is generally limited to the dating of deposits younger than ~60 ka (Li 91 

et al. 2014). Recently developed K-feldspar dating (Thomsen et al. 2008; Thiel et al. 2011; 92 

Buylaert et al. 2012), utilizing a post IR signal stimulated at high temperature of 290 °C 93 

(pIRIR290) after IR measurement at low temperature of 50 °C, can be used to date late Pleistocene 94 

samples back to ~600 ka (in their study corresponding to the equivalent dose (De) values of ~600 95 

Gy), which is a viable alternative for sediments in which the quartz OSL signal is insensitive or 96 

saturated. Recently, the K-feldspar pIRIR290 signal was applied to reconstruct the lacustrine 97 

chronology for the PASADO core 5022-1D from the maar lake of Laguna Potrok Aike, 98 

Argentina (Buylaert et al. 2013). A K-feldspar pIRIR chronology based on 27 samples has 99 

shown a good agreement with independent age control, and then a robust age-depth model for 100 

this core was established. It should be noted that 18 of 47 samples were overestimated due to 101 

poor bleaching (internally identified using differential bleaching rates of IR50 and pIRIR290 102 

signals). Li & Li (2011) proposed a multi-elevated-temperature post-IR IRSL (MET-pIRIR) 103 

protocol utilizing IRSL signals measured by progressively increasing the stimulation temperature 104 

from 50 to 300 ºC in steps of 50 ºC. The MET-pIRIR ages obtained at signals above 200 ºC were 105 

consistent with independent ages and no fading correction was required (Li & Li 2011). MET-106 

pIRIR dating has been successfully applied to various sedimentary samples from China 107 

deposited in the last ~130 ka (Li & Li 2011; Fu et al. 2012), and age estimates in agreement with 108 

independent ages were obtained for samples up to ~300 ka (Li & Li 2012a). A comparison of 109 

http://www.baidu.com/link?url=hKZZh3jntQo7UyDJrE6KBwhnwaow7bU3ygOmMhBLB4CSb7LgtTDc4KbnK2_feFV0colQJ3kWbuTrayjbRZMW5PRsoIFvBaqcslSoOk4K-uy
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MET-pIRIR dating and pIRIR dating of a series of samples indicates that these two methods can 110 

generate similar ages (Thomsen et al. 2012; Li & Li 2012b). An advantage of the two-step pIRIR 111 

protocol over MET-pIRIR is that the pIRIR signal is usually brighter and measurement time is 112 

shorter (Thomsen et al. 2012). 113 

 114 

Study area 115 

Bosten Lake (86°40'–87°26' E, 41°56'–42°14' N, 1051 m a.s.l.) is the largest freshwater inland 116 

lake in China. It is located in the lower intermontane Yanqi Basin in the southern Tianshan 117 

Mountains (Fig. 1). Bosten Lake is about 55 km from east to west and about 25 km from south to 118 

north, covering an area of ~1100 km2. The average water depth in the lake is 10 m, with a 119 

maximum depth of 17 m (Xiao et al. 2010). The lake receives water from a catchment area of 120 

~56000 km2, with the Kaidu River as its main tributary (Wünnemann et al. 2006). The Yanqi 121 

Basin is surrounded by the Elbin-Alagou Mountains and its pediments in the north (part of the 122 

Tianshan) and by the Kuruktag Mountains in the south. A widespread active dune field, with 123 

complex dunes up to 100 m high, has developed on the pediment plain between the Kuruktag 124 

Mountains and the lake. The annual mean runoff of all drainages has been calculated to be 125 

3.95×108 m3 a-1, and the Kaidu River provides more than 85% of this total input (Wünnemann et 126 

al. 2006). The Konqi River, located only ~10 km away from the Kaidu River, drains Bosten 127 

Lake and flows further south towards the Tarim Basin (Mischke et al. 2006). 128 

Bosten Lake is located in a typical temperate arid region and meteorological records from 129 

Yanqi County indicate that the mean annual precipitation is ~70 mm in the Bosten area (Huang 130 

et al. 2010). However, rainfall is much higher in the upper catchment and may exceed 400 mm in 131 

the highest ranges of the eastern Tianshan Mountains. The most precipitation occurs during 132 
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spring and summer and is carried by Westerlies from Atlantic, Mediterranean and Caspian area 133 

(Aizen et al. 2006). During the winter, the Siberian high dominates the climate in the region and 134 

the precipitation is minor (Chen et al. 2008). Potential annual evaporation in Bosten Lake is as 135 

high as 2000 mm. Mean annual air temperature in the lake region is ~8 °C, and winds come 136 

mainly from the southwest. From higher to lower altitudes, there are four distinct zones of 137 

regional vegetation: a snow and ice zone above 3800 m a.s.l. with no visible plants, an alpine 138 

cushion to meadow zone at 3800–2800 m a.s.l., a steppe and desert steppe zone at 2800–1600 m 139 

a.s.l., and a desert vegetation zone at 1600–1050 m dominated by Iljinia regelii, Ephedra 140 

przewalskii, and Salsola sp. (Huang et al. 2010).  141 

 142 

Material and methods 143 

Core drilling and sampling 144 

Core BST12B (42°00′42.9″ N, 87°09′17.3″ E, 1051 m a.s.l.) was drilled using a machine 145 

drilling system on ice covering the lake surface during the winter of 2011. We retrieved a 51.6 m 146 

long lacustrine succession from the center of the lake at a water depth of 9.2 m (the locality of 147 

the core is shown in Fig. 1). The lithology and the OSL sampling positions are shown in Fig. 2. 148 

The cylindrical core, with a diameter of 13 cm, was split in half, and half of the core was 149 

reserved for OSL dating. All OSL samples were collected from the core tubes under subdued red 150 

light. Only the inner part of the core sample was used for dose rate and De measurements to 151 

avoid contamination from potentially light-exposed material and smearing of the core barrel. The 152 

OSL samples were stored in a cold room with constant temperature of 4 °C to avoid a change in 153 

water content. The other half of the core was used for sediment description and proxy indexes 154 

analysis. 155 
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Sample preparation and measurement for luminescence dating 156 

OSL sample preparation followed the methods described in Aitken (1998). All raw samples were 157 

treated with 10% HCl and 20% H2O2 to remove carbonate and organic matter, respectively. The 158 

samples were then sieved in water to extract the 125-90, 90-63, and 38-63 μm grain size 159 

fractions. Heavy liquids with densities of 2.62 , 2.75 and 2.58 g cm-3 were then used to separate 160 

the quartz and K-feldspar rich fractions of each sample. The quartz-rich extract was treated with 161 

40% HF for 80 to 120 min to remove the remaining feldspar grain contamination and outer layer 162 

irradiated by alpha particles. The K-feldspar grains were treated with 10% HF for 40 min to 163 

remove the outer layer irradiated by alpha particles. Finally, all samples were treated with 1 mol 164 

L-1 HCl for 10 min to remove fluorides created during the HF etching. The coarse-grained quartz 165 

grains were mounted in a ~7 mm diameter circle using silicone oil on stainless steel discs (9.8 166 

mm diameter); each aliquot contains several thousands of grains. The coarse-grained K-feldspar 167 

grains were mounted in a ~2 mm diameter circle on stainless steel discs. 168 

Luminescence signals were measured using an automated Risø TL/OSL-DA-20 reader 169 

(Bøtter-Jensen et al. 2010) equipped with blue LEDs (470 nm, ~80 mW cm-2) and IR LEDs (870 170 

nm, ~135 mW cm-2). Laboratory irradiation was carried out using 90Sr/90Y sources mounted on 171 

the reader. The quartz OSL signal was detected through two 3 mm thick Hoya U-340 filters and 172 

a double single aliquot regenerative (SAR) protocol (Banerjee et al. 2001, Table 1) was used to 173 

determine the quartz luminescence characteristics and measure De values. The quartz OSL signal 174 

was derived from the first 0.32 s integral of the initial decay curves minus an early background 175 

(0.32-0.96 s) to minimize the influence of slow and medium components (Cunningham & 176 

Wallinga 2010). The IRSL signal was detected using a photomultiplier tube with the IRSL 177 

passing through Schott BG-39 and Corning 7-59 filters. A K-feldspar pIRIR dating protocol 178 
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based on Thiel et al. (2011) was applied to the K-feldspar fractions (Table 1). Signals from test 179 

doses of at least 30% of the pIRIR290 De were used to correct sensitivity changes (Yi et al. 2016). 180 

For both pIRIR290 and IR50 measurement, the first 2 s integral of the initial decay curves minus 181 

backgrounds estimated from the last 20 s integral of the 200 s stimulation were used for De 182 

calculation.  183 

The environmental dose rate was calculated from the measurements of radioactive element 184 

concentrations in the sample. For all OSL samples, ~5 g of each sample were ground to <4 µm 185 

using an agate mortar. The uranium (U), thorium (Th) concentrations and potassium (K) content 186 

were determined using Neutron Activation Analysis (NAA). All results were converted to beta 187 

and gamma dose rates according to the conversion factors of Guérin et al. (2011). The observed 188 

water content (% by dry weight) and, for sandy sediments, the saturated water content were 189 

measured in the laboratory. The dose rate from cosmic rays was calculated according to Prescott 190 

& Hutton (1994). The internal dose rate of K-feldspar grains was calculated assuming a K 191 

content of 12.5±0.5% (Huntley & Baril 1997) and Rb content of 400±100 ppm (Huntley & 192 

Hancock 2001).  193 

  194 

Grain-size analysis 195 

A total of 520 grain-size samples were collected from core BST12B at 10 cm intervals. The 196 

samples were pretreated with 10 ml 30% H2O2 to remove organic matter and 10 ml 10% HCl 197 

with heating to remove carbonates. Deionized water was then added and each sample suspension 198 

was kept for 24 h to remove acidic ions. Finally, the sample residue was dispersed with 10 ml of 199 

0.1 mol L-1 (NaPO3)6 using an ultrasonic vibrator for 10 min to facilitate dispersion (Peng et al. 200 

2005). Grain sizes were measured using a Malvern Master Sizer 2000. The measurement range is 201 
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0.02 and 2000 µm and the mean measurement error is ~2%. 202 

 203 

Results and discussion 204 

Lithology 205 

The lithology of BST12B can be divided into seven units from bottom to top (Fig. 2): 206 

Unit 1 (51.6-50.5 m): brown silt and clayey silt. 207 

Unit 2 (50.5-46 m): primarily grey-brown medium-to-fine sand. Yellowish interbedded 208 

brown silt and clay occur at depths of 50-49 m. Snails occur at depths of 48.67-47.93 m and 209 

50.5-50.17 m, while charcoal fragments were identified at the depth of 49.81 m.  210 

Unit 3 (46-31.5 m): blue-grey clay with horizontal bedding. Grey-brown to yellowish-211 

brown silt layers occur occasionally in this unit. A 40 cm thick layer of coarse sand is present at 212 

the depth of 41 m. Snails occur at the depth of 38.72-38.32 m  213 

Unit 4 (31.5-22.7 m): throughout this unit the sediment gradually changes from silt to silty 214 

sand and sand. From 31.5-28.5 m the sediments consist of light yellowish clayey silt to yellowish 215 

brown silt. Grey to yellowish fine sand occurs at depths of 28.52-24.81 m, with snails occurring 216 

at 28.03-27.44 m. Grey-brown medium-to-coarse sand is interbedded with yellowish brown clay 217 

at depths of 24.84-22.82 m. 218 

Unit 5 (22.7-20.2 m): primarily blue-grey clayey silt, with a thick uncompact silt layer 219 

containing snails at the depth of 22.60-22.48 m.  220 

Unit 6 (20.2-13.5 m): grey-brown coarse sand alternating with grey-yellowish medium-fine 221 

sand. Blue-grey silty clay containing snails is found at depths of 15.22-14.91 and 19.63-19.21 m. 222 

Unit 7 (subdivided in 6 subunits): sandy clay interbedded with sand. Unit 7a (13.5-11 m),  223 

unit 7c (8.0-6.0 m) and unit 7e (4.1-1.5 m) are light-yellow to blue-grey clayey silt, while 224 
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yellowish brown medium-to-coarse sand, blue-grey fine sand and blue-grey silt occur at depths 225 

of 11-8.0 m (unit 7b), 6.0-4.1 m (unit 7d) and 1.5-0 m (unit 7f), respectively. Numerous snails 226 

are present between 0.80-1.21 m. 227 

 228 

Quartz OSL characteristics  229 

Seven coarse-grained quartz samples (Table 3) from the top of the BST12B core were used for 230 

De measurements. The purity of the quartz extracts was checked using an OSL IR depletion ratio 231 

(Duller 2003), and the average OSL IR depletion of the all aliquots is 0.82±0.01 (Fig. 3A). In 232 

order to minimise the influence of feldspar inclusions, a double SAR quartz protocol (Banerjee et 233 

al. 2001) was used to measure quartz De for these OSL samples. A dose recovery test was 234 

conducted on sample Bst12b-488 to check the suitability of the measurement protocol (Murray 235 

1996). The aliquots were bleached by two 40 seconds blue LEDs stimulations at room 236 

temperature, with 10 ks of storage at room temperature between the two stimulations. A beta 237 

dose of 102 Gy was then given in the reader. The measured to given dose ratio was 1.08±0.06 (n 238 

= 3) suggesting that a SAR protocol with a preheat temperature of 260 °C and a second preheat 239 

of 220 °C after the test dose is suitable to measure the De of the quartz fraction. As shown in Fig. 240 

4A for an aliquot of sample Bst12b-488, the initial signal for a regeneration dose of 127 Gy was 241 

only ~890 counts 0.16 s-1 (stimulation power of blue diodes 80 mW cm-2). The quartz OSL 242 

signal of samples from Bosten Lake is dim in comparison to quartz signals from other parts of 243 

China (e.g., hundred thousand initial counts for a 6 mm aliquot of a sample of similar dose from 244 

the Gobi Desert of Mongolia, Jin et al. 2015). Similar to standard calibration quartz OSL signal, 245 

the OSL signals of sample Bst12b-488 decrease rapidly during the first second of stimulation 246 

(Fig. 4A), indicating that the OSL signal is dominated by the fast component, a prerequisite for 247 
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reliable dose measurements using SAR (Wintle & Murray, 2006). The mean recycling ratio 248 

value for all measured aliquots are 0.983±0.020 and the recuperation of all aliquots are less than 249 

5% of natural signal (n = 97), indicating that the test dose signal corrects adequately for 250 

sensitivity changes during the different SAR cycles. The dose response curve (DRC) can be 251 

readily fitted using a single saturation exponential (Fig. 3B). At least 12 aliquots for each sample 252 

were measured. The De values, dose rates and the calculated quartz OSL ages are listed in Table 253 

3. 254 

 255 

Luminescence characteristics of K-feldspar 256 

Decay and dose response curves. – Decay curves for the uppermost sample (Bst12b-110) and the 257 

lowermost sample (Bst12b-5120) are illustrated in Fig. 4C and Fig. 4D, respectively. The IR50 258 

signals are typically less bright than the pIRIR290 signals, consistent with observations from other 259 

parts of the world (e.g. Thomsen et al. 2008; Thiel et al. 2011). The DRCs of the IR50 and 260 

pIRIR290 signals for the two samples (Bst12b-5120 and Bst12b-2896, Fig. 4E and Fig. 4F 261 

respectively) can be well represented using single exponential saturation functions. Different 262 

DRC shapes were observed when different test doses were applied (Fig 3C and 3D). When a low 263 

test dose of ~38 Gy (~6% of natural De) is applied, the DRC shapes of the IR50 and pIRIR290 264 

signals are different and the calculated saturation characteristic dose (D0) for the pIRIR290 signal 265 

is only ~200 Gy. However, when a large test dose of ~340 Gy (~58% of natural De) is applied, 266 

the DRC shapes of the IR50 and pIRIR290 signals are similar and the calculated D0 increases to 267 

350 Gy. Qin & Zhou (2012) investigated the dependence of D0 and De on test dose size for 45-63 268 

μm polymineral samples from the central Loess Plateau of China. They found that the D0 of the 269 

dose response curve increases monotonically when the test dose is increased from ~5 to ~37%, a 270 
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trend similar to that found in the samples from Bosten Lake. They also found that De values do 271 

not change significantly when the test dose is larger than ~25% of the natural De and attribute 272 

this to a reduction of the importance of a thermally transferred signal to the test dose pIRIR 273 

signal. Yi et al. (2016) have extensively tested the De and dose recovery dependence on test dose 274 

size. They found for small test doses (<15%), the dose recovery ratio is significantly greater than 275 

unity. In contrast, large test doses (>80%) yield ratios lower than unity. The best dose recovery 276 

ratios (±5% of unity) are found when the test dose ranges between ~15-80% of the total dose. 277 

They conclude that the test dose size is a parameter that should be routinely considered in pIRIR 278 

dating; they found that for their samples from NE China a test dose between ~15% and 80% of 279 

the dose to be measured is appropriate. In this study, we have adopted a test dose of ~30% of the 280 

De. All IR50 and pIRIR290 Des from the drill core samples are less than 2xD0 (690±50 Gy), 281 

indicating that natural signals lie below the saturation level on the DRCs. 282 

 283 

Internal SAR tests. – The suitability of the pIRIR dating succession was also checked using a 284 

dose recovery test. First, we bleached 8 aliquots of the youngest K-feldspar sample (Bst12b-110) 285 

for 56 h under sunlight (4 hours per day, 14 days in June 2014 in Lanzhou, China). After sunlight 286 

bleaching, the residual dose for K-feldspar was measured using 4 aliquots and the pIRIR 287 

succession given in Table 1. Another set of bleached aliquots was given a beta dose of 381 Gy in 288 

the reader and measured with the same succession. The calculated residual doses for the pIRIR290 289 

and IR50 signals are 3.67±0.23 Gy and 0.33±0.04 Gy, respectively. These residual doses are less 290 

than 1% of the given dose of 381 Gy and are thus negligible. The measured to given dose ratios 291 

are 0.94±0.04 and 0.72±0.05 for the pIRIR290 and IR50 signals, respectively. These analyses 292 

indicate that the employed dose measurement protocol is suitable for measurement of the 293 
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pIRIR290 signal of our samples. The dose recovery for IR50 signal measured from pIRIR dating 294 

protocol is low (e.g., 0.72±0.05), but this is not necessarily a good predictor of inaccurate 295 

measurement of De. Previous study indicates that IR50 De values measured as part of the pIRIR290 296 

protocol (Table 1) were very close to the IR50 De values measured with a preheat of 250 °C and a 297 

single IR stimulation SAR protocol with better dose recovery (Buylaert et al. 2012). In any case, 298 

the IR50 signals measured as part of the pIRIR290 protocol and resulting IR50 De values were not 299 

used for age calculation but only for checking the bleaching of the pIRIR290 signal; a systematic 300 

underestimation of the IR50 doses compared to the pIRIR290 will not induce more scatter in the 301 

IR50 to pIRIR290 plot but only change the shape of the fitted curve. The average SAR pIRIR290 302 

recycling ratio (165 aliquots from 27 samples) is 0.995±0.002 (Fig. 3B) and recuperation is <5% 303 

of the sensitivity corrected natural signal (inset Fig. 3B). We conclude that the luminescence 304 

characteristics of the pIRIR290 signal are satisfactory. 305 

 306 

Laboratory measurements of pIRIR290 signal stability. – The IR50 signal of K-feldspar samples 307 

stimulated at ambient temperatures suffers from anomalous fading (Spooner 1994). This is 308 

usually quantified by the g-value to represent the luminescence signal loss per decade of 309 

normalized storage time (Aitken 1985). In contrast, the pIRIR signal can be used to reduce the 310 

fading rates (Thomsen et al. 2008). Laboratory fading tests were conducted on K-feldspar 311 

samples Bst12b-1070 (183±3 Gy) and Bst12b-2706 (500±8 Gy). A single-aliquot measurement 312 

protocol with storage after dosing and preheating was used to measure the g values (Auclair et 313 

al. 2003) (protocol given in Table 1). In this experiment, decay in the sensitivity-corrected 314 

pIRIR290 signals (Lx/Tx) as a function of storage time at room temperature was measured. A 315 

given dose of 508 Gy and test dose of 152 Gy for sample Bst12b-2706, and a given dose of 191 316 
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Gy and a test dose of 63 Gy for sample Bst12b-1070 were used. The same laboratory dose was 317 

given repeatedly with different delay periods between the end of the 320 °C preheat and the start 318 

of the subsequent IRSL measurement. The g values were normalised to a tc of 2 days (Huntley & 319 

Lamothe 2001). 320 

The decay of the IR50 and pIRIR290 signals for samples Bst12b-1070 and Bst12b-2706 as a 321 

function of storage time (t) is shown in Fig. 5A, B. The g2days values are 0.88±0.24%/decade (n = 322 

3) and 1.24±0.21%/decade (n = 6) for the pIRIR290 signals of samples Bst12b-1070 and Bst12b-323 

2706, respectively. The g values of pIRIR290 signals have been measured for a wide variety of 324 

samples from around the world (Buylaert et al. 2012; average g2days 1.44±0.03%/decade, n = 325 

128). They found good agreement of pIRIR290 ages with independent age controls and suggested 326 

that it is possible that these apparent laboratory fading rates are in fact a measurement artefact. In 327 

this study we do not correct the pIRIR ages in accordance with other published work (e.g. 328 

Buylaert et al. 2012; Roberts 2012; Colarossi et al. 2015). In contrast to the pIRIR290 signal, the 329 

IR50 signal is more prone to fading (e.g. Thomsen et al. 2008; Li & Li 2011). The g values of the 330 

IR50 signal for samples Bst12b-1070 and Bst12b-2706 are 2.07±0.58 and 1.76±0.75%/decade, 331 

respectively, slightly higher than the pIRIR290 signals for both samples. Because of the poor dose 332 

recovery and higher fading rates of the IR50 signals and the model assumptions inherent to any 333 

fading correction (Morthekai et al. 2008) we do not use this signal for age determination.  334 

As a further test for stability we measured a first-IR stimulation plateau (Buylaert et al. 335 

2012). Prior IRSL stimulation temperatures were increased from 50 to 250 °C in 50 °C intervals 336 

and then the pIRIR De was measured at 290 °C. As shown in Fig. 5C, the pIRIR De shows no 337 

obvious change with variations of the prior IR stimulation temperatures suggesting that a prior 338 

IRSL stimulation at 50 °C is sufficient to remove the unstable part of the signal. However, it is 339 
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possible that the oldest samples in our lake succession (De values >500 Gy) are slightly 340 

underestimated the true sedimentation ages due to signal instability (Li & Li, 2012b; Yi et al. 341 

2016). 342 

 343 

Residual doses. – In order to test the bleachability of the pIRIR290 signals, 24 sand-sized K-344 

feldspar samples with varying Des (one aliquot per sample) were exposed in 56 h of full sunlight 345 

(4 hour per day, 2 weeks, Lanzhou, China) and in 112 h (4 hour per day, 4 weeks, Lanzhou, 346 

China), and then the residual doses were measured. The measured residual dose data are 347 

summarized in Table 4 and illustrated in Fig. 6. It can be seen that there is a trend between the 348 

residual doses and the De values for both the IR50 and pIRIR290 signals after 56 h bleaching. This 349 

has been reported previously (Sohbati et al. 2011; Buylaert et al. 2012). Doubling the bleaching 350 

time to 112 h reduces the residual signal even more and the residual dose becomes independent 351 

of the De; from these data we extrapolate a residual dose of 0.31±0.11 Gy and 2.36±0.15 Gy for 352 

IR50 and pIRIR290, respectively. The residual doses for IR50 signal are much smaller than those of 353 

the pIRIR290 signal for after both 56 h and 112 h bleaching. It should be noted that the 354 

determination of the dose present at deposition is very difficult to quantify accurately in the 355 

laboratory (Kars et al. 2014). We have subtracted these residual doses from the measured De 356 

values. Fortunately most of our samples have De values that are significantly larger than the 357 

residual dose estimated here (Table 2). Only for the top samples with a very low De (8 Gy) this 358 

subtraction has made a significant difference to the age. 359 

 360 

Differential bleaching of IR50 and pIRIR290 signals. – The K-feldspar IRSL signal is reset by 361 

daylight (bleached) more slowly than the quartz OSL signal (Godfrey-Smith et al. 1988; 362 
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Thomsen et al. 2008) and the pIRIR signal stimulated at high temperature bleaches more slowly 363 

than the IRSL signal stimulated at ambient temperatures (Buylaert et al. 2012; Murray et al. 364 

2012; Kars et al. 2014). Although it has been confirmed that bleaching of the pIRIR signal can 365 

be achieved in nature (Buylaert et al. 2011; Reimann et al. 2011, 2012; Chen et al. 2013), the 366 

bleaching of pIRIR signals in lacustrine deposits still needs to be carefully checked. One way to 367 

examine whether or not the pIRIR290 signal is likely to have been fully bleached is to compare it 368 

with other luminescence signals that have different sensitivities to daylight (Murray et al. 2012; 369 

Buylaert et al. 2013). It has been shown that the IR50 signal bleaches more rapidly in sunlight 370 

than do the pIRIR signals stimulated at elevated temperature (e.g., pIRIR225 and pIRIR290) 371 

(Buylaert et al. 2012; Murray et al. 2012). Buylaert et al. (2013) developed a new criterion based 372 

on known relative bleaching rates of the IR50 and pIRIR290 signals, and the relationship between 373 

resulting Des was successfully used to identify and reject poorly bleached samples from a Potrok 374 

Aike Lake, Argentina drill core. The established chronology using selected pIRIR ages was in 375 

good agreement with independent 14C ages.  376 

The IR50 De values are plotted against the pIRIR290 De values in Fig. 7. All the data points 377 

lie on a smooth curve (solid line in Fig. 7) below the line of slope unity, consistent with the 378 

effects of IR50 signal instability. Except for one sample (Bst12b-2446), all of the data points lie 379 

less than 10% away from the solid line (along the x-axis) and fall within one standard deviation 380 

of the line (dashed line). This indicates that the IR50 and pIRIR290 signals of the lacustrine K-381 

feldspar samples from the drill core were likely well-bleached before deposition. The pIRIR290 382 

age of sample (Bst12b-2446) is consistent with the pIRIR ages of the samples below and above 383 

and so this sample was also accepted. 384 

 385 
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Dose rate and pIRIR age calculations 386 

The U, Th and K concentrations, water content and calculated total dose rate to K-feldspar are 387 

listed in Table 2, while the calculated total dose rate to quartz grains is listed is Table 3. The 388 

observed radionuclide concentrations for K-feldspar samples from different depths of the drill 389 

core are summarized in Table 2 and illustrated in Fig. 8. Except for the high dose rate of sample 390 

Bst12b-4115 at 41.15 m, there is little variation in total dose rate with depth for all these 391 

samples, which suggests that the radioactive disequilibrium possibly has not affected dose rate of 392 

sediment after burial. On the other hand, the average U, Th and K concentration of K-feldspar 393 

samples from core BST12B are ∼2 ppm, ∼10 ppm, and ∼2% K, respectively. Using an average 394 

30% water content, the U decay chain nuclides contributed dose rate is ~13 % of the total dose 395 

rate of coarse grained K-feldspar sample. This suggest that impaction of uranium disequilibrium 396 

on total dose rate of coarse-grained K-feldspar is small and would not obviously change the age 397 

framework. The exact reason for the high dose rate of sample Bst12b-4115 still unclear and need 398 

further study. As a result, Bst12b-4115 is not used in deriving a chronology. Fig. 8 illustrates the 399 

observed water content (expressed as weight %) (Win-situ) for all 30 samples from the drill core, 400 

and it can be seen that water content varies between ~9 and ~25%, except for a high water 401 

content of ~38 % at 1.1 m near the surface and a low water content of ~0.2% at the depth of 5.33 402 

m. The low water content of ~0.2% for the 5.33 m sample is probably caused by unexpected 403 

water loss after sampling. The measured saturation water content varies between ~16-34% (Fig. 404 

8). The observed water content is systematically smaller than the saturation water content, and 405 

may be possibly caused by water loss during core transportation, OSL sampling and OSL 406 

samples storage. The saturation water contents were used for external dose rate calculation. The 407 

Win-situ of ~38% for the sample at 1.1 m was considered acceptable given that near surface 408 
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oversaturation continually occurred after burial. The internal dose rates of 0.427±0.020 Gy ka-1 409 

for 90-125 µm and 0.212±0.01 Gy ka-1 for 38-63 µm were used for K-feldspar grains based on a 410 

K content of 12.5±0.5% (Huntley & Baril, 1997) and Rb content of 400±100 ppm (Huntley & 411 

Hancock, 2001). The IR50 and pIRIR290 De values, radionuclide concentrations, water content (in 412 

situ and saturated), total dose rates and calculated pIRIR290 ages are given in Table 2. 413 

 414 

Grain size distribution 415 

The sediments in core BST12B can be divided into 4 grades of grain size: sand (63–2000 µm), 416 

silt (4–63 µm) and clay (<4 µm). Percentages of different content fractions reflect different 417 

sedimentary environments (Lerman 1978). Changes with depth in sand, silt and clay of the 418 

BST12B core are shown in Fig. 2.  419 

 420 

Comparison between quartz OSL and K-feldspar pIRIR ages 421 

Quartz OSL ages for 7 samples from the top of the core are illustrated in Fig. 9 to compare with 422 

their K-feldspar pIRIR290 ages. The quartz OSL ages for the three samples at the depth of 4.88, 423 

5.33 and 7.46 m are consistent with their pIRIR ages, providing confidence in the reliability of 424 

the pIRIR ages and the completeness of bleaching of the pIRIR290 signal. The quartz OSL ages 425 

for four samples at depths of 8.89, 10.76, 13.64 and 15.94 m vary between ~35 and ~56 ka, and 426 

are systematically smaller than the K-feldspar pIRIR ages (Table 3). This may be caused by 427 

underestimation of quartz OSL ages for samples older than 50-60 ka in the northern China. The 428 

quartz OSL ages underestimation for sample older than 50 ka from northern China has been 429 

observed by others (Buylaert et al. 2007; Chapot et al. 2012; Yi et al. 2015; Li et al. 2016). This 430 

is possibly caused by the inconsistence of laboratory-generated dose response curve and natural-431 
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generated dose response curve at high dose zone (Chapot et al. 2012). The quartz OSL ages for 432 

these four samples are discarded from the age model because they are likely underestimated. 433 

 434 

The chronology of the Bosten Lake drill core 435 

As shown in the previous section the pIRIR290 signal is suitable for dating Bosten Lake samples. 436 

In Fig. 9A the pIRIR290 De values of the samples from the top 20.2 m generally increase with 437 

depth, providing further evidence that the K-feldspar samples from the drill core have not been 438 

affected by poor bleaching. Incomplete bleaching would be very unlikely to produce a smooth 439 

dose-depth relationship. Only the pIRIR290 age for sample Bst12b-1860 (65±5 ka) at 18.6 m is 440 

out of stratigraphic order, and may possibly be caused by dose rate problems given that the De’s 441 

smoothly increased with depth over the interval 16-20 m. This age is thus rejected for 442 

chronological modelling. 443 

The pIRIR ages at depths of 19.74 and 20.64 m are 95±7 and 178±13 ka, respectively, 444 

suggesting an obvious age gap between these closely spaced samples (Fig. 9B). This gap may be 445 

the result of deflation of the lacustrine deposits after a period of lake desiccation or it may be due 446 

to a very slow deposition rates. The twelve pIRIR ages for K-feldspar samples at depths between 447 

20.6-32.6 m vary between 155±10 and 198±14 ka. Although the data are dispersed, there seems 448 

to be a weak increase in age with depth over this depth interval. We could not retrieve reliable 449 

ages for samples between 32.7-44.2 m due to a lack of coarse-grained K-feldspar in the silty clay 450 

and clay sediments at these depths. Only one sample from the depth of 41.15 m (sample Bst12b-451 

4115) has a computed De. However, its pIRIR age is unreliable due to dose rate overestimation.  452 

The quartz OSL and K-feldspar pIRIR dating produced individual ages at distinct depth 453 

intervals in the drill core record. An age-depth model that can be used to interpolate between 454 
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these discrete ages was established by using Bacon age-depth modelling (Blaauw 2010; Blaauw 455 

& Christen 2011). Age-depth models are reconstructed separately for the top 20.2 m and for 456 

20.2-51.6 m, based on 3 quartz OSL ages and 28 K-feldspar pIRIR ages and the reconstructed 457 

age-depth model is shown as a dashed line in Fig. 9B. The grey shading illustrates the 95% 458 

confidence interval in the age-depth model estimated from Monte Carlo age-depth simulations. 459 

 460 

Bosten Lake evolution during the late Pleistocene 461 

The Bacon age depth model for the BST12B core shows that the lacustrine deposits at the bottom 462 

of the core date to ~220 ka. We did not reach bedrock below the lacustrine sediments and this 463 

age is a minimum estimate of when Bosten Lake initially began to form. 464 

The Bacon age-depth model indicates that the sediments at depths of 51.6 to 20.2 m in the 465 

core were deposited from ~220 to ~160 ka, generally corresponding to MIS 7 (243-191 ka, 466 

Lisiecki & Raymo 2005) and early MIS 6 (191-130 ka, Lisiecki & Raymo 2005). As shown in 467 

Fig. 2, deep-water lacustrine clayey silt- and silt- dominated sediments occur at 51.6-50.6 m 468 

(lithology unit 1), 36-31.5 m (lithology unit 3) and 22.7-20.2 m (lithology unit 5). The grain-size 469 

frequency distributions of samples from these three units are characterized by a distinctive peak 470 

at around 15 to 20 µm and two very smooth peaks at around 0.3 and 400 µm, although a few 471 

samples in lithology unit 3 are characterized by three smooth peaks at around 0.4, 10 and 60-70 472 

µm (Fig. 10A, C, E). These size ranges are typical of lacustrine deposits (Ying et al. 2008), 473 

indicating stable deep lake environment occurred in Bosten Lake at ~220, 210-180 and ~165 ka. 474 

Lithology unit 2 (50.5-46 m of the core) consists mainly of shallow lacustrine clayey sand or 475 

near-shoreline sand (Fig. 2). Snails occur at depths of 48.67-47.93 m and 50.64-50.17 m, and 476 

charcoal is present at the depth of 49.81 m. The grain size frequency distributions of samples 477 
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from this unit are characterized by a distinctive peak at ~300 µm and a very smooth peak at 10 to 478 

20 µm (Fig. 10B). Lithological unit 4 (31.5-22.7 m of the core) is yellowish sand alternating with 479 

silt, with mean grain size and sand gradually increasing from the bottom to the top of this unit 480 

(Fig. 11). The grain size frequency distributions of samples from this unit have very different 481 

peak characteristics with distinctive peaks varying from 8 to 200 µm (Fig. 10D), and snails occur 482 

in the middle of this unit (28.03-27.44 m). These lithological characteristics suggest that units 2 483 

and 4 reflect a shallow lake environment with frequent lake level fluctuations dated to ~215 and 484 

180-165 ka.  485 

An age gap of ~60 ka between 160-100 ka is present at the depth of ~20.2 m in the core, 486 

suggesting the lake dried out and was subject to pronounced deflation during late MIS 6 and 487 

early MIS 5 (130-71 ka, Lisiecki & Raymo 2005). If that was the case, water levels may have 488 

dropped rapidly to at least below ~1022 m, ~29 m lower than the modern water level of ~1051 489 

m. This age gap corresponds to the transicition of Penultimate Glaciation to last interglaciation. 490 

The reason why the lake level quickly decreased or even the lake dried out is still unclear and 491 

need further study.  492 

Lithological Unit 6 (20.2-13.5 m) consists of brown to yellowish sand interbedded with silt. 493 

The grain size frequency distributions of samples in unit 6 are characterized by one distinctive 494 

peak at around 200 µm and a very smooth peak at around 10 µm. A few samples have three 495 

smooth peaks at 10, 40 and 200 µm or a distinctive peak at around 10 µm (Fig. 10J). Snails are 496 

present at the top and bottom of this unit (15.22-14.91 and 19.63-19.21 m). Together these 497 

characteristics indicate a generally shallow lake environment of ~100-70 ka in Bosten Lake.  498 

Lithological unit 7 (top of 13.5 m) is clayey silt alternating with sand and was deposited after 499 

~70 ka. The grain size frequency distributions of samples from this unit are characterized by a 500 
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distinctive peak at around 10-30 µm in Unit 7a (Fig. 10G). Samples in Unit 7c are characterized 501 

by distinctive peak at around 10-30 µm and two smooth peaks at around 20 and 150 µm (Fig. 502 

10I). The grain size frequency distributions of samples in Unit 7e are similar in character to that 503 

in Unit 7a, consisting of a distinctive peak at around 10 µm and two very smooth peaks at around 504 

0.5 and 300 µm, although a few samples are characterized by two smooth peaks at around 15 µm 505 

and 70 µm (Fig. 10K). The grain size frequency distributions of samples in Unit 7f are 506 

characterized by one smooth peak at around 20 µm or two smooth peaks at 10 and 100 µm (Fig. 507 

10L). However, the top 0.4 m of the core may have been disturbed during the drilling process. 508 

Units 7a, 7c, and 7e are deep lacustrine deposits, suggesting high levels of Bosten Lake during 509 

the periods 70-60, 40-30 and 20-5 ka. Lithological units 7b and 7d consist mainly of shallow 510 

lacustrine sand deposited at 60-40 and 30-20 ka, respectively. The grain size frequency 511 

distributions of samples in units 7b and 7d are characterized by a distinctive peak at around 300 512 

µm and a very smooth peak at around 20 µm. A few samples have two smooth peaks at around 513 

10 and 200 µm in unit 7b, while few samples have one smooth peak at around 40 to 50 µm in 514 

unit 7d (Fig. 10H, J). These analyses indicate shallow lake environments occurred at 60-40 and 515 

30-20 ka. As shown in Fig. 11, the stable deep lake periods generally correspond to a high clay 516 

and silt component, and low sand component. This is likely due to the location of the drill core 517 

site far from the lake shoreline, with higher lake levels resulting in an expansion of the lake 518 

margins. 519 

We obtained only one pIRIR Holocene age of ~3 ka at the depth of the 1.1 m. The top 0.4 m 520 

of the deposits may not be reliable due to turbulence caused by the drilling system. As a result, 521 

we were unable to retrieve a reliable Holocene record from core BST12B. Chen et al. (2008) 522 

drilled and studied four intact Holocene lacustrine successions (see 2, 3, 4, 5 in Fig. 1) and the 523 
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chronology of these successions has been established by using AMS dating results of the plant 524 

remains and lacustrine organic materials. The chronology of these successions suggests that 525 

eolian sand was deposited in Bosten Lake during the early Holocene, and that a lacustrine 526 

environment occurred at the beginning of middle Holocene (~8 cal. ka BP). A relatively high 527 

lake level occurred 6.2-1.5 cal. ka BP. 528 

In summary, a stable deep lacustrine environment was present at Bosten Lake at ~220, 210-529 

180, ~165, 70-60, 45-30 and 20-5 ka, while shallow lake levels occurred at ~215, 180-165, 100-530 

70, 60-40, 30-20 ka. The lake possibly dried out between ~160 and ~100 ka, with strong wind 531 

erosion occurring in the region. These high and low lake level variations are, however, 532 

inconsistent with the δ18O records of stalagmites from Kesang Cave in Tianshan Mountains. 533 

Also, it is hard to correlate the lake level fluctuations to the Marine Isotope stages deduced from 534 

benthic foraminifera δ18O values (Lisiecki & Raymo 2005). Thus, we suggest lake level 535 

fluctuations in the lakes of arid central Asia (e.g., Bosten Lake) may not respond directly to 536 

climatic changes and may be affected by a number of complex factors (e.g. shifting of the inflow 537 

rivers of the lake, and glacier advances and retreats). 538 

Bosten Lake apparently dried up between ~160 and ~100 ka, corresponding to mid-late MIS 539 

6 to early MIS 5, spanning periods of penultimate glaciation and last interglaciation. The quick 540 

lake level drop  might have been caused by a combination of factors including lake basin 541 

geomorphological changes and shifts in river inflow rates. The precipitation in the region is 542 

carried by westerlies, and the north-southward variation of the westerlies on orbital and 543 

suborbital timescale can cause the precipitation variations and lake level fluctuations (Liu et al. 544 

2015). In that case, the of climatic changes in the region is likely much different to that in East 545 

Asia characterized with cycles of moisture interglacials and dry glacials (Sun et al. 2006). Also, 546 
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the glacier advances and retreats in the Tianshan Mountains area may have contributed to lake 547 

level fluctuations. Andreas (2010) drilled a 93.6 m deep sediment core in Niederweningen in the 548 

Wehntal, Northern Switzerland, establishing a chronology using anomalous fading corrected 549 

IRSL ages, and discovered a clear age gap in the drill core covering most of MIS 6. It was 550 

suggested that a possible glacier advance and erosion of the lake sediments during MIS 6 may 551 

have caused this age gap. The driving forces of the lake level fluctuations and lake evolution in 552 

arid central Asia need a further study. 553 

 554 

Conclusions 555 

We investigated the luminescence characteristics of quartz and K-feldspar from a 51.6 m deep 556 

drill core collected at Bosten Lake in the Tianshan Mountains of central ACA. Quartz SAR 557 

dating was applied to 7 OSL samples from the top of the core, while the K-feldspar pIRIR dating 558 

was successfully employed for 30 samples to establish a chronology for the core. Dose recovery 559 

tests indicate pIRIR dating is suitable for lacustrine samples from Bosten Lake. The agreement 560 

between pIRIR290 ages and quartz OSL ages for samples <40 ka and a smooth relationship in the 561 

IR50 De-pIRIR290 De plot suggest that K-feldspars from the lacustrine deposits were well-562 

bleached before burial. The quartz OSL ages for four samples that older than ~40 ka are 563 

systematically smaller than the K-feldspar pIRIR ages, which is probably due to quartz OSL age 564 

underestimation at doses approaching ~100 Gy. A robust chronology was established by Bacon 565 

age-depth modelling using 3 quartz OSL ages and 28 pIRIR ages. A combination of chronology, 566 

lithology and grain-size analysis indicates that Bosten Lake formed at at least ~220 ka and that 567 

water levels fluctuated frequently after that. A stable deep lake occurred at ~220, 210-180, ~165, 568 

70-60, 40-30 and 20-5 ka, while shallow levels occurred at ~215, 180-165, 100-70, 60-40 and 569 
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30-20 ka. Bosten Lake levels decreased by at least ~29 m and possibly the level even dried up 570 

between ~160 and ~100 ka. Lake level fluctuations in the lakes of arid central Asia (e.g., Bosten 571 

Lake) may not respond directly to climatic changes and may be affected by a number of complex 572 

factors, which requires further studies. 573 
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Figure and Table captions 

 

Fig. 1. Map of Bosten Lake and surrounding areas. Drill core localities are shown as squares with 

associated numbers: 1-BST12B, 2-BST04H, 3-BST04C, 4-BSTC-01 and 5-XBWu46. The green 

lines represent the Kaidu and Kongque rivers, the main recharge and discharge rivers, 

respectively. The dashed line in the inset represents the modern Asian summer monsoon limit 

(Chen et al. 2008). 

 

Fig. 2. Lithology of core BST12B at Bosten Lake, OSL sample codes, and associated 

luminescence age estimates. 

 

Fig. 3. A. Histogram of OSL IR depletion ratio for all aliquots of quartz samples as listed in Table 

3. B. Histogram summarising the recycling ratios for all measured aliquots using quartz OSL 

dating. The inset shows a histogram of the recuperation values for all quartz aliquots. C. 

Histogram summarising the recycling ratios for all measured aliquots using pIRIR dating. The 

inset shows a histogram of the recuperation values for all measured aliquots. 

 

Fig. 4. Luminescence characteristics of decay and growth curves for quartz and K-feldspar 

samples from the drill core: A. Decay curves of the natural signal, and regeneration doses of 95.33 

Gy and 0 Gy for the quartz sample Bst12b-488. B. Fit growth curves for quartz sample Bst12b-

488 using an exponential function. C. Decay curves of the IRSL and pIRIR signals for the 

youngest sample Bst12b-110. D. Decay curves of the IRSL and pIRIR signals for the oldest 

sample Bst12b-5120. E. Growth curves of the IRSL and pIRIR signals for an old sample (Bst12b-

2896) when a small test dose of ~38 Gy was applied (~6% of De). F. Growth curves of the IRSL 

and pIRIR signals for an old sample (Bst12b-5120) when a large test dose of ~340 Gy was applied 

(~58% of De).  

 



 

34 
 

 

Fig. 5. A. Anomalous fading of the IR50 signal and pIRIR290 results for sample Bst12b-1070. B. 

Anomalous fading of the IR50 signal and pIRIR290 results for sample Bst12b-2706. C. Dependence 

of De on prior IR stimulation temperature from 50 to 250 °C in 50 °C intervals for sample Bst12b-

1070. Three aliquots were measured at each temperature. Error bars represent one standard error. 

 

Fig. 6. Residual doses of the pIRIR290 and IR50 signals for samples from different depths of the 

core after 56 h of sunlight bleaching (A) and 112 h of sunlight bleaching (B). 

 

Fig. 7. IR50 De plotted against pIRIR290 De values for all samples from the core. The solid line 

represents a single saturating exponential function of the form y = a(1-exp (-x/b)) (y = 535.7(1-

exp (-x/274.9))) fitted to the data represented by the solid symbols. The dash-dotted line is derived 

from the solid line by multiplying the pIRIR290 co-ordinates of the line by 1.1. Error bars represent 

one standard error (see Table 2). 

 

Fig. 8. Summary of dosimetric information. ‘Dose rate’ is the total field dose rate of sand-sized K-

feldspar grains. Analytical data are provided in Table 2. The black squares are the observed water 

contents and the red circles are the saturation water contents. The saturation water content was 

used for dose rate calculations. 

 

Fig. 9. A. pIRIR Des for samples from different depths in core BST12B. B. pIRIR ages at different 

depths in core BST12B using a reconstructed Bacon age-depth model (red dashed line) derived 

from 3 quartz OSL age and 28 K-feldspar pIRIR ages. The grey shading indicates the model's 

95% probability interval.  

 

Fig. 10. Grain-size frequency distribution curves for samples from different lithological units of 

core BST12B. 
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Fig. 11. The mean grain sizes of the clay, silt, and sand components of core BST12B during the 

past ~253 ka, and their relationship to climatic stalagmite record at Kesang Cave (Cheng et al. 

2012) and benthic foraminifera δ18O record from core LR04 (Lisiecki & Raymo 2005). Low δ18O 

values indicate a warmer climate and vice versa. The grey shade indicates stable deep lake 

periods. 

 

Table 1. K-feldspar pIRIR290 dating protocol and quartz post-IR OSL dating protocol. 

 

Table 2. K-feldspar pIRIR290 dating results. Saturated water content was employed for dose rate 

determinations except that the observed water content of ~38% for sample Bst12b-110 was 

applied to dose rate calculation. The absolute uncertainty on the water content is 8%. 

 

Table 3. Quartz OSL dating results for samples from the top of the drill core. 

 

Table 4. Summary of the residual doses of the pIRIR290 and IR50 signals after 2 weeks (56 h, 14 

days, 4 hours per day) and after one month (112 h, 28 days, 4 hours per day) of sunlight bleaching 

for 24 samples from the drill core.  
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Step pIRIR K-feldspar protocol  
(Thiel et al. 2011) Observed 

Double SAR quartz 
protocol (Banerjee et al. 

2001) 
Observed 

1 Give dose Di   Give dose Di   
2 Preheat at 320 °C for 60 s  Preheat at 260 °C for 10 s  
3 IRSL, 200 s at 50 ºC LX1 IRSL, 100 s at 50 ºC  
4 pIRIR, 200 s at 290 ºC LX2 OSL, 100 s at 125 ºC LX 
5 Give test dose  Give test dose  
6 Preheat at 320 ºC for 60 s  Preheat at 220 ºC for 10 s  
7 IRSL, 200 s at 50 ºC TX1 IRSL, 100 s at 50 ºC  
8 pIRIR, 200 s at 290 ºC TX2 OSL, 100 s at 125 ºC TX 
9 IRSL, 100 s bleaching at 325 ºC  Return to 1  
10 Return to 1    

 



 

Sample No. Depth 
(m) 

Grain 
size 
(μm) 

Ali
quo
ts 

pIRIR290 
De 
(Gy) 

IR50 De 
(Gy) 

U 
(ppm) 

Th 
(ppm) 

K 
(ppm) 

Observe
d W.C. 
(%) 

Satura
tion 
W.C. 
(%) 

Dose Rate 
(Gy ka-1) 

IR50 
age 
(ka) 

pIRIR290 
age 
(ka) 

Bst12b-110 1.10 90-125 5 7.2±0.2 4.9±0.1 1.60±0.08 5.81±0.20 1.84±0.06 38 29 2.43±0.09 2.0±0.1 3.0±0.2 
Bst12b-353 3.53 63-90 6 46±1 29±1 2.79±0.11 5.71±0.19 1.71±0.06 15 31 2.50±0.10 12±1 18±1 

Bst12b-488 4.88 90-125 4 68±2 46±1 1.86±0.08 9.23±0.28 1.67±0.06 9 23 2.78±0.12 17±1 24±2 

Bst12b-533 5.33 90-125 6 92±1 61±1 1.51±0.08 6.98±0.23 1.96±0.06 0.2 23 2.82±0.12 22±2 33±2 
Bst12b-746 7.46 90-125 4 116±2 77±1 1.71±0.08 7.74±0.26 2.02±0.06 13 28 2.83±0.12 27±2 41±3 

Bst12b-889 8.89 90-125 6 155±2 112±2 2.79±0.10 7.67±0.25 1.88±0.06 14 21 3.05±0.13 37±3 51±4 

Bst12b-1070 10.70 90-125 4 183±3 114±2 1.07±0.06 3.91±0.15 2.08±0.06 14 20 2.71±0.12 42±3 68±5 

Bst12b-1364 13.64 90-125 8 201±3 137±1 1.16±0.06 4.54±0.16 2.21±0.06 15 16 2.96±0.13 46±3 68±5 
Bst12b-1594 15.94 90-125 4 200±5 133±2 1.72±0.08 5.99±0.20 1.87±0.06 13 23 2.70±0.12 49±3 74±5 

Bst12b-1860 18.60 90-125 4 211±3 138±3 1.60±0.08 8.18±0.25 2.29±0.07 16 19 3.25±0.15 42±3 65±5 

Bst12b-1974 19.74 90-125 4 286±6 188±5 2.33±0.09 10.1±0.28 1.91±0.06 11 25 3.01±0.13 62±4 95±7 

Bst12b-2064 20.64 90-125 10 462±7 243±5 1.42±0.08 4.71±0.17 1.81±0.06 14 19 2.59±0.12 94±7 178±13 
Bst12b-2223 22.23 63-90 4 484±6 256±5 2.88±0.11 10.8±0.30 1.92±0.06 25 27 3.01±0.13 85±6 161±11 

Bst12b-2310 23.10 63-90 4 514±14 261±9 2.46±0.10 9.75±0.27 1.86±0.06 23 28 2.82±0.12 93±7 183±13 

Bst12b-2372 23.72 90-125 8 417±5 242±3 1.51±0.08 4.20±0.16 2.08±0.06 20 24 2.70±0.12 90±6 155±10 

Bst12b-2446 24.46 90-125 4 552±12 247±4 2.64±0.10 10.5±0.29 2.00±0.06 20 25 3.16±0.13 78±5 174±12 
Bst12b-2555 25.55 90-125 8 457±7 254±3 1.58±0.08 6.84±0.23 1.91±0.06 20 19 2.82±0.13 90±6 161±11 

Bst12b-2706 27.06 90-125 6 500±8 255±3 1.55±0.08 6.93±0.23 1.76±0.06 15 24 2.72±0.12 94±6 183±13 

Bst12b-2797 27.97 90-125 4 500±25 261±9 2.02±0.09 13.2±0.36 1.91±0.06 17 29 3.06±0.13 86±6 164±13 

Bst12b-2896 28.96 90-125 8 600±13 320±5 2.76±0.11 10.2±0.30 1.95±0.06 21 29 3.04±0.12 106±7 198±14 
Bst12b-2956 29.56 90-125 4 513±11 265±5 2.67±0.10 9.50±0.27 1.84±0.06 21 27 2.93±0.12 90±6 175±12 

Bst12b-3053 30.53 90-125 8 585±14 319±7 2.95±0.11 10.8±0.31 2.00±0.06 21 23 3.28±0.14 97±7 178±13 

Bst12b-3260 32.60 38-63 2 632±19 309±5 3.26±0.12 11.8±0.33 1.97±0.06 23 20 3.22±0.13 96±9 197±16 

Bst12b-4115 41.15 90-125 8 547±12 264±4 2.91±0.11 18.4±0.48 2.51±0.07 19 26 3.99±0.13 66±5 138±10 
Bst12b-4419 44.19 90-125 6 630±11 319±5 3.56±0.13 9.97±0.29 1.65±0.06 21 22 3.00±0.12 106±8 210±15 

Bst12b-4590 45.90 90-125 6 649±8 313±3 3.46±0.12 11.0±0.31 2.24±0.07 22 35 3.20±0.13 98±7 203±13 

Bst12b-4768 47.68 90-125 6 546±3 294±5 2.92±0.11 10.7±0.31 1.84±0.06 11 27 2.98±0.12 99±7 183±12 

Bst12b-5054 50.54 90-125 4 577±10 287±8 2.12±0.09 8.84±0.26 1.93±0.06 14 27 2.80±0.12 102±8 206±14 
Bst12b-5057 50.57 90-125 6 637±14 330±3 3.00±0.11 8.08±0.26 1.55±0.05 19 28 2.66±0.12 125±10 240±16 
Bst12b-5120 51.20 90-125 4 612±12 294±7 1.88±0.08 7.83±0.24 1.83±0.06 18 28 2.68±0.13 110±8 229±15 
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Sample No. 
Grain 
size 
(μm) 

Aliquots 
Quartz 

OSL De 
(Gy) 

U 
(ppm) 

Th 
(ppm) 

K 
(%) 

Water 
content 

(%) 

Cosmic 
ray  

(Gy ka-1) 

Dose rate 
(Gy ka-1) 

Quartz 
OSL age 

(ka) 

Bst12b-488 90-125 14 57±3 1.86±0.08 9.23±0.28 1.67±0.06 23 0.06 2.34±0.02 24±2 
Bst12b-533 90-125 15 63±4 1.51±0.08 6.98±0.23 1.96±0.06 23 0.05 2.38±0.02 26±3 
Bst12b-746 90-125 14 90±6 1.71±0.08 7.74±0.26 2.02±0.06 28 0.05 2.39±0.02 38±4 
Bst12b-889 90-125 19 90±5 2.79±0.10 7.67±0.25 1.88±0.06 21 0.04 2.60±0.02 35±3 

Bst12b-1070 90-125 13 97±5 1.07±0.06 3.91±0.15 2.08±0.06 20 0.04 2.27±0.02 43±4 
Bst12b-1364 
Bst12b-1594 

90-125 
90-125 

9 
13 

97±6 
126±7 

1.16±0.06 
1.72±0.08 

4.54±0.16 
5.99±0.20 

2.21±0.06 
1.87±0.06 

16 
23 

0.03 
0.03 

2.52±0.02 
2.26±0.01 

38±4 
56±5 

 



 

 
 

 

Sample No. Depth 
(m) 

Residual dose 
pIRIR290 

(56 h 
bleaching) 

(Gy) 

Residual dose 
IR50 
(56 h 

bleaching) 
(Gy) 

Residual 
dose 

pIRIR290 
(112 h 

bleaching) 
(Gy) 

Residual dose 
IR50 

(112 h 
bleaching) 

(Gy) 

Bst12b-110 1.10 3.81±0.08 0.38±0.02 2.30±0.08 0.38±0.03 
Bst12b-353 3.53 6.99±0.18 0.63±0.03 2.40±0.08 0.32±0.02 
Bst12b-488 4.88 11.06±0.28 0.89±0.03 2.27±0.08 0.53±0.04 
Bst12b-533 5.33 10.80±0.27 0.89±0.03 2.47±0.08 0.26±0.01 
Bst12b-746 7.46 13.09±0.34 1.39±0.05 2.56±0.08 2.25±0.15 
Bst12b-889 8.89 13.34±0.35 1.15±0.03 3.44±0.09 0.24±0.03 

Bst12b-1070 10.70 16.40±0.40 1.52±0.05 2.39±0.08 0.53±0.04 
Bst12b-1364 13.64 17.92±0.45 1.65±0.05 3.50±0.09 1.72±0.03 
Bst12b-1594 15.94 17.54±0.50 1.91±0.06 2.69±0.09 0.27±0.03 
Bst12b-1860 18.60 18.18±0.46 2.04±0.07 2.75±0.08 0.40±0.03 
Bst12b-1974 19.74 17.38±0.41 2.20±0.08 5.06±0.19 0.37±0.02 
Bst12b-2064 20.64 17.41±0.44 3.94±0.13 3.96±0.14 0.57±0.03 
Bst12b-2372 23.72 25.04±0.61 2.93±0.08 2.57±0.08 0.45±0.03 
Bst12b-2555 25.55 25.42±0.65 2.80±0.08 3.14±0.10 0.44±0.09 
Bst12b-2706 27.06 24.79±0.68 3.43±0.09 3.05±0.09 0.58±0.05 
Bst12b-2797 27.97 22.70±0.62 3.15±0.10 3.65±0.19 0.54±0.03 
Bst12b-2896 28.96 20.97±0.54 3.05±0.09 3.73±0.12 0.33±0.03 
Bst12b-3053 30.53 23.38±0.62 3.05±0.09 3.74±0.12 1.02±0.03 
Bst12b-4115 41.15 24.53±0.62 3.56±0.10 2.99±0.11 1.08±0.07 
Bst12b-4419 44.19 22.62±0.62 5.34±0.17 3.08±0.11 0.61±0.03 
Bst12b-4590 45.90 28.22±0.69 3.94±0.10 3.91±0.10 0.53±0.04 
Bst12b-4768 47.68 25.42±0.65 3.94±0.10 3.84±0.10 0.29±0.03 
Bst12b-5057 50.57 38.13±1.28 6.36±0.15 3.85±0.11 0.39±0.03 

 


	Dias nummer 1
	Dias nummer 2
	Dias nummer 3
	Dias nummer 4
	Dias nummer 5
	Dias nummer 6
	Dias nummer 7
	Dias nummer 8
	Dias nummer 9
	Dias nummer 10
	Dias nummer 11
	Table 1
	Table 2
	Table 3
	Table 4

