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Eolian sediments, an important paleoenvironmental archive, are widespread in the Yarlung Tsangpo River (YTR)
valley of the southern Tibetan Plateau (TP), but their chronology and spatial-temporal differentiation are poorly
understood. And it is not clear whether eolian accumulation is controlled by global climate changes, or local
paleoenvironment, or both. In this study, we applied quartz OSL dating to 30 eolian sediment samples (sandy
loess and eolian sand) from eight profiles in the YTR catchment. Our new dates were combined with 72 previ-
ously published eolian sediment ages (OSL/TL and '4C) for the YTR catchment to analyze the response of eolian
accumulation to paleoenvironmental changes. The overall dataset has eolian accumulation spanning the
period from the Last Interglacial through to the Little Ice Age, ranging from 84.6 + 8.7 ka BP (possibly as old as
118 + 11 ka BP) to 0.4 + 0.1 ka BP, with most occurring since the Late Glacial Period (15 ka BP), which suggests
that the preservation of eolian deposits is controlled by geologic recirculation. Probability density function distri-
butions (PDFs) of eolian ages from different parts of the YTR catchment show different age clusters, suggesting
that factors controlling eolian accumulation vary across the catchment, so that spatial-temporal disparities are
inherent in the system. To investigate the effect of regional and global paleoclimate since the Last Glacial Maxi-
mum (LGM) on eolian deposition processes in the YTR, we compared the PDF of ages from the combined dataset
with a range of paleoclimate proxies. The PDF shows significant fluctuations since the LGM, including the Youn-
ger Dryas cold event. There is no consistent eolian sediment response to changes of the 30°N summer insolation,
Asian Summer Monsoon, and westerlies. Phases of strong eolian sediment accumulation in the YTR basin do not
show a simple correspondence with the classical global climate curve, suggesting that eolian processes in the
alpine valley environment may be modified by local responses to these changes.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The Yarlung Tsangpo River (YTR) basin is a major feature of the
southern Tibetan Plateau (TP) that spans over 1500 km from west to
east and contains a mix of broad valleys up to 30 km in width and
deep canyons up to 2000 m depth (Yang et al., 1982; Yang, 1984). The
YTR basin provides a significant volume of negative topography at the
edge of the high plateau that is available for accumulation of eolian sed-
iment, and eolian deposits are widely distributed in the basin, including
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eolian sand and sandy loess (Sun et al., 2007; Dong et al., 2017a, 2017b).
In general, the sediments show a discontinuous zonal distribution along
the valley of the YTR and its main tributaries, and are especially concen-
trated in the river-wide valley belt (Li et al., 1999; Lai et al., 2009; Kaiser
et al, 2009). Eolian sediments in the YTR catchment are developed and
deposited under the influence of climate and underlying surface condi-
tions (Li et al,, 1999), so are significant as indicators of regional climate
and local environment and provide an important archive of climatic and
environmental changes on the southern TP.

To date, eolian sediments in the YTR basin have been studied mainly
from the perspectives of geomorphology (Yang, 1984; Li et al., 1997,
Zhou et al., 2014), land use and land cover change (Shen et al., 2010,
2012; Li et al., 2016), provenance (Sun et al., 2007; Li et al., 2009; Du
etal, 2018), sedimentary ages (Sun et al., 2007; Lai et al., 2009), and re-
sponse to paleoenvironment (Jin et al., 1998; Lehmkuhl et al., 2000; Liu
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et al., 2015; Stauch, 2015; Hu et al., 2018). The climate of the YTR basin
on the southern edge of the TP is predominantly controlled by the inter-
play of the Asian summer monsoon (Indian monsoon and East Asian
monsoon, ASM) and the westerlies (Bohner, 2006; Yao et al., 2012;
Hou et al., 2017). Together, this climate pattern controls the hydrologic
system, geologic cycles and geomorphologic processes, therefore, the
response of eolian sediments to regional paleoclimate is complex.
Along the 1500+ km length of the YTR in southern Tibet, prevailing
climate conditions vary from semi-arid and arid in the upper reaches
to humid in the middle and lower reaches (Dong et al., 2017b), there-
fore, there are likely to be spatial variations in the patterns of eolian sed-
imentary development and responses to paleoenvironment.

Previous studies on the chronology and paleoenvironment of eo-
lian sediments in the YTR basin has focused on comparative study of
single locations or small areas, mainly in individual areas within the
catchment, with limited investigation of spatial-temporal differenti-
ation of sedimentary development and response characteristics to
different weather systems, the ASM and the westerlies, especially
in middle reaches of the catchment. Further complexity is added by
the potential influence of glacier erosion and meltwater since the
Last Glacial Maximum (LGM). Results of published studies show
that eolian sediments in this area mostly date to different periods be-
tween 21 and 3 ka BP (Lehmkubhl et al., 2000; Kaiser et al., 2009; Lai
et al., 2009), with formed earlier (Jin et al., 1998, 2000), even dating
back to the end of the early Pleistocene or early middle Pleistocene
(Jin et al., 1998), with uncertainties. However, due to the complexi-
ties identified above, there is no agreement on the ages of the eolian
sediments in the YTR catchment, which limits the understanding and
interpretation of the past eolian processes and paleoenvironmental
implications.

In this study we investigate the spatial and temporal distribution of
eolian deposition in the middle reaches of the YTR valley in order to im-
prove understanding of the chronology and implications of eolian
deposits. First, we conduct quartz OSL dating for a set of new eolian
samples located in areas from eight new profiles. We then combine
our new ages with previously published data to allow comprehensive
analysis of the dynamic mechanisms of formation and evolution eolian
sedimentary development in different sections of the YTR valley. By
comparing the chronology of eolian deposition with paleoclimatic prox-
ies, we discuss the relationship between the eolian development pro-
cesses and the regional paleoenvironment. Our study contributes to
the establishment of a definitive chronology of eolian sedimentary
deposition in the YTR catchment, improving our understanding of fac-
tors controlling eolian accumulation and the relationship between
eolian sediment formation and development and the interplay of the
ASM, the westerlies and the Tibetan winter monsoon.

2. Study area

The YTR originates from the Jemaangzong Glacier and is bounded by
the Himalaya Mountains in the south and Gangdese-Nyaingentanglha
Mountains to the north, with the regional terrain being high in the
northwest and low in the southeast (Fig. 1). The YTR valley is beaded
with canyons and wide valleys and multilevel terraces are formed by
continuous downcutting. A diverse range of eolian sedimentary types
are present in the valley (Fig. 2, Fig. 3), including eolian sand, sandy
loess, and loess-like sediments (Li et al., 1997, 1999), and are mainly de-
veloped in wide reaches of the YTR such as the Maquan River wide val-
ley, Xigaze wide valley, Lhasa-Sangri wide valley, and Mainlin wide
valley, from west to east (Ling et al., 2019).

Maquan valley, the widest (20-30 km width) and highest (c. 4600 m
asl) valley of YTR, located at the upper reaches of the catchment, has
broad alluvial and lacustrine plains which are formed by braided rivers
(Fig. 2A). In the valley, the annual rainfall ranges between 186 and
290 mm, and rainfall from June to September accounts for about 90%
of this total, with a long dry period from October to May, corresponding

to the seasons of winter and spring. In these seasons, the spread de-
posits of riverbeds and materials of wetlands are exposed to the prevail-
ing southwest wind (Fig. 1C and D) and orographic wind to form eolian
dunes which are mostly barchan dunes (Fig. 2A).

Xigaze valley, 5-8 km wide, with well-developed braids and flood
plains, has different eolian deposits which are mainly distributed on
the northern bank of the main stream of the YTR (Fig. 2B), concentrated
on the alluvial fans and tributary valleys, a small number distributed on
alluvial plains and hill slopes. On the southern bank, there is only a few
sandy loess on the terraces and hill slopes. Lhasa-Sangri valley has a
distance approximately 144 km from the west to the east, generally
3-5 km wide and the maximum width of 6 km (Dong et al., 2017b),
which has the tributary of Lhasa River, being the largest in this region.
Large and continuous area of sandy land or dunes are distributed on
the northern bank of the YTR (Fig. 2C), with loess depositing at higher
elevations on the hill slopes. Relatively a few of dunes and loess sedi-
ments are sparsely distributed on the southern bank. Both of the Xigaze
valley and Lhasa-Sangri valley are mainly characterized by semi-arid
climate, with elements of monsoon and semi-arid plateau climate
(Dong et al., 2017b). Mean annual temperature is about 6-8 °C, with
summer temperatures of >15 °C and winter temperatures below —2
°C and mean annual precipitation is 300-400 mm, mainly in July and
August due to the ASM.

Mainlin valley, a lower and middle reaches of YTR catchment,
extends from Mainlin County in the west to the town of Pai in the
east, contained the lower part of the Niyang River, from Nyinchi city. Eo-
lian deposits in this valley are mainly eolian dunes on the riverbeds or
mountain slopes (Fig. 2D), and sandy loess on the terraces. The Mainlin
wide valley is located in the southeast of the TP and is mainly affected by
a semi-humid monsoon climate. Average annual temperature is 8.2 °C,
with annual precipitation of ~650 mm, 85% of which is concentrated
in June to September.

In short, larger areas of active eolian deposits controlled by the sur-
face wind (Fig. 1C and D), can be found at the foot of the valley flanks
and near tributary confluences in the above wide valleys. And the
terraces, riverbed, and piedmont are covered by differing thicknesses
(average c. 2.5-10 m) of eolian sediments (Ling et al., 2019), apart
from areas of scree and bare rock, and active fluvial and peat bog sites.

3. Methods
3.1. Data collection and sampling

To understand the spatial-temporal differentiation of eolian sedi-
mentary development in different regions of the YTR valley, eight new
sections were selected for OSL dating and the results combined with
eolian sediments ages from 27 previously published profiles as collated
in Ling et al. (2019). The new sections were chosen to fill in gaps in the
existing record in the wide valley from Xigaze to Mainlin of the middle
YTR valley where the published data on the eolian sediment is relative
paucity, and the combined dataset extends over c. 1500 km from
west to east (Fig. 1), spanning the different climate zones from arid to
monsoon-influenced (Dong et al., 2017b).

The seven new eolian sediment sections and one lacustrine deposit
section, with different sedimentary characteristics (Fig. 3), were se-
lected on the basis of good exposures through sequences and to enable
a good geographic spread. A total of 36 OSL samples were taken from
the sections (Fig. 5, Table 1), comprising 30 of eolian sediment (eolian
sand or sandy loess) and 6 from other sedimentary contexts (one sam-
ple each from a transition layer (YJP1) and fluvial sandy clay (LCP), two
fluvial samples from section YJP1, and two lacustrine samples from
PLP). Samples were collected by driving iron tubes (25 cm in length
and 4 cm in diameter) into the freshly prepared section. The ends of
each tube were covered by a ball of seedless cotton when the tube
was filled with sediments, and then wrapped with opaque plastic tape.
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Fig. 1. Location of the study area, sampling sites and wind regime of the TP and its adjacent area. (A) Location of the YTR valley on the TP; (B) Location of the six eolian sediment sampling
areas used in this study (shown with red dotted lines). (C, D) Ground wind (10 m above the surface) in winter and spring of the TP and its adjacent area (The solid line is extracted with
Meteolnfo at 2000 m asl. The YTR valley is near 30°N. The wind data is downloaded from https://www.esrl.noaa.gov/psd).

The previously published eolian sediment ages from the YTR catch-
ment were taken from Ling et al. (2019) who collated data from a num-
ber of studies (e.g., Li et al., 1999; Lehmkuhl et al., 2000; Sun et al., 2007;
Kaiser et al., 2009; Lai et al., 2009; Liu et al., 2015; Hu et al., 2018). A total
of 72 ages were selected, determined using OSL/TL and conventional
and AMS '“C methods, and combined with OSL ages from the 30 new
eolian samples to give a total dataset of 102 ages. The ages were ana-
lyzed using a probability density function (PDF) method as previously
employed for OSL age distribution analysis (Lai et al., 2009; Stauch,
2015; Chen et al., 2016). The PDF was calculated for each eolian sedi-
ment age based on its mean and the standard deviation. The individual
PDFs then were summed as a cumulative PDF. In this approach, each
eolian sediment date is treated as an individual accumulation event
(Singhvi et al., 2001; Telfer and Thomas, 2007), so the cumulative PDF
can be considered as representing the trend of eolian conditions that
is indicative of paleoenvironment.

3.2. OSL dating

An automated Risg TL/OSL-DA-20 reader for TL/OSL dual-purpose
dating, equipped with a °°Sr/°°Y beta source, produced in the Danish

Risg Laboratory, was used for OSL measurements in the optical lumi-
nescence laboratory of Qinghai Institute of Salt Lakes, CAS. The signal
was stimulated by blue diodes (N = 470 + 20 nm) at 130 °C for 40 s,
and a Hoya U-340 (7.5 mm) filter, placed in front of the
photomultiplier tube (9235QA), was used for detection and
recording.

Single aliquot regenerative-dose (SAR) technology was employed
for the equivalent dose (De) determination of the quartz grains
(Murray and Wintle, 2000). The De, tested using medium size (38-63
um) quartz, suitable for De determination of eolian sediments (Ling
etal., 2018), extracted from the sediments of all sections, was estimated
by interpolation of the natural luminescence signal onto the growth
curve. The growth curves were constructed using regeneration doses,
including a dose of 0 Gy for monitoring the thermal transfer effect and
a repeated first regeneration dose for checking the accuracy of the sen-
sitivity correction. A fixed, small test dose after the natural and regener-
ative OSL measurements was used to adjust the sensitivity. At the end of
the protocol, the sample was dosed and tested for feldspar contamina-
tion (Lai et al,, 2009). The preheat temperature for natural and regener-
ative doses of samples was 260 °C for 10 s, and cut-heat was set at 220 °C
for 10 s. The first 1.6-s integral of the primary OSL signal, minus a
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Fig. 2. Landform of the wide valley and eolian sediments in different reaches of YIR. (A) Eolian dunes in the wide valley of Maquan River; (B) Eolian dunes on the terrace and sand on the
riverbed in Xigaze wide valley; (C) Sandy land on the north bank in Lhasa-Sangri wide valley; (D) Sand on the riverbed and eolian dunes at the hill slope in the Mainlin wide valley. The red

arrows indicate the direction of the river (from west to east).

background signal estimated from the last 8-s integral (Jin et al., 2018),
was used for De estimation.

The concentrations of U, Th, and K were measured by ICP-MS at the
Chemical Analysis Laboratory of Qinghai Institute of Salt Lakes. The
contribution of cosmic rays to the annual dose was calculated from
the altitude, geographical location, and sampling depth of the samples
(Prescott and Hutton, 1994). For the 38-63 um quartz grains, an alpha
efficiency factor of 0.035 4 0.003 was assumed to estimate the alpha
contribution to the dose rate (Lai and Briickner, 2008). The parameters
used to calculate the annual dose were based on the standards provided
by Aitken (1998) and are shown in Table 1. Long-term water content
was assumed to be 10 4 5% and was added to each value in the age
calculations.

4. Results
4.1. Luminescence characteristics

Examples of shine-down curves and growth curves for typical
samples (YJP1-3, SNP-3 and SNP-4) are shown in Fig. 4. The OSL sig-
nal decreases very quickly within the first second of stimulation, sug-
gesting that quartz OSL signal is dominated by the fast component
(Fig. 4a, c and e). The growth carve was fitted using a single satura-
tion exponential plus linear function. There is clearly a linear growth
part in the growth curve beyond a regeneration dose of 40 Gy for
YJP1 (Fig. 4b), and 500 Gy for SNP (Fig. 4d), which may allow for de-
termination to a higher dose range (Lai et al., 2009). But for some
loess samples, the growth curve has stopped growing at a regenera-
tion dose of 320 Gy (Fig. 4f) which is greater than twice the value of
DO, thereby suggesting that the quartz signal is saturated for testing.
This may indicate an underestimation of the OSL age for old loess
samples, so maybe we can only get the minimum age of the loess

deposition. Additionally, according to the dating results of SNP-3
and SNP-4 (Table 1), the limit age of quartz used in the sandy loess
from YTR catchment is about 60-70 ka BP.

For all samples, to evaluate the conditions of the OSL test, a zero-
dose cycle was incorporated in the SAR protocol to test the effect of
thermal transfer. The decay curve of 0 Gy regeneration dose shows neg-
ligible thermal transfer. And the recycling ratios are consistent to within
10% of unity (0.9-1.1) for all samples.

4.2. Timing of eolian sediment deposits

Luminescence dating results for the 36 new samples are summa-
rized in Table 1; ages are listed by profile and depth (Fig. 5). The 30
OSL ages for eolian samples range from 0.4 + 0.1 ka BP in profile
SRP to at least 84.6 4+ 8.7 ka BP in profile SNP. This suggests that
eolian sediment started from the last interglacial period through to
at least the little ice age, if not the present day. The date range of eo-
lian deposition from the Late Pleistocene to the Holocene corre-
sponds with results from previous studies (Kaiser et al., 2009; Lai
et al,, 2009).

Ten of the 36 OSL ages in Table 1 are older than 56 ka BP. Most of
the older dates are from loess sediments (profile SNP), but two are
from lacustrine deposits (profile PLP), suggesting that different
parts of the YTR catchment may have different sediment responses
in the same geologic period. The loess ages from SNP range from c.
57-85 ka BP, but as they are close to the saturation limit for quartz
OSL dating, their actual ages may be older. Hence, it is likely that
loess deposition commenced earlier in MIS 5, during the last
interglaciation. OSL ages for eolian sand (profiles MLP and SRP)
mainly date to the mid- to late Holocene, which is later than sandy
loess/loess sediment deposition. The differentiation in ages of eolian
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Fig. 3. Photos of main sections and their sedimentary characteristics investigated in the study. See Fig. 1 for their locations.

sand and loess in the YTR catchment has also been identified by Lai
et al. (2009), but no specific explanation was given.

Most of the 72 eolian sediment ages from Ling et al. (2019) date to
Marine Isotope Stage 3 (MIS 3) (Johnsen et al., 2001) or later, espe-
cially since the late glacial period (15 ka BP). The youngest eolian
sediment age is c. 0.4 ka BP. Only eight ages pre-date MIS 3, two
are from MIS 4 and six from MIS 5, with the oldest at 118 + 11 ka
BP (Lai et al., 2009). The older OSL ages are concentrated in four pro-
files adjacent to the Lhasa River valley, a north bank tributary of the
YTR (Fig. 1).

4.3. Spatial-temporal distribution of sedimentary ages

Fig. 6 displays the temporal and spatial distribution of the 102 eolian
sediment ages from the combined dataset. The overall temporal distri-
bution of the data (Fig. 6a) shows a concentration of eolian sediment
ages since MIS 3 (~50 ka BP), especially after MIS 1 (~14 ka BP) where
there are 70 ages accounting for c. 69% of the total. The spatial distribu-
tion (Fig. 6b) shows a concentration of eolian sediment age samples in
the Lhasa-Sangri wide valley, the Xigaze valley, and the Mainlin valley,
which together account for c. 80% of the total. The spatial concentration
of samples may reflect the different priorities of eolian research in the

catchment. However, overall the spatial-temporal distribution of sedi-
mentary ages in the YTR catchment is uneven.

4.4. Age distribution for different deposits

The analysis of 102 ages, including sand, sandy loess/loess and
paleosols indicates a main phase of eolian accumulation in the YTR
catchment since LGM, and c. 80% in younger than ~50 ka BP. There-
fore, the analysis of the PDFs for the different deposits ages focuses
on the time since 50 ka BP (Fig. 7). The PDF of sand suggests that eo-
lian accumulation was dominant since the Holocene, with three pe-
riods of <11-6 ka BP, 5-2 ka BP and since 2 ka BP, but has a hiatus
at 2 ka BP. And it also indicates an eolian accumulation period of
26-13 ka BP, corresponding to the LGM roughly. In the YTR catch-
ment, loess accumulation concentrated in two phases from 48 ka
BP to 28 ka BP and from 16 ka BP to 2 ka BP, which has no existing
during the LGM (c. 26-16 ka BP) and after 2 ka BP. From eolian de-
posits in which paleosols were not developed only 14 ages are avail-
able which distributed in short periods during the phases of the loess
accumulation. The ages span the time about 13 ka BP, 8 ka BP and be-
tween 6 ka BP and 2 ka BP with a gap at c. 4 ka BP.

In the YTR basin, enhanced loess accumulation began a little earlier
than the eolian deposition, but its fluctuation was not as severe as the
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Table 1
Summary characteristics and OSL ages for the 36 new analyses undertaken in this study.

Lab.no. Sample ID* Coordinates Altitude (m) Depth(m) Th (ppm) U (ppm) K (%) Dose rate(Gy/Ka) De (Gy) OSL age (ka)
01 PLP-01 29°58'04.1"N,95°21'48.9"E 2562 45 1812 +£06 193+03 225+£005 4144027 2339 4287 565485
02 PLP-02 8.0 1621 £ 0.8 252+04 292+004 4554034 268.2 +£33.0 589485
03 YJP1-1 29°27'20.2"N,94°28'09.5"E 2943 0.4 1506 £ 0.8 145+03 2.05+0.04 3.62+0.26 6.8 +£0.1 19+ 0.1
04 YJP1-2 0.9 1523 +£08 1.65+03 2.04+£004 3.654+026 142+ 0.2 39+03
05 YJP1-3 14 1528 £0.8 1.73+£03 2.05+£0.04 3.664+ 027 162+ 0.2 44+03
06 YJP1-4 1.9 1569 +£0.8 193 +03 2.09+0.04 3.7640.27 16.0 + 0.2 43403
07 YJP1-5 2.5 1760 £ 0.8 1.80+03 223+0.04 397+0.29 204 + 04 51+04
08 YJP1-6 3.0 1705+ 08 192+03 213+£004 3854028 125+ 0.2 32402
09 YJP1-7 3.6 1822+ 0.8 3.64+04 217 +£0.04 4414032 36.6 +£ 1.0 83+0.6
10 YJP1-8 43 1595+ 0.8 294+04 224+004 410+030 368+ 3.5 163+ 15
11 YJP1-9 48 1187 £0.7 2.00+04 217 +£0.04 3484027 56.8 + 43 163+ 1.8
12 YJP1-10 5.6 10.10 £ 0.7 2.01 £04 219+0.04 3.364+0.26 841+ 35 251422
13 YJP2 1.7 1094 +£0.7 1.64+03 2.07+0.04 3344024 36.8 +£ 1.0 11.04+ 09
14 MLP-1 29°07'08.0"N,93°46'41.0"E 3004 6.5 1356 £ 0.7 1.74+03 207 40.04 3.42+0.26 153+ 0.2 45+03
15 MLP-2 10.0 1290 £0.7 1.77+£03 211+£0.04 3374026 207 £03 6.2 +05
16 LXP-1 29°04'00.4"N,92°47'57.7"E 3172 13 1251 £0.7 190+ 03 234+0.04 3.764+0.27 186+ 0.2 49+ 04
17 LXP-2 2.0 1009 £0.7 132403 24240.04 348 +0.26 22.6 £ 0.5 6.5+ 0.5
18 SNP-1 29°16'53.3"N,91°56'59.6"E 3598 0.6 1707 £0.8 190+03 226+0.04 4104029 2579 £ 165 6294+ 6.0
19 SNP-2 1.1 18.02 £ 0.8 195+03 226+0.04 4154029 2363 £295 569482
20 SNP-3 1.7 2430+09 258+04 2214004 4714034 2709 £ 139 575+5.1
21 SNP-4 2.2 2523409 237+04 2344004 4824035 3588 4+202 745468
22 SNP-5 2.7 1877 £0.8 231+04 217 +£0.04 4424032 308.8 £ 132 698459
23 SNP-6 3.2 3629409 269404 2234004 4.95+042 2909 +£ 159 588 +54
24 SNP-7 37 29454+09 256404 2454004 5574040 3285+ 244 59.0+6.1
25 SNP-8 42 2508 +£09 271404 2444004 4254031 359.2 £ 263 846487
26 SRP-1 29°15'42.0"N,91°59'14.2"E 3553 0.7 1418 £ 0.7 2.07 £04 216+ 0.04 4.06+ 030 1.7+ 0.1 0.4+ 0.1
27 SRP-2 14 1536+ 08 2.054+04 2224004 4.18+031 34401 0.8 +0.1
28 SRP-3 2.1 1730 £ 0.8 1.81+03 229+004 4294031 42+ 1.1 1.0+ 0.1
29 SRP-4 2.8 1720 £ 0.8 197 +£03 224+0.04 4264031 47401 1.1+ 0.1
30 SRP-5 35 2013 +09 222404 2244004 4534034 4.6+ 0.1 1.0+ 0.1
31 SRP-6 42 1652 £ 0.8 214+04 229+004 4264032 52+02 12+0.1
32 SRP-7 49 1482 £ 0.7 1.83+04 235+£0.04 4074030 169 £ 1.0 41+04
33 LCP-1 29°23'13.9"N,89°19'31.6"E 3815 2.9 1621 +£0.7 241 +04 261+004 4.60+034 425+ 1.6 92+ 038
34 LCP-2 3.6 1708 £09 232+04 2624004 458+034 534+ 21 11.7+ 1.0
35 LCP-3 42 2096 £ 08 275404 2644004 5124037 68.8 + 2.8 136 £ 1.1
36 LCP-4 6.1 1409 £ 0.7 249 +04 253+004 4364033 478 + 2.0 11.04+ 09

Water content was taken as 10 £ 5% for all samples. The ID of non-eolian samples are distinguished in bold.

2 Three letter codes relate to sample site location as shown in Fig. 1.

sand. The correspondence of paleosol with the trough of loess and sand,
or a short occurrence in the continuous process of loess accumulation,
may indicate the short relative climatic optimum period when the eo-
lian deposits in the YTR catchment. On the whole, the PDFs of the
three type sediments show that they enhanced since LGM, which is
dominated by eolian sediments in the YTR basin. At the present state,
there are no enough data of different eolian types for the six different
wide valleys. Therefore, the PDFs of the three eolian types are only ana-
lyzed for the whole catchment.

5. Discussion
5.1.  Comparison of age distribution in different regions

Because of the same material source (Li et al., 2009; Du et al., 2018),
the sand, loess/sandy loess and paleosol are all considered as eolian
deposits to analyzed their ages distribution collectively. Fig. 8 shows
PDFs of eolian sediment ages for six different regions of the YTR catch-
ment using the combined dataset. There are clear differences between
the PDF curves. In the Maquan River, Himalaya north slope, Mainlin,
and Palong Zangbo valleys there are marked peaks (age clusters) from
the early Holocene, mainly since 8.5 ka BP, while eolian deposition in
Xigaze valley dates back to 17 ka BP, and there are three age clusters
in the Lhsasa-Sangri valley since c. 100 ka BP (at about ~11, 12-40,
and 44-96 ka BP). The Maquan River, Lhasa-Sangri, and Mainlin valleys
display a hiatus in eolian accumulation since 2 ka BP, which may be re-
lated to regional erosion. Other YTR valleys have eolian depositional
hiatuses at different times; c. 9-15 ka BP in Maquan River, 9-12 ka BP

for the north slope of the Himalaya Mountains, 13-24 ka BP in Mainlin
valley and 8.3-18 ka BP in the Palong Zangbo River catchment. These
differences suggest that the factors governing eolian accumulation
processes may be different in each valley, making spatial-temporal dis-
parities inherent.

Based on OSL dating of samples from the Xigaze valley and analysis
of previously published dating results, Sun et al. (2007) suggested that
loess deposition in YTR valley commenced after the Last Deglaciation,
with a hiatus during the LGM period due to erosion of loess as
glaciofluvial outwash. Outwash erosion may explain the lack of LGM eo-
lian deposition in other glacial regions of the YTR catchment, for exam-
ple, the Himalaya north slope, Mainlin valley, and Palong Zangbo valley.
Another factor that may have contributed to the lack of preservation of
early eolian deposits is the development of a dammed lakes in the YTR
valley. Hu et al. (2018) identified three paleo-lake sedimentary se-
quences on terraces in the broad Xigaze valley dating from 13 to 30 ka
BP, at a lake altitude of 3811 m asl. A similar phenomenon was identified
by Liu et al. (2015) in the Mainlin valley, indicating the presence of a
paleo-lake at 3180 m asl during the last glacial period (~41-13 ka BP).
Loess deposits on a platform on the eastern mountain of Nyingchi in
the Mainlin valley were less affected by erosion due to their high eleva-
tion (3303 m asl, about 300 m above the modern river), and provide
dates to c. 40 ka BP (Liu et al., 2015).

The older eolian deposits are well preserved in the Lhasa-Sangri
wide valley, showing that eolian accumulation took place in the Last
Glaciation, and also during the Last Interglaciation. The preservation of
older eolian deposits points to a lack of erosion by glacier ice and out-
wash during the LGM and supports the view of previous studies
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(Zhang and Li, 2002; Lai et al., 2009) that an ice sheet did not extend
over the whole TP at the LGM, and that not all pre-Holocene loess
deposits were removed during Deglaciation.

The contrasting patterns of loess preservation and/or erosion in
different parts of the YTR catchment show a strong dependence on
local environmental conditions. In general, fewer early eolian sediments
are preserved in those areas where conditions were insufficient due to
geologic recirculation (e.g., erosion effect, deposition-reactivation-
redeposition process). Long-term accumulation of eolian sediments is
controlled by favorable sedimentary environment (e.g., suitable climate
for eolian deposition, abundant provenance) and local preservation
conditions in the area of deposition (e.g., Lancaster, 2008; Chase, 2009).

5.2. Environmental implications of eolian sediments in the YR catchment
The accumulation of the eolian sediments may be controlled by

several, sometimes interacting factors: local topography and landforms
(e.g., Mason et al,, 1999; Ling et al., 2019), changes in surface roughness,

e.g., due to vegetation cover (Sun et al., 2007; Stauch, 2015), and
climate-induced changes in wind speed (e.g., Roskin et al., 2011).
There are different interpretations of the role of climatic factors in
controlling the accumulation of eolian sediments on the TP. Typically,
sand accumulation is considered as representative of an arid climate
period in deserts and in arid and semi-arid areas (Lai et al., 2009;
Stauch, 2015). However, the YTR valley spans a significant distance
from west to east and areas of eolian deposition (Li et al., 1997; Li
et al,, 1999) encompass extremely complex geomorphological settings
such as canyons, wide valleys, fluvial/alluvial fans (Li et al., 1999) and
different climate types, e.g., semi-humid, semi-arid, and arid (Dong
et al,, 2017a, 2017b). Therefore, eolian sediments formed in different
parts of the catchment may have different indicative meanings for
paleoenvironmental interpretation, and the process of sedimentary de-
velopment may not simply reflect a regional arid climate as in the
northern desert of China.

The main sources of eolian sediments on the TP are glacial out-
wash material (Sun et al., 2007; Smalley et al., 2014) as well as



Z. Ling et al. / Geomorphology 357 (2020) 107104

PLP YJP1 MLP LXP SNP
e 0 0 0= 0
R - =
oo I 1.9+0.1 ka =
1K e i e = 162.0:6.0 ka
R 13.9+0.3 ka 1 - =TI
s -« 45104 ka = PheEnia e
RRKRNEK 4.4+0.3 ka == e
R Code ™ e 57.5x5.1 ka
2R 2+ g 2+ 2+ - 3
R = 1-:910.3 ka v v 16.5:0.5 ka =
R =" ’e%°. 174.5+6.8 ka
RRRRE 5.1£0.4 ka e
3R 34 e 3] m 3 [69.845.9 ka
U 13.240.2 ka .
(e ., 58.845.4 ka
R 0
o 8.3:0.6 ka <=~ —
4R 4 3 B 4| [59.046.1 ka
i e . =
AN 0 16.3+1.5 ka 84.6+8.7 ka
O O 1Heos m
XN 56.5+8.5 ka '0.0 X v
SO (< 2
5 ReRX 5-3%0%16.3:1.8 ka 5 - SRP
o > N 7 =7~ I - - 0T
R 2 :
v L~ U . L=
6 —[RRRKK m 25.9+2.2 ka g ! 1+ |0.4£0.1 ka
(R ol - L
AXXXXIAX = X . i = a
R YJP2 4.5$0.3 ka 3 ~19.2+t0.8 ka _ |17
7L 0= K
O . e 1.0£0.1 ka
e 11.7¢1.0 ka [/
B 4 3+ 1 [1.1£0.1 ka
PR 1 =SS ;41—3 e )
XXX - 8- y o @ 13.6t1.1 ka -
m 58.948.5 ka 9, ~7111.0£0.1 ka
43
< 5 oyt ) () (=
) I.:.: 11.9+0.9 ka 1.2+0.1 ka
m 9 = 1) e—
= 57 14.1£0.4 ka
Q===
- - 0% 11.0£0.9 ka
: 10 ~ e a”a m
58.948.5 ka OSL dating - 6.2+0.5 ka m
757 Aeol d FE Lacustrine deposit Sandy clay
i o050 e R : or clay
Transition

@ Fluvial deposit

% layer

Fig. 5. Sediment logs and geochronological data for profiles investigated in the study. See Fig. 1 for locations.

fluvial/alluvial deposits and dried lake basins (Kaiser et al., 2010; Pan
et al., 2013; Stauch et al., 2014). Under the same provenance, differ-
ent types of eolian sediment (sand, loess, etc.) may be deposited in
different reaches of the YTR, depending in altitude, wind strength,
and underlying surface conditions. Additionally, eolian sediments

are widely distributed across different climatic regions of the YTR
catchment, including more humid locations such as Mainlin and
Nyingchi with an annual precipitation of c. 600-700 mm. Therefore,
eolian deposition in the YTR catchment cannot simply be correlated
with aridity to indicate an arid paleoenvironment. The climatic and

uMIS 1(0-14 ka BP)

5 MIS 2(14-29 ka BP)

u MIS 3(29-57 ka BP)
MIS 4(57-71 ka BP)

B MIS 5(71-130 ka BP)

Maquan River 5
Himalaya north slope
Xigaze valley

Lhasa-Sangri valley 5

Mainlin valley

Palong Zangbo

Fig. 6. Spatial and temporal distribution of eolian sediment ages, based on 102 samples (30 from the current study and 72 from previously published studies). (a) Pie chart showing
number of sample ages in different climatic stages (corresponding to the Marine Isotope Stages (MIS) 1 to 5) (Johnsen et al.,, 2001); (b) distribution of samples in different areas of the

YTR catchment. See Fig. 1 for locations.
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Fig. 7. Probability density functions (PDFs) of different eolian deposits (sand, loess/sandy loess and paleosol) ages in the YTR catchment.

environmental conditions indicated by eolian deposits in different
developmental reaches in the YTR valley should be treated differ-
ently. Eolian deposition in the middle-upper reaches of the YTR
may respond to variations in the strength and interactions of the
ASM and westerlies. In the middle-lower reaches, eolian deposition
is more likely to be generated by ASM superimposed with local envi-
ronment, underlying surface roughness, and other factors (such as
topography, vegetation, valley fog-wind and glacier wind), and the
deposition process may also record enhanced ASM signals (Ling
etal, 2019).

5.3. Drivers of eolian processes since 50 ka BP

Fig. 9 plots the PDF for the combined dataset of 102 ages for eolian
sediment accumulation in the YTR catchment with various indicators
of paleoclimate since 50 ka BP. We have restricted the time period to
50 ka as evidence for eolian deposition prior to this is patchy and equiv-
ocal. In general, the PDF curve shows little change until the LGM, after
which it gradually increases to a peak after 15 ka BP, with more marked
fluctuations thereafter (Fig. 9A), indicating enhancement in the inten-
sity of eolian accumulation. This pattern of eolian activity is similar to
that identified in other areas of the TP (Stauch, 2015). In the catchment,
the proximity to fluvial sources for the majority of the deposits suggests
that sediment supply from fluvial sources is likely a major driver of
sediment accumulation (Jin et al., 1998). Deglaciation of the Himalaya
Mountains or Gandese Mountains may be a significant source of mate-
rial, as indicated by the peak in number of ages after 15 ka, agreeing
with the results of the rain shadow zone of the Indian Summer Monsoon
where sand ramps distribute on south slope of Himalaya Mountains
(Kumar et al., 2017).

Additionally, the YTR catchment PDF has a good record of the Youn-
ger Dryas (YD) event (Tarasov and Peltier, 2005), which is consistent

with the record from other eolian proxies elsewhere on the TP, such as
nebkha dunes development in the northeast (Ling et al., 2018). These
similarities indicate that different types of eolian deposition on the pla-
teau may show synchronized response to paleoclimate since the LGM.
However, when the PDF of eolian sediment ages in the YTR catchment
is compared with other paleoclimate indicators (Figs. 9B-E), there
appears to be no simple correspondence between periods of strong accu-
mulation and global climate events, but a more complex response
pattern (Fig. 9). In part, this is due to inherent spatial-temporal complex-
ities in the nature of the eolian record and its response to paleoclimate, as
highlighted by Lancaster et al. (2013) with respect to eolian deposition in
deserts. The varied geomorphology of the YTR basin and the influence of
different wind systems means that the relationship between eolian
deposition and paleoenvironmental conditions is potentially more
complex. Other factors, such as the uplift of the TP, introduced spatial-
temporal complexity in the intensity and location of weather systems
(ASM, westerlies) in the Quaternary (Jin et al., 1998, 2000). As the Pla-
teau uplift, the abundant clastic materials in the YTR basin provided a
source for regional eolian deposition. Meanwhile the uplift plateau also
reduced the influence of the ASM and contributed to the dry and cold
climate conditions needed for the development of eolian accumulation.
By c. 80 ka BP, the TP had risen to nearly its modern height, and the
modern atmospheric circulation pattern had been basically established.
The fault valley of the YTR was formed in the uplift process of the plateau,
giving rise to the alpine canyon landscape and geomorphic complexity
(Wang et al., 2014) that affect processes and location of eolian accumu-
lation in the valley. For example, the valley slope is concave and convex
in middle and lower reaches and the valley is narrow and curved. Here,
eolian deposition may be controlled more by local environmental factors
such as topography and vegetation rather than regional climate. Lake
records on the TP suggest that the ASM was at its weakest in the late
Pleistocene (20-11 ka BP) (Hou et al., 2017), but did extend to 30°N.
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Moreover, in the Holocene the influence of the ASM extended to the
Nyaingentanglha Mountains and other areas to the north of the YTR
(Bird et al.,, 2014). Hence, since the LGM the paleoclimatic environment
of the YTR basin has been within the sphere of influence of the ASM,
which suggests that the eolian depositional response in the valley should
be related to the paleoclimate of the larger region and provide a record of
the interplay between the ASM, insolation, and the westerlies.

As discussed above, the PDF of eolian sediment ages in the YTR
catchment shows an increase in eolian deposition between the LGM
and the YD (Fig. 9A). Trends in the paleoclimate indicators (Fig. 9B-E)
suggest warmer and wetter conditions, with increase in mean effective
paleo-moisture from the Asia monsoon margin (Herzschuh, 2006),
increase in summer insolation at 30°N (Berger and Loutre, 1991), and
less negative 5'%0 content in the Greenland GRIP record (Johnsen
et al., 2001). Eolian deposition in the YTR catchment at this time
seems contrary to the wetter conditions, although it is supported by
the increased terrigenous material as indicated by reduced reflectance
of Arabian Sea sediment (Deplazes et al., 2013) (Fig. 9E). In the YD

period, there is good correspondence between eolian deposition in
YTR and low average effective moisture in central Asia and the cold cli-
mate period recorded by the Greenland ice sheet, which may be indica-
tive of enhanced westerlies. In the Holocene warm period, c. 8-5 ka BP
(Shaun et al., 2013), there is strong development of eolian deposition in
the YTR basin that seems to be contrary to the warm and wet regional
climate scenario (Dong et al., 2017a). However, the strong solar radia-
tion that intensifies the ASM pushes the subtropical high northward
and the precipitation center is toward the northern plateau, leading to
adecrease in precipitation in the YTR catchment. Thus, the extensive de-
velopment of eolian deposits in the valley at this time is not indicative of
regional aridity, but rather a signal of an intensified ASM. In addition,
after the strong ASM crosses the great cold source of the Himalayas, it
creates a strong downdraft in the YTR valley (the “foehn effect”) that en-
hances aridity, and may contribute to eolian sediment accumulation.
Accordingly, eolian deposition in the YTR basin is indicative of different
paleoclimate scenarios in different periods. In addition to global climate,
eolian sediments developed in alpine valley environments are
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controlled by many local environmental factors, and the connection to
global and regional events may be modified by local responses to
these changes.

6. Conclusions

Thirty new OSL ages are combined with 72 previously published ages
in an analysis the response of eolian accumulation to paleoenvironmental
changes. Eolian sediment ages from profiles spread across the YTR catch-
ment range from 0.4 £ 0.1 ka BP to at least 84.6 4 8.7 ka (possibly as old
as 118 4+ 11 ka BP), but most fall in the period between the late glacial
(15 ka BP) and little ice age. Eolian deposits older than the LGM are
rare in the YTR catchment, which is consistent with other areas on the
TP, and may be related to the overall erosional environment. A large
amount of lacustrine and alluvial/fluvial clastic supply may have been
the main controlling factor on eolian accumulation in the YTR catchment
after the LGM. Dates of eolian sediment accumulation vary in different
reaches of the YTR catchment, suggesting that factors governing the pro-
cesses of eolian deposition vary across the catchment, causing inherent
spatial-temporal disparities. And the presence of lacustrine and eolian
sediments of similar ages shows that different types of sedimentary envi-
ronments may co-exist in geologic periods in the different parts of the
YTR catchment, depending on local conditions.

In different parts of the YTR catchment, there are widely developed ac-
cumulations of sandy loess, eolian sand, and other wind-generated
deposits that are not indicative of climatic aridity. In short, eolian deposi-
tion in the YTR basin is controlled by the regional environment and global
paleoclimate, which has no a simple correspondence between the eolian
accumulation and global changes. And the connection to global and re-
gional events may be modified by local responses to these changes.
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